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ABSTRACT 


One of the biggest unknowns and widely debated topics for liquid-applied membranes is whether they are 
suitable for application on a horizontal or near horizontal wood surface, such as on window sill, on top of 
a curb, or under a parapet flashing. Conventional wisdom suggests that waterproofing in horizontal 
applications should be impermeable to moisture, like most peel and sticks and roofing membranes. There 
is more than enough evidence within the window and roofing industry to demonstrate that building paper 
and vapour permeable sheet sheathing membranes cannot be safely used on horizontal surfaces without 
leading to moisture damage. In these applications, industry most commonly uses impermeable peel and 
stick membranes.  


There are, however, several new liquid-applied flashing membranes that may be suitable for use in localized 
horizontal waterproofing applications, provided they are water repellant, durable enough and do not remain 
under ponding water for prolonged periods of time. These liquid membranes can also have other benefits 
in terms of ease of use, workability, and compatibility with other materials used to complete the window 
installation. They may also allow for some outward drying when applied to damp wood.  


Material testing and evaluation has been performed on a range of available permeable to impermeable 
flashings, tapes and liquid membranes to help determine which characteristics would be required for a 
window rough opening sill applications. This paper provides the results of a series of novel test protocols 
to evaluate the performance of various liquid membranes in a window sill application.  


INTRODUCTION AND BACKGROUND 


The use of liquid flashing membranes is expanding in many North American construction markets for 
several reasons including ease of application, compatibility with common detailing materials, and their fully 
adhered/monolithic nature. As the application of liquid products continues to grow, lingering questions 
remain as to their efficacy in horizontal applications such as at the sill of window rough openings.  


The waterproofing of horizontal surfaces has long been the domain of vapour impermeable self-adhered 
membranes (SAMs) due to their known effectiveness in roofing and waterproofing applications. However, 
vapour permeable liquid membrane flashings may be suitable in certain horizontal applications, such as at 
wood-frame window rough opening sills or at the top of parapets. Among other factors, the utility of 
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permeable liquid membrane flashings is dependent on balancing their potential for enhanced drying versus 
their potential negative water transmission properties: 


1) Wetting potential – vapour permeable membranes may allow for inward wetting in horizontal 
applications exposed to ponding moisture. 


2) Drying potential – vapour permeable membranes may allow for outward drying when applied to 
initially wetted wood, as compared to vapour impermeable membranes which only allow for inward 
drying. 


Note that of these two properties, preventing wetting is typically more important than accelerating drying 
when waterproofing horizontal surfaces. Additionally, the ability of liquid flashings to overcome the 
imperfections and gaps often present at the sill of wood-frame window rough openings is considered a 
critical consideration.  


In our experience, existing industry guidelines and standards, including current ASTM, ABAA, or AAMA 
test standards, do not adequately cover the use of liquid-applied membranes as horizontal flashings below 
windows.  While there are several competing sheet- and liquid-applied flashing membrane systems with a 
range of different chemistries and installation details being sold into the market, the current lab testing 
methodologies do not appear to sufficiently cover important performance metrics including the long term 
water ponding resistance and the gap bridging abilities of liquid-applied products. Table 1 below lists 
commonly referenced membrane flashing standards. Note that the highlighted AAMA standards include 
several tests covering material properties ranging from water vapour permeability (ASTM E96) to cold 
temperature pliability (ASTM C734). 


Table 1: Commonly Referenced Flashing Membrane Standards 


In order to better understand the efficacy of permeable liquid membranes when installed as a sill pan 
flashing, a series of novel tests were conducted to evaluate liquid membrane performance in this application. 
The long-term water ponding resistance, drying potential, and crack bridging capability of several liquid 
membrane chemistries was assessed to determine how they measure up against other membrane flashing 
materials. This paper is a summary of select findings from a larger study completed by the authors. 


Standard Description 


AAMA 711-13 Voluntary Specification for Self-Adhering Flashing Used for Installation of Exterior 
Fenestration Products 


AAMA 714-15 Voluntary Specification for Liquid-Applied Flashing Used to Create a Water-
Resistive Seal Around Exterior Wall Openings in Buildings 


AATCC 127 Water Resistance: Hydrostatic Pressure Test 
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PERFORMANCE EVALUATION 


Wetting Evaluation: Long-Term Water Ponding Resistance  


In the field, the sill of window rough openings is occasionally exposed to ponding water. The ability of the 
sill pan flashing to resist water absorption in this situation is critical to the overall durability of a building. 
To better understand the performance of liquid membrane flashings in this application, a sampling of 
membrane flashings with varying chemistries and characteristics was applied to a series of simulated wood-
frame rough openings and then exposed to water ponding over several weeks. The chemistries and 
permeance of the evaluated sill flashing materials can be seen below in Table 2 as taken from the respective 
manufacturers’ technical literature. 


Table 2: Sill Flashing Materials and Permeance (From Technical Literature) 


Sample ID Flashing Membrane Chemistry Vapour Permeance         
(ASTM E96: Method B) 


L01 Liquid-applied membrane  Silyl-terminated-poly-ether 21 perms 


L02 Liquid-applied membrane  Water-based acrylic 23 perm 


L03 Liquid-applied membrane  Silicone-based ~3 perms 


L04 Liquid-applied membrane  Water-based acrylic 13 perms (ASTM D1653B) 


S01 Vapour permeable SAM 3-Ply polypropylene 50 perms  


S02 Vapour impermeable SAM Polyethylene faced 0.08 perms  


Procedure 


The wetting evaluation involved applying different flashing membranes to a modified 2x6 wood sill 
apparatus with OSB sheathing on one side and plywood sheathing on the other. This allowed for OSB and 
plywood sheathing edges, and dimensional lumber to be tested simultaneously within one sample under 
similar laboratory conditions. A tank was created to allow water to pond uniformly on the membrane-
covered edges of the plywood and OSB, and the membrane-covered surface of dimensional lumber, thereby 
replicating a typical window rough opening (Figure 1). The liquid-applied membranes were applied to the 
sill and jambs of the 2x6 framing and to the face and edges of the plywood and OSB sheathing, respectively. 
Acrylic panels were installed on both sides of the test apparatus with sealant applied between the sheathing 
and acrylic panels in order to isolate the sill surface. 
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Figure 1: Completed mock-up with 2x6 wood sill and plywood and OSB sheathing on either side with liquid membrane applied 


All liquid-applied membranes were installed, in accordance with each manufacturers’ instructions. A wet 
mil gauge was used to ensure that the required application thicknesses (from manufacturer’s literature) were 
consistent across the specimens (Figure 2). 


 
Figure 2: Wet mil gauge was used to measure applied thickness of liquid-applied flashing membranes 


Within each mock-up, electrical resistance moisture content sensors (SMT PMM sensors, custom direct-
wired connections) were embedded into the underside and interior of the wood elements at key locations 
(Figure 3). The moisture content sensors were installed from the bottom of the mock-up prior to installing 
the liquid-applied membranes. 


 
Figure 3: Underside of mock-up with 4 moisture sensors embedded into wood elements at key locations 
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A total of 4 moisture sensors were installed to monitor the moisture content of the wood during testing as 
illustrated in Figure 4: 


1) 2x6 sill at centre - 4.8mm (3/16”) to 6.4mm (¼”) from the surface 


2) 2x6 wood sill at edge - 4.8mm (3/16”) to 6.4mm (¼”) from the surface 


3) ½” plywood edge at centre – 12.7mm (½”) to 19mm (¾”) from the exposed edge 


4) 7/16” OSB edge at centre – 12.7mm (½”) to 19mm (¾”) from the exposed edge 


 
Figure 4: Illustration indicating location of 4 moisture sensors 


Once the modified 2x6 wood sills were prepared, 51mm (2”) of water head was applied to the sill of each 
specimen and monitoring commenced for the next 6 weeks (42 days). While not expected in the field, 51mm 
(2”) of water head was selected as the laboratory test condition to allow for observation and monitoring of 
moisture uptake over a more accelerated timespan. 


After completion of the initial water ponding test, the window sill specimens were emptied of water (and 
dried) and relocated to an outdoor rooftop in Vancouver, BC for a 25-week (174-day) period. All failed 
membrane flashings were repaired/patched prior to specimens prior to being relocated to the rooftop. Over 
the testing period, moisture content measurements (centre of sill, edge of sill, edge of OSB, edge of 
plywood) were taken as the specimens were exposed to the elements (solar radiation, rainwater) and 
consequently experienced wetting and drying cycles. Note that the mock-ups were not altered in anyway 
nor water was emptied from the tank after rain events. 


Results and Discussion 


Figure 5, Figure 6, and Figure 7 present the results of the initial water ponding testing for the moisture 
sensors located at the center of the 2x6 wood sill, at the edge of the plywood, and at the edge of the OSB, 
respectively. The measured moisture content values indicate differences in the properties of the test 
membranes; however, differences in wood materials (plywood, OSB, dimensional lumber) and 
workmanship (e.g. membrane application at the joint between OSB/plywood sheathing and dimensional 
lumber) also had an effect. Note that the vapour-permeable self-adhered membrane sample was terminated 
after 4 days as the sample leaked due to failure of the lap adhesives leading to significant water absorption 
into the wood framing. Additionally, the L04 sample (water-based acrylic) was terminated after 5 days 
when excessive water absorption and subsequent swelling of underlying OSB led to membrane failure.  


Plywood 


OSB 







 
 


Paper 71                                                                                                     Page 6 of 18 
 


 


Figure 5: Moisture content of 2x6 wood sill at center with 51mm (2”) of water over the 42-day monitoring period (Yellow and 
green squares indicates termination of test due to leakage)  


 


Figure 6: Moisture content of plywood edge with 51mm (2”) of water over the 42-day monitoring period (Yellow and green 
squares indicate termination of test due to leakage) 
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Figure 7: Moisture content of OSB edge with 51mm (2”) of water over the 42-day monitoring period (Yellow and green squares 
indicates termination of test due to leakage) 


The results of the long-term moisture content monitoring are indicated below. Figure 8 displays the daily 
average moisture content readings at the edge of the OSB taken over the 25-week monitoring period. Note 
that a rainstorm near the end of May resulted in significant water ponding in the mock-up tanks which led 
to a corresponding increase in measured moisture contents.  


 


Figure 8: Moisture content of OSB edge over 25-week monitoring period (Vertical dotted line at end of May indicates a 
significant rain event that led to water ponding over the specimens)  


0


5


10


15


20


25


30


35


40


45


0 Days 7 Days 14 Days 21 Days 28 Days 35 Days 42 Days


M
o


is
tu


re
 C


o
n


te
n


t 
(%


)


L01 (STPe-Based) L02 (Water-Based Acrylic) L03 (Silicone-Based)


L04 (Water-Based Acrylic) S01 (Vapour-Permeable SAM) S02 (Vapour-Impermeable SAM)


0


5


10


15


20


25


30


35


40


0 Days 14 Days 28 Days 42 Days 56 Days 70 Days 84 Days 98 Days 112 Days 126 Days 140 Days 154 Days 168 Days 182 Days


M
o


is
tu


re
 C


o
n


te
n


t 
(%


)


L01 (STPe-Based) L02 (Water-Based Acrylic) L03 (Silicone-Based)


L04 (Water-Based Acrylic) S01 (Vapour-Permeable SAM) S02 (Vapour-Impermeable SAM)


May June July August September OctoberApril


Safe MC <20% 


Safe MC <20% 


Significant Rain Event 







 
 


Paper 71                                                                                                     Page 8 of 18 
 


The results from this wetting evaluation provide several useful insights into the moisture absorption 
characteristics of horizontally applied liquid membrane flashings. The test results suggest the following:  


1) Sheet membrane (S01, S02) flashing performance is consistent with field observations –  many 
wood-frame failures have been attributed to application of vapour-permeable self-adhered 
membranes in sill applications. The test results support our field experience that this type of 
membrane installed at the sill of window rough openings is not good practice. In contrast, vapor-
impermeable self-adhered membranes are known to provide acceptable field performance, and the 
vapour-impermeable self-adhered control membrane confirmed this as well. If a long-term water 
ponding resistance testing protocol were to be standardized, data collected here from permeable 
and impermeable self-adhered membranes could help inform failure and passing criteria, 
respectively. 


2) Plywood and OSB sheathing is more vulnerable to moisture uptake and decay – the properties of 
engineered wood (plywood, OSB) and the exposure of the end grain led to significantly greater 
water absorption as compared to the uncut side of the wood sill plate. This indicates that moisture 
flow through liquid-applied sill membranes is likely to first occur at the sheathing in wood-framed 
window rough openings. Sufficient moisture flow occurred through some of the liquid-applied 
membranes to cause swelling of the underlying OSB. This lead to the formation of gaps/cracks in 
the OSB and between the OSB and wood sill plate resulting in membrane tears and eventual 
membrane failure (Figure 9). Excessive moisture absorption at the edge of the OSB resulted in 
mold growth at the interface between the OSB and 2x6 dimensional lumber on the underside of 
some specimens (Figure 10). 


  


Figure 9: Excessive moisture absorption leading to swelling of the OSB and tears in L01 (on the left) and L04 (on the right). 


 


 


 


 


 


Figure 10: Visible mold growth on the underside of the L02 specimen on the OSB  
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3) Liquid membrane chemistry matters – the chemistry of the tested products has a significant impact 
on the performance of the membrane flashings. While it was expected that the impermeable self-
adhered membrane (S02) would effectively resist wetting and the vapour-permeable self-adhered 
membrane (S01) would not, the tested liquid membrane products exhibited variability in their 
performance. Water-based acrylic membranes (L02, L04) appear to be sensitive to water ponding, 
while silicone membranes of an appropriate thickness (L03) exhibit performance similar to an 
impermeable peel-and-stick membrane. STPe membrane (L01) chemistries ranked between the 
thick silicone and water-base acrylic membranes with respect to uptake of moisture through the 
permeable membrane over time. 


Drying Potential Evaluation 


While water ponding resistance is a material concern for liquid-applied flashing membranes, their potential 
for enhanced drying is often considered a benefit. Commonly, wood materials are wetted during 
construction, particularly in the Pacific Northwest, with limited opportunity for drying to occur for months 
on end. This can lead to elevated moisture content in non-pressure preservative treated wood materials and 
a corresponding increased risk of mold growth. The application of vapour-impermeable peel-and-stick 
membranes to wood materials such as at the sill of window rough openings, can further impede drying. 
Conversely, vapour-permeable liquid membrane flashings may allow for enhanced drying (eg drying 
through the interior and exterior face of the window sill plate) and consequently improved durability in the 
building provided they are sufficiently water repellant. As such, a drying potential evaluation was 
conducted of wetted wood elements commonly found at the sill of window rough openings to determine if 
there are significant drying benefits associated with liquid membrane flashings. Similar to the water 
ponding resistance evaluation, testing was also performed on a combination of vapor-permeable and vapor-
impermeable self-adhered membranes in order to represent the boundaries for drying of the initially wetted 
wood elements.  Note that this testing scenario only looked at the application of membrane over a single 
2x6 plate at a window sill; the impact of outward drying would likely be more pronounced at built-up beams 
or studs found at the head or jambs of window rough openings where inward drying is more limited. The 
chemistries and permeance of the evaluated membrane flashing materials can be seen below in Table 3 as 
taken from the respective manufacturer’s technical literature. 


Table 3: Membrane Flashing Materials and Permeance (from Technical Literature) 


Sample ID  Flashing Membrane  Chemistry Vapour Permeance 
(ASTM E96: Method B) 


L01  Liquid-applied membrane  Silyl-terminated-poly-ether  14 perms 


L02  Liquid-applied membrane  Silicone-based 6.5 perms 


S01 Vapour permeable SAM 3-Ply polypropylene 50 perms 


S02 Vapour impermeable SAM Polyethylene faced 0.08 perms 
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Procedure 


In order to evaluate the drying potential of flashing membranes installed on substrates exposed to 
construction moisture, wetted window sill samples were constructed out of 2x6 dimensional lumber and 
plywood sheathing. The tested flashing membranes were installed per the manufacturer’s instructions to 
the top of the 2x6 lumber and to the face and edge of the plywood sheathing. A wet mil gauge was utilized 
to verify that the liquid-applied membranes were applied to the correct thicknesses. Vapor-impermeable 
membrane (peel-and-stick) was applied to the sides and edges of the window sill and sheathing to minimize 
the drying that could occur through the sides of the specimens. The underside of the specimens was left 
untreated in order to simulate the typical sill plate condition. An illustration of a typical test specimen prior 
to liquid-applied flashing membrane application is provided in Figure 11.  


  
Figure 11: Wetted window sill sample before application of the liquid-applied flashing membrane to the outer face of the sill 
plate/plywood and plywood top edge. The underside of window sill sample remains untreated. 


Moisture content sensors (moisture pins) were installed at differing depths, 6.4mm (¼”) and 12.7 mm (½”) 
from the surface, in the dimensional lumber and plywood sheathing of the window sill samples as illustrated 
in Figure 12. Prior to installing the respective flashing membranes, the specimens were submerged in water 
to rapidly increase their moisture content for 2 weeks after which they were placed in a conditioned chamber 
at 100% relative humidity for 3 weeks to allow the specimen moisture content levels to reach equilibrium 
conditions. Once this pretreatment was completed, liquid-applied membrane flashings were installed on the 
damp/wetted wood. Four samples were prepared for each membrane system. The drying rates of the 
samples were monitored under outdoor conditions (average temperature of 5°C and 84% RH) in Vancouver 
during January, February, and March of 2017. Note that the test specimens were placed under a roof to 
minimize exposure to direct solar radiation and rain ( 


Figure 13). 


1/2” Plywood 


2x6 Douglas Fir 
Plywood 


Vapour-impermeable 
membrane (BlueSkin 
SA) on four sides 
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Figure 12: Cross-sectional illustration of window sill sample (Red dots indicate where moisture measurements were taken). 


 


Figure 13: Photo taken from untreated underside of the samples. Note that samples were placed under a hut to ensure no direct 
exposure to solar radiation and rain. 


Results and Discussion 
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Figure 14 and Figure 15 provide moisture content measurements of 2x6 dimensional lumber and plywood 
during the 8-week evaluation period. The results indicate that none of the samples dried satisfactorily when 
exposed to low-temperature, high-humidity conditions. At the end of 8-week monitoring period, the 
moisture content of all flashing systems except the vapor-permeable SAM were similar. 


 


 


 


 


 


 


 


 


 


 


Figure 14: Moisture content of initially wetted 2x6 Douglas-Fir wood sill during 8-week monitoring period in outdoor drying 
environment (average temperature of 5°C and 84% RH) 
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Figure 14: Moisture content of initially wetted 2x6 Douglas-Fir wood sill during 8-week monitoring period in outdoor drying 
environment (average temperature of 5°C and 84% RH) 


 
Figure 15: Moisture content of initially wetted 12.7mm (½”) plywood sheathing during 8-week monitoring period in outdoor 
drying environment (average temperature of 5°C and 84% RH) 


The results of this testing provide several useful insights into the drying characteristics of horizontally 
applied liquid membrane flashings. The results demonstrated the following findings:  


1) Vapour-permeable self-adhered membranes exhibit enhanced drying – the window sill sample with 
a vapour-permeable self-adhered membrane flashing was able to dry sufficiently over the course 
of the experiment (below 20% MC). Remarkably, the two liquid-applied membranes and vapour-
impermeable membrane possessed similar drying characteristics with no material difference in 
drying ability.  


2) Effect of exterior drying provisions - the test specimens were designed to replicate outdoor drying 
conditions typically present at the sill of window rough openings during construction where drying 
can occur through the wood on the interior side (e.g. not through the membrane), as well as through 
the membrane on the exterior (if vapor-permeable). As inward drying was never constrained during 
this evaluation, sill flashing permeability appeared to have a limited impact on drying performance. 


Crack-Bridging Ability 


One challenge with liquid-applied membranes is related to their ability to bridge substrate gaps present 
during initial application of the membrane (static gap application) and in-service when under stress 
(dynamic gap movement). On construction sites the sill flashing material must bridge gaps/joints found 
between the steel stud/wood framing and the sheathing material (gypsum, plywood, OSB). Figure 16 shows 
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a typical window rough opening sill with a gap between the sheathing and sill plate. Gaps may also form 
and subside as dimensional changed occur in the substrate due to wetting and drying of wood products and 
thermal expansion and contraction of adjoining materials. For example, the plywood/OSB sheathing at a 
window rough opening may swell when wetted and shrink when drying leading to gaps forming and 
retreating: the sill flashing must adequately manage this dynamic movement or it may fail. 


 
Figure 16: Typical gap found between the sheathing and sill framing at wood-framed window rough opening 


Static Gap 


 
Procedure 


To examine the static crack-bridging capability of liquid-applied flashings, seven liquid membrane products 
of various chemistries (STPe-, silicone-, acrylic-based) were applied per the manufacturer’s instructions 
over substrate gap widths of 1.6mm (1/16"), 3.2mm (1/8"), and 6.4mm (¼”) (Figure 17). A wet mil gauge 
was used to ensure that the required application thicknesses (from manufacturer’s literature) were consistent 
across the specimens. Observations were recorded immediately after application, at 24 hours, and at 48 
hours with visible deficiencies (holes, rips, other defects) logged as membrane failures. Note that a liquid-
applied membrane could be visibly sagging and still satisfactorily bridge the gap (Figure 18). This 
application of liquid-applied membrane to substrates without pre- or post-treatment or sealing of various 
gaps and joints was evaluated during this test. 


   
Figure 17: Typical 1.6mm (1/16”), 3.2mm (1/8”), and 6.4mm (¼”) gap found between the sheathing and sill framing at wood-
framed window rough opening 
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Figure 18: Example of membrane failure (on the left) and satisfactory crack-bridging (on the right) across a 3.2mm (1/8”) gap 


The tested liquid-applied membranes were assessed on a pass or fail basis 48 hours after application.  


Results and Discussion 


The results indicate whether the liquid membrane samples successfully bridged the various joint sizes or 
failed, respectively (Table 4). Note that specimen L07 successfully bridged a 3.2mm (1/8”) gap, but failed 
to bridge the 1.6mm (1/16”) and 6.4mm (¼”) gaps. 


Table 4: Liquid Membrane Flashing Static Gap Bridging Ability 


Sample ID Chemistry 
Thickness 
(wet mils) 1.6mm (1/16”) Gap 3.2mm (1/8”) Gap 6.4mm (¼”) Gap 


L01 STPe 15 mils FAIL FAIL FAIL 


L02 STPe 15 mils FAIL FAIL FAIL 


L03 Silicone 30 mils FAIL FAIL FAIL 


L04 STPe 25 mils BRIDGED BRIDGED FAIL 


L05 Silicone 65 mils BRIDGED BRIDGED BRIDGED 


L06 STPe 15 mils BRIDGED FAIL FAIL 


L07 Acrylic 48 mils FAIL BRIDGED FAIL 


Dynamic Gap 


 
Procedure 
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To evaluate the performance of liquid-applied flashings installed across dynamic gaps, the same seven 
liquid membrane products of were applied (at the same application thicknesses as the static gap test) across 
two pieces of butting gypsum sheathing and attached to a dynamic gap apparatus (Figure 19). The dynamic 
gap apparatus allowed the membrane to cycle between spanning a closed gap to gaps widths of 1.6mm 
(1/16”), 3.2mm (1/8”), 6.4mm (¼”), and 12.7mm (½"), respectively. Note that the gypsum sheathing was 
reviewed and measured from the backside to ensure that the intended gap widths were met. 


Figure 19: Gypsum sheathing with no gap before membrane application (on the left) and dynamic gap apparatus attached to the 
backside of sheathing (on the right) 


After 1 week of membrane cure time, the apparatus was opened first to 1.6mm (1/16”), then to 3.2mm 
(1/8”), 6.4mm (¼”), and 12.7mm (½”). The apparatus was returned to the initial position (zero gap) after 
each gap width prior to progressing to the next width. The apparatus was opened and closed at a rate 19mm 
(¾”) per a minute. Once the target gap position was met it was held for 30 minutes before adjustment at 
which point the tested membranes were assessed on a pass or fail basis. 


RESULTS AND DISCUSSION 


The results indicate which specimens successfully bridged the various gap sizes and at what point they 
failed (Table 5). Note that only two membranes successfully overcame the 6.4mm (¼”) gap (Figure 20). 
Liquid-applied membranes comprising STPe- and acrylic-based chemistries tended to exhibit plastic 
behavior when exposed to dynamic movement whereas silicone-based liquid-applied membrane were 
observed to be fairly elastic. 


Table 5: Membrane Flashing Dynamic Gap Bridging Ability 


Sample ID Widen Gap 
1.6mm (1/16”) 


Close Gap      
0mm (0”) 


Widen Gap    
3.2mm (1/8”) 


Close Gap    
0mm (0”) 


Open Gap     
6.4mm (¼”) 


Close Gap 
0mm (0”) 


Open Gap 
12.7mm (½”) 


L01 FAIL FAIL FAIL FAIL FAIL FAIL FAIL 


L02 BRIDGED BRIDGED FAIL FAIL FAIL FAIL FAIL 
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L03 BRIDGED BRIDGED FAIL FAIL FAIL FAIL FAIL 


L04 BRIDGED BRIDGED FAIL FAIL FAIL FAIL FAIL 


L05 BRIDGED BRIDGED BRIDGED BRIDGED BRIDGED BRIDGED BRIDGED 


L06 FAIL FAIL FAIL FAIL FAIL FAIL FAIL 


L07 BRIDGED BRIDGED BRIDGED BRIDGED BRIDGED FAIL FAIL 


 


  
Figure 20: Membrane L05 and Membrane L07 successfully bridging the 6.4 mm (¼”) gap 


The observations from the static and dynamic crack-bridging evaluation offer the following conclusions: 


1) Membrane application thickness matters – membrane application thickness rather than chemistry 
appears to be the primary driver behind spanning static and dynamic gaps. Both an STPe- and 
silicone-based membrane (L04, L05) were capable of bridging 3.2mm (1/8”) substrate gaps during 
static gap testing as they possessed higher application thicknesses than other membranes with 
similar chemistries. Similarly, thicker applied silicone- and water-based acrylic membranes (L05, 
L07) were able to span 6.4mm (¼”) joints during dynamic gap testing where membranes with lower 
application thicknesses failed.  


2) Joint treatment is recommended for all substrate gaps – while some of the tested liquid-applied 
membranes demonstrated some ability to bridge static and dynamic gaps, joint treatment (thicker 
sealant, reinforcing, or membrane strip) is recommended for all liquid membrane flashings. Even 
products with some ability to bridge static and dynamic gaps will have difficulty overcoming in-
service cyclic movement.  


CONCLUSION AND RECOMMENDATIONS 
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The utility of liquid-applied flashing membranes in horizontal applications remains poorly understood in 
the industry. The existing standards and guidelines pertaining to membrane flashings do not adequately 
capture the real-world challenges that these materials face on typical construction sites. As such, three test 
procedures were completed to evaluate the performance of liquid-applied flashing membranes at the sill of 
wood-framed rough openings. This included: monitoring the moisture content of wood framing components 
below horizontal flashing applications with ponded water; monitoring the moisture content of initially 
wetted wood framing after flashing membrane application; and, static and dynamic gap bridging tests.  


The results of this testing indicate that several variables can substantially affect the performance of liquid-
membrane flashings when applied in horizontal applications. Membrane chemistry and the associated 
vapour permeability of the material appear to have an impact on the long-term water repellency of the sill 
flashing. Flashing membranes with lower vapour permeance tend to manage water ponding adequately at 
least over smaller timescales. The drying potential of the tested liquid membranes did not seem to provide 
any substantial benefit over industry standard peel-and-stick membranes (vapour-impermeable). Membrane 
application thickness seems to be an important driver in bridging the gaps and cracks typically found at 
window rough openings with thicker applications being able to span larger gaps. However, it is 
recommended that all cracks and gaps present in the substrate be treated/filled prior to installing the liquid-
applied membrane (regardless of application thickness) so as to ensure that the membrane will remain 
continuous across static gaps and when exposed to substrate/building movement. It should be noted that 
none of the tested products exhibited gap bridging performance comparable to industry standard 
impermeable self-adhered membranes. 


Beyond these initial recommendations, the long-term goal of this research is to help inform the wider 
industry on useful test standards, guidelines, and specifications for evaluating vapor-permeable liquid-
applied flashing membranes in an expanded range of applications, including horizontal windowsills. 
Further research and testing, including the development of appropriate standardized ASTM or AAMA test 
methods, is still required before wider acceptable of vapour-permeable liquid-applied flashings can be 
achieved. The intent of this research is to initiate the creation of the new test standards/guidelines that 
adequately reflect the in situ performance of liquid membrane flashing materials. 
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FENESTRATION SYSTEMS – IT IS ALL ABOUT THE PLUMBING! 


Peter Adams, P.Eng, Yvon Chiasson, P.Eng, Morrison Hershfield Ltd. 


 


 


EXTENDED ABSTRACT 


A few years ago the Toronto office of our engineering firm experienced what we termed “the year of the 
crappy curtain wall”. In actuality it was more like eighteen months, and during that period we investigated 
persistent water penetration in several low- to mid-rise commercial office buildings ranging in age from 5 
to 20 years old. The failures discovered were not unique to curtain wall systems and were entirely avoidable 
if those responsible had even a basic understanding of how these systems are supposed to function. For 
several of the buildings we investigated, the failures were in conventional, fully captured curtain wall 
systems that were not installed correctly from the get go. There are many excellent, qualified curtain wall 
installers out there, but apparently they were off benefitting other jobs when these buildings were 
constructed.  


Any fenestration systems can be adversely affected by inexperienced or unqualified installers. A new high-
rise condominium, specified to be rainscreen, had the misfortune of being fitted with a modified window 
wall system that started off being face-sealed, and ended up being a reluctantly draining rain screen system. 
The developer passed off a cheaper solution to the owners, and the manufacturer sold the developer their 
modified system with empty promises of performance equality. This “lipstick on a pig” project saw multiple 
hacks into the window wall system that loosely complied with the project specifications but ended up 
leaving the building with a systemic water penetration problem. The performance of even the best quality 
systems can be jeopardized if basic rules of engagement are not followed. 


Our experience in the Greater Toronto market unfortunately is not unique, and we have seen similar 
unnecessary fenestration failures across North America. With the proliferation of fenestration systems in 
new construction and retrofit (often with increased level of sophistication to meet aesthetic requirements), 
the surge towards in-plant glazing, and the frequency of performance problems, it is important to understand 
some of the most significant causes of failure so they can be avoided. It is also important to know the tells 
that offer clues to where the failures are occurring, and how can you significantly reduce the chances that 
fenestration failures will damage your interior finishes and spoil comfort and the living experience. 


Quality fenestration systems are engineered to manage water and, at least in Canada, have been designed 
as rainscreen systems for decades using either wet/wet or wet/dry configurations that assume that only 
manageable volumes of water pass the outer moisture seals. Today, rainscreen fenestration systems are still 
the system of choice by building scientists because they provide redundancy, protection for sensitive 
elements from UV, and peace of mind. Building owners and operators should embrace them for the same 
reasons, although they are sometimes deterred and distracted by other, less costly fenestration systems. 
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There are jurisdictions (such as in Ontario) where professional insurers require rainscreen for certain types 
of fenestration systems as a condition of coverage because of the past high volume of claims related to 
failures. 


So why do fenestration systems cry? The vast majority of rain water that hits glazing is, in theory, supposed 
to be stopped by the exterior metal, seals, or glass surfaces and run harmlessly to grade. As with any 
rainscreen system, it is expected that the outer layer is not perfectly sealed and a portion of the water will 
end up inside the glazing pocket of the framing system. What comes next is the make or break point for any 
fenestration system, no matter the level of sophistication! 


Fenestration is like plumbing – trying to put more water in a piping system than it can handle leads to a 
back-up and an unhappy owner. Most rainscreen (also called drained and vented) fenestration systems are 
fully capable of managing an expected volume of water. Things quickly fall apart, however, when the 
volume of water entering the wall exceeds the volume of water that can be successfully drained. The system 
drainage capability is a combination of the quality of the original design, and how the system is fabricated 
and installed. 


Blocked internal drainage paths often walk hand-in-hand with leaky fenestration systems. An overzealous 
installer (or some dude from “Others Contracting”) with a caulking gun can quickly undo all the 
engineering, shop drawing review, and testing that went into what could otherwise have been a successful 
system installation. Much the same as a clogged pipe, blocked drainage paths in a glazing system will often 
result in conditions detrimental to internal seals, and lead to water intrusion even under modest rain events. 
There is a balance at play here - the more restricted the drainage flow within the fenestration system, the 
longer it would take for the same volume of water to drain, causing back up and overflow conditions. This 
back up condition increases the length of time internal seals are exposed to water, decreasing their longevity 
and results in re-occurring leaks. 


Design changes over the years, sometimes implemented to reduce uncertainty on site, have resulted in other 
potential problems. The elimination of soft seals and the movement towards more dry\dry systems (in lieu 
of wet\wet or wet\dry systems) has meant that the water tightness of fenestration assemblies rely heavily 
on product tolerances, and the pressure generated by gasketed pressure plates. All gaskets and tapes are not 
created equal - some of the gasket compounds are prone to compression set over time, hence decrease 
pressure onto glass surface, permitting increased water entry. Fastener torques re often not measured or, or 
even specified to achieve adequate water tightness. Are the manufacturer approved and specified products 
been installed, and is there a history of long term performance? The presentation will address all of these 
important issues, and provide guidance on how to identify problems before they are permitted to turn into 
costly liabilities. 


So, how can we keep the fenestration systems air tight, water tight and draining free? The presentation will 
conclude with recommendations on how to maximize the performance potential of fenestration systems 
from concept to site: 


1) Select fenestration systems that are “installer proof”; with quality material, “robust” internal seals 
and drainage mechanism that cannot be easily botched during installation. Always make sure 
quality system are in play from the start. 
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2) Ensure that specifications are clear to eliminate the inclusion of modified face sealed fenestration 
systems. Only grassroots and proven rainscreen systems from reputable manufacturers need apply.   


3) Mock-ups are required to establish the standards of installation and work with the installers so they 
have an understanding of the intent. The use of stand-alone mock-ups and in-situ mocks have pros 
and cons that will be discussed. 


4) Pair the mock-up with a progressive site testing program to put the system through its paces either 
before it gets on a building or soon into the construction process (go or no-go). Once completed 
and agreed by all parties, the mock-up could be used as a benchmark for level of quality expected 
during construction.   


5) Finally, and importantly, push hard to have qualified and frequent adult supervision during 
construction. Many problems we have observed could have been readily caught very early in a 
project with an experienced site presence, sharp eye for details, and a good understanding of the 
functions of the fenestration systems. 
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Fenestration Design and Construction: Fundamentals


What needs to be achieved?
 Water Management


 Rain Screen / Face Sealed


 Thermal Performance 
 Heat Loss
 Condensation Control
 Solar Gain / Loss


 Sustainability Issues
 Durability – lifespan
 LEED considerations
 Material conservation


 Appearance Issues 
 Design Options 







Fenestration Design and Construction: Water Management


Curtain Wall System Window Wall System 







The Pipes?
 Glazing pockets are pipes
 Effect of setting blocks?


 Horizontal and Vertical


 Glass corner sealant?
 Corner block installation?
 Mechanical Joint seals?
 Random crap?
 What else will impede flow?







The Valves?


Flow Control
Drainage Control


Inlet Control







It’s All About The Plumbing


A Series of Interconnected “Pipes” With Inlet and Outlet Valves, 
Affected By Expected and Unexpected Flow Impedances







Pipe Flow







Flow Balance
 Water will get into 


system
 Volume in less than or 


equal to volume Out? 
OK


 Volume In greater than 
volume Out? Not OK


 Maximize system 
drainage capacity
 Keep outlets open 


 Minimize stress
 Keep inlets closed







Chronic Problem….











When You Are Expecting Good Drainage







Know What You Are Getting


Face-Sealed “Reluctant Rain-Screen”







Know What You Are Getting







Outlet Valves Closed!







Outlet Valves Closed!







Inlet Valves Open!







When Curtain Walls Cry….







Dry-Dry Curtain Wall


DRY INNER AND DRY 
OUTER GASKET


 IG under stress – high 
humidity


 Smaller glazing pocket, less 
volume to handle water


 Screw spline design creates 
uneven p.plate force


 Relaxed gaskets reduces 
pressure


 Hardy ever get “re-torqued”







They need a lot more love…yeesh!







OAA Window Wall Endorsement


 Insurance will be provided if:
 The Window Wall system has primary and secondary planes of 


protection + ventilated air spaces + provisions for positive drainage in 
rainscreen design


 Design incorporates recommendations from independent expert who 
has approved the architect’s design


 Has been constructed in accordance with the architect’s design
 Engineer sealed and approved shop drawings 
 Full scale mock up and site testing
 Five year warranty against air and water leaks
 Others listed







Plant Visits
• Visit the shop where wall components 
are being fabricated. 
• Check the frame’s “birth certificate”
• Review shop QA/QC plan in action







QA/QC







Giant Beads?







• Review contractor’s workmanship 
& quality control


• Potential transition issues
• Contractor’s Quality Assurance 


activities
• Review expected quality of 


installation
• Review roles and responsibilities of 


the team members
• Comfort level for future installations 
 Can be lab or field
 They may or may not remain as 


part of final work
 Additional opportunity for testing


Mock Ups







Mock-ups & Testing 







Thinking Time is Critical!







Take Aways….
Select quality systems from the start
Ensure specifications are clear and 


call for grassroots rainscreen systems
Keep the water flowing
Mock ups are your bestest friend
Push hard for qualified and frequent 


“adult” supervision
Remember importance of “thinking 


time”







THANK YOU!
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Wall Monitoring


Vancouver, BC
luxury residential rental building 
Constructed 2004


189 suites, 14 of which are townhouses 


The interiors of the townhouses were renovated 
to address damaged components just inside the 
exterior concrete walls:


2011: First townhouse renovation - Pilot
2012: First phase of the general renovation 
program
2013: Second phase of the general renovation 
program.







Wall Monitoring


Work completed to reduce the amount of 
condensation forming on the interior surfaces of 
the exterior walls and windows:


• foam insulation on the inside of concrete 
exterior walls


• Set back furring studs off concrete
• Improved supply and exhaust air systems 
• aluminum fins on the interior of most window
• baseboard heaters below windows
• Insulation at some ceilings


Some recommendations were not implemented 
immediately, rather walls were monitored. 







Wall Monitoring


Sense Engineering and SMT assisted with a 
monitoring program to check for other 
sources of moisture and the effectiveness of 
interior modifications. 


Other potential water sources existed, 
including cracks/open joints in exterior walls, 
window leaks and the roofs. 







Wall Monitoring







Wall Monitoring







Wall Monitoring







Wall Monitoring


Townhouse 108







Wall Monitoring


Red line indicates the approximate time of the wall water test. 
The green line indicates the approximate time of the roof planter test. 


Townhouse 108







Wall Monitoring


Sensors having elevated 
moisture content in the 
2nd floor of Townhouse 
903. 


Townhouse 903







Wall Monitoring


Sensors having elevated 
moisture content in the 
2nd floor of Townhouse 
903. 


Townhouse 903







Wall Monitoring


CONCLUSIONS


• Exterior water was entering from some roofs and 
some joints in exterior concrete.


• Condensation continued to occur on corner and end 
suite windows. 







CASE


STUDY:
Pedestrian Tunnel







Leak Detection in a Pedestrian Tunnel







Staggered Horizontal Sensor Grid







Precast Segments







Bentonite, Mechanically Fastened







Waterproofing, Drainage, and Insulation







Sequencing







Square Grid on Tunnel Roof







Electronics Installation







End of Presentation







Relative Humidity versus moisture content


MC Wood1 4.5%        7.7%       11%      16%     24%    30%     35%   >40%


MC Gypsum       0.1%        0.5%    0.75%    1%      2%       4%    >6%


MC Sandstone     <0.5%   <0.75%       <1%    1.75%      2%    


RH Air        20%         40%       60%      80%      95%    H20  







System Overview


SMT has a complete suite of sensors, data acquisition, gateways, and cloud based 


analytics for any project.







Linear Moisture Sensor


316 Stainless
steel 


Copper


WALL ROOF FLOOD
^ ^ ^


Detects the presence of moisture
Has a wide coverage area
Has limited accuracy
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REAL-TIME MONITORING FOR LEAK LOCATING WITH                


WIRELESS MOISTURE CONTENT SENSORS IN                                              


NON-COMBUSTIBLE CONSTRUCTION 


Jason Teetaert, P.Eng, SMT Research Ltd.,                                                                                     


Brennan Vollering, M.A.SC., P. Eng., LEED® AP, Sense Engineering 


 


 


EXTENDED ABSTRACT 


The systematic use of sensors and wireless monitoring electronics for the investigation, construction quality 


assurance, and long term monitoring is the key to early detection and identification of leak locations. It can 


also help isolate mechanisms causing wetting for complex scenarios with multiple potential water sources. 


The monitoring system utilized does not only measure the relative humidity and temperature of the wall 


cavity, interior space and exterior environment, but the installations include the use of point and linear 


moisture sensors of the interior wall cavities. Building analytics on-line dashboard can display the 


correlation between location, external and internal environmental conditions that are measured daily over 


time is key to correlation and cause of moisture events. 
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The material with-in this presentation will focus on wall assemblies of mid-rise construction lower town-


home section in which original construction was completed in 2004, with interior renewal repairs completed 


in 2012 to 2014. The renewal work included, but was not limited to, foam insulation on the inside of the 


concrete exterior wall and supply and exhaust air system to improve ventilation to reduce the amount of 


condensation forming on the interior surfaces of the exterior walls and windows. 


Moisture detection tape sensors were installed on the inside surface of the concrete walls in separate zones 


to check if moisture continued to form in concealed parts of the exterior walls after the interior renovation 


was complete. The monitored data showed that the concrete wall was still experiencing wetting events after 


the interior air/moisture barrier was renewed with spray foam.  


 


 







 


 


Presentation 74                                                                                                     Page 3 of 4 
 


 


The presentation will show various leak investigations were the sensor data assisted with exacting the 


location of the water source, identifying causes and provide evidence based conclusions.  
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CHALLENGES OF HIGH RSI-VALUE BUILDING                       


ENVELOPE RETROFITS 


Brock Conley, Carleton University, Christopher Baldwin, Carleton University, Cynthia Ann 


Cruickshank, Carleton University, Mark Carver, Natural Resources Canada 


 


 


ABSTRACT 


This paper studied the challenges associated with retrofitting the building envelope with vacuum insulation 
panels (VIPs) encased in expanded polystyrene (EPS) as a retrofitted exterior insulation on above grade 
walls of residential buildings. The wall assemblies were made to replicate a renovation of an enclosure that 
was built during the 1960s. The exterior insulation of one assembly was renovated using 50.8 mm (2”) of 
EPS and represents the baseline performance of current common practice. Another assembly was built with 
20 mm (0.7”) thick vacuum insulation panels (VIPs) encased in the equivalent thickness EPS to represent 
the high RSI-value retrofit. The hygrothermal results from the CanmetENERGY Building Envelope Test 
Hut (CE-BETH) showed that the sheathing in the high performance assembly did not reach any elevated 
levels of moisture content and relative humidity from February 2017 to June 2017. The relative humidity 
between the wood studs remained below 60% RH for the majority of the test period but began to trend 
upwards as the season transitioned to spring. The results from the first four months of the yearlong 
evaluation showed that the building envelope contained sufficient drying potential and could be a feasible 
solution for retrofit applications.  


INTRODUCTION 


In Canada, energy consumption in the residential building sector accounts for 16.5% of all secondary energy 
use and 14% of all greenhouse gas emissions (Natural Resources Canada 2015). Of this, space heating and 
cooling accounts for 63% of energy consumption. The energy consumption trends in Canada resembles 
different regions across the globe, as buildings in the United States and Europe account for 40% and 38% 
of their energy use respectively (United States Department of Energy 2016, EuroStat 2016). Space 
conditioning accounts for the greatest percentage of the energy use in the residential sector and varies 
between 49% and 64% across the listed regions (United States Department of Energy 2016, EuroStat 2016). 
These statistics suggest that reducing the amount energy used for space conditioning can have the greatest 
impact on the energy performance of a building. However, national energy targets cannot be met if new 
homes are the only buildings targeted for improvement, due to the slowed growth of the building stock and 
that it represents a small portion of the current building stock. 
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The building envelope provides a barrier between the indoor and outdoor conditions and can suppress the 
energy transfer from the indoor environment. A cost-effective and common practice to improve the energy 
performance is through insulating the building envelope above code-built homes. With the added insulation, 
the building envelope has a higher thermal resistance value and can reduce the rate of energy transfer into 
and out of the conditioned space. As such, with a more thermally resistive building envelope, the space 
requires less mechanical heating or cooling energy to compensate for the building’s interaction with the 
exterior environment. Building envelope improvements are an effective method for reducing the space 
conditioning loads, and therefore reduce the energy consumption and greenhouse gas emissions in the 
residential sector. However, insulation may not be continuously added as there are limits to the allowable 
envelope thickness and the return on investment diminishes as insulation value increases. 


The current building stock data, compiled by Statistics Canada (Statistics Canada 2016), separate the 
dwellings into their decade of construction. According to the data acquired from the 2011 census, the data 
showed that dwellings constructed before 1990 accounted for 72% of the occupied dwellings in Ontario, 
while dwellings built pre-1970 accounted for 40%. In Canada, the number of occupied buildings from a 
vintage was similar to Ontario. The number of occupied buildings from a certain age period along with the 
expected new constructions past 2011 is shown in Figure 1.  


Due to the distribution of occupied building vintages in Canada, a large majority of people live in buildings 
constructed at a time with different minimum requirements or criteria. An example of this can be seen with 
the revisions in building codes from 1960 to 2017. The National Building Code of Canada in 1970 
prescribed a minimum insulation level based on the number of total annual degree-days and the type of fuel 
supplied to space conditioning systems (NBBC 2015). The highest minimum level of insulation the code 
prescribed for above grade walls in 1790 was an RSI 1.76 (R10.0). For comparison, the current Ontario 
Building Code (Ontario Building Code 2014) prescribes the above grade wall to be at least RSI 3.87 (R22.0) 
which demonstrates the insulation level improvements in buildings. While the minimum insulation levels 
have changed over time, there has also been an increase of more ambitious voluntary codes.  


Voluntary codes and performance standards for residential buildings have been increasing in number with 
a drive towards energy efficiency and Net-Zero homes. A common theme through most, if not all, of these 
standards is increasing thermal insulation level far above code built homes, sometimes approaching  
RSI 8.0 (R45). However, these standards would have a minimal impact if they were only implemented onto 
new construction since 40% of the occupied dwellings were built to prior to 1970. The pre-1970s dwellings 
when including the forecasted results to 2030, from Figure 1, will still account for roughly 35% of the 
occupied dwellings and the insulation levels remain below the code built homes, and well below the 
voluntary codes. Therefore, the older dwellings will remain a target for reducing the energy consumption 
of residential buildings. The disparity of energy consumption through space heating between older 
buildings in Canada as of 2014 is illustrated in Figure 2. Residential dwellings constructed before 1960 
accounted for 30% of the total space heating energy while dwellings built before 1983 accounted for 60% 
of the total space heating energy. It becomes quite clear that older buildings account for the majority of the 
energy consumption in the building stock and this must be addressed.  


 







 


 


Paper 76                                                                                                     Page 3 of 13 
 


 
Figure 1: The number of new constructions and the forecast going forward in Canada (Carver 2016)  


 
Figure 2: Residential building space heating energy consumption separated by building vintage (Natural Resources Canada 
2015) 


Occupants also view pre-1970 homes as homes that require repair or renovation. During the 2011 census, 
occupants described what level of maintenance their home required in three categories: regular maintenance 
only, minor repairs, or major repairs. Regular maintenance was considered to be annual tasks such as 
painting the interior walls and removing clogs from eaves troughs and gutters. Minor repairs constituted of 
small issues such as small cracks in the interior walls and missing shingles or siding. Major repairs 
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constituted of necessary changes to the dwelling such as bulging or damp walls as well as many other large-
scale renovations. These results are not indicative of any energy improvements, or solely related to the 
building envelope, however, they do show that older dwellings require more investment to remain a livable 
space. If occupants view their dwelling as requiring significant investment or repair, this would be an 
opportunity to improve the building’s energy efficiency and consumption during the renovation planning. 
The energy improvements could be a part of the necessary renovations, or as an extra that could be installed 
during the same construction period to limit disruptions to the occupants.  


 
Figure 3: The condition of dwellings in Ontario as described by the tenants as of 2011. Data from the National Household 
survey (Statistics Canada 2016) 


BUILDING ENVELOPE RETROFITS 


The construction of new homes is slowing and buildings built previous to 1990 will be occupied far into 
the future. The insulation levels of the older dwellings do not meet the current (or future) trend of the 
national energy codes. As such, retrofitting the envelope or enclosure of a building presents an opportunity 
to improve the existing building and its energy consumption. 


Fundamentals 


The building envelope of an above grade wall can be retrofitted by making changes to the interior or exterior 
of the wall.At the interior of the sheathing, a retrofit or renovation would consist of adding or replacing the 
insulation between the structural members or adding insulation on the interior of the structural members. 
Meanwhile, retrofitting the exterior of the envelope could be performed by removing and replacing exterior 
materials up to the sheathing or by adding insulation directly on top of the cladding. Design considerations 
for both types of retrofit applications include thermal, moisture, installation considerations, aesthetics and 
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cost.  


The interior can provide many thermal benefits, however concerns regarding the moisture control and 
installation make this approach it less appealing. If the cavity between the structural members does not 
contain insulation or has low quality insulation, it represents an opportunity to improve the envelope by 
adding blown in or high performing batt insulation. Another option would be to remove the gypsum board, 
vapour barrier, and install a double stud wall with 2x4 lumber with the cavities filled with insulation. While 
the effective thermal resistance of these envelopes would be improved, the moisture movement through the 
assembly would need to be carefully considered. The impact of improving the interior insulation would be 
a lower surface temperature at the sheathing, which could lead to dew point temperature and condensation 
formation concerns. Additionally, this type of retrofit will be intrusive and disruptive to occupants and, in 
the case of a double stud wall, would reduce the livable floor area within the dwelling. These issues could 
detract from the attractiveness of the retrofit application and cause occupants to opt for an exterior retrofit 
instead.  


An exterior building envelope retrofit is able to provide similar thermal benefits as the interior retrofit 
without disrupting the interior. There are different exterior approaches that exist that would provide a 
thermal performance comparable or exceeding what an interior retrofit would provide. Additional layers of 
rigid foam board can be added onto the exterior to obtain the necessary RSI value, however the building is 
limited by the minimum setbacks for the property. When retrofitting the exterior, the building envelope can 
be upgraded but the total thickness, property lines and moisture levels within the assembly remain a concern 
as well as accounting for other envelope elements such as penetrations and connections to the roof or 
foundation.  


It is important to note that for both the interior or exterior approaches, the building envelope thickness 
increases. The space inside or around the dwelling is a valuable cost to retrofitting the envelope and 
improving the thermal performance and building efficiency. The value of livable floor area in a home is 
rising and could be upwards of $200 per square foot (Parek 2012). A similar issue could exist around the 
exterior perimeter of the building as it approaches the minimum necessary setback from the property lines. 
A solution would be to address minimizing the increase of wall thickness and augmenting the RSI-value of 
the envelope.  


Thin High RSI-Value Envelope 


A thin high RSI-value envelope assembly is an RSI 7.0 (R40) (or greater) assembly with a thickness equal 
to homes built to the current building code. This type of assembly would allow dwellings to improve the 
energy efficiency of their home without sacrificing the valuable space inside or outside the building. These 
restrictions require a high performing insulation for the building and as such, common building insulations 
alone may not be sufficient. The potential use of vacuum insulation panels (VIPs) have been investigated 
as a solution to the building insulation retrofit issue, however they also present further challenges of 
integration.  


A VIP is a porous material enclosed in a metallic foil with an internal pressure maintained near 10 mbar, 
such that conduction and convection through the panel are effectively eliminated (Mukhopadhyaya, et al. 
2014). The VIP can provide a thermal resistance of RSI 7.0 (R40) for a 25.4 mm (1”) thickness, showing 
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promise for meeting the thermal performance targets necessary for the building envelope. However, there 
are challenges that hinder the use of VIPs in building envelopes. First, the panels are very fragile, such that 
if the VIP’s foil enclosure is punctured or broken and the internal vacuum is lost, the thermal performance 
benefits above conventional insulation are nearly lost. The risk of puncture during installation from a stray 
nail or mishandling should be considered during design and construction. Secondly, the panels contain a 
significant change in RSI-value at the edges and do not act as a continuous insulation when applied to the 
exterior of the envelope. These issues need to be considered before the full integration of VIPs in building 
envelopes.  


EXPERIMENTAL SETUP 


In order to predict the effectiveness and applicability of a building envelope retrofit, annual in-situ 
monitoring or annual heat and moisture transfer modelling can be done. The experimental monitoring is 
conducted by taking temperature, humidity, and moisture content measurements throughout the year.  


Sample building assemblies were installed and monitored (in-situ) at the CanmetENERGY Building 
Envelope Test Hut (CE-BETH) with temperature, relative humidity, and moisture content sensors to 
evaluate the feasibility of a retrofit design. The facility is located in Ottawa, Canada and the samples are 
oriented eastward. The in-situ facility has equipment that enables control of the interior air conditions 
(temperature and relative humidity) while the exterior of the assembly is exposed to the ambient 
environmental conditions in Ottawa, Canada. 


The air temperature and humidity level on the interior surface are controlled to approximate the typical 
conditions found within a residential dwelling located in a cold, Canadian climate. The air temperature was 
be maintained at 21°C ±1°C during the test period. These temperatures represent common set-points in 
residential buildings. The relative humidity was maintained between 35% and 45% during the winter and 
spring. These set-points were chosen since they are slightly above the common conditions in homes, for 
various health, comfort and safety reasons. Maintaining slightly higher levels of RH in the winter will 
subject the assembly to a larger vapour pressure gradient. This increases the vapour drive and the associated 
risk of condensation and the associated threat to occupant health and durability of the assembly. 


During the winter months, it is typical to see a drop in indoor relative humidity because the cold, dry air 
that infiltrates the home does not contain much moisture. This low interior humidity level, typically below 
25-30%, may cause discomfort for the occupants, who may experience symptoms like dry eyes, sore throat 
and dry skin. However, at a higher level of relative humidity, a risk of condensation exists on cold surfaces, 
such as windows or within the building envelope, and will increase the likelihood of mold or rot for wood 
framed assemblies. While ASHRAE (ASHRAE 2016) specifies a range of 25% to 60% RH for occupant 
comfort, most Canadian homes will have an indoor relative humidity of 35% (ASHRAE 2016). This way, 
by maintaining a slightly higher relative humidity than the ideal set point, the walls assemblies will undergo 
testing at potentially worst-case conditions. In this manner, if the wall is deemed safe at the test indoor 
conditions, they will also be safe under the typical operating conditions. 


In one of in the test bays within CE-BETH, a specimen was installed to mimic a building envelope of a 
dwelling built during the 1960’s era with the exterior insulation retrofitted. To compare the high 
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performance assembly, the 2.4 m by 2.4 m (8’ by 8’) test area was divided in half to contain a baseline 
assembly and a high performance assembly. The 1.2 m by 2.4 m (4’ by 8’) high performance assembly was 
built on 2x4 wood studs at 400 mm (16OC) spacing with plywood sheathing and no interior vapour barrier. 
A weather barrier was added before combination of VIP and EPS as exterior insulation with 19 by 64 mm 
(1x3) strapping and vinyl siding to complete the assembly. Homes constructed in the 1970s were generally 
more vapour-open than code-built homes in 2016, and as such the interior vapour barrier was not included. 
The baseline assembly contained the same components except for the exterior insulation, where 50 mm 
(2”) of EPS instead of the VIP/EPS composite panel. A drawing of the baseline and high performance 
assemblies as it was installed in the CE-BETH are included in Figure 4. 


Gypsum Board
Wood Studs with Batts


Plywood Sheathing
EPS with VIP


Strapping with Vinyl Siding


Gypsum Board
Wood Studs with Batts


Plywood Sheathing
EPS


Strapping with Vinyl Siding  


Figure 4: Composition of the high performance (top) and baseline (bottom) building envelopes installed in CE-BETH 


Thermocouples were placed at the interface of every unique cross section in each building assembly 
specimen, such that baseline assemblies will have 2 unique cross sections (stud and cavity) and the high 
performance walls will have 3 unique cross sections (stud, cavity-EPS, and cavity-VIP). A total of 10 and 
17 thermocouples were embedded in the baseline and high performance assemblies, respectively.  


The moisture content sensors (MCS) were added to the structural sheathing and wood studs to monitor the 
moisture levels to ensure the conditions did not reach a point where moisture related deterioration could 
occur. In both wall assemblies, MCS were added along the bottom plate of the frame, the stud and bottom 
plate interface, at the stud 30” from the bottom and within the cavity on the sheathing 30” from the bottom 
plate. Moisture gradients and drying potential were assessed through measuring the moisture content in the 
wood-based components throughout the seasonal cycle. RH sensors were placed at the interior surface, 
inside the wall cavity and within the VIP pockets. This data provided a relative humidity gradient through 
the assembly and further augmented the moisture measurements by determining if there are any potential 
long-term moisture issues of the design. The instrumentation locations are shown in Figure 5 for high 
performance and baseline assemblies. 
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Relative Humidity Moisture Content Temperature VIP  
Figure 5: The instrumentation for building envelopes during annual in-situ evaluations 


PRELIMINARY RESULTS 


The assemblies were installed at the CE-BETH facility at the end of November 2016 with comprehensive 
data acquisition beginning January 31st 2017. During this time, the data was logged at 5-minute intervals 
(temperature, RH) or 15-minute intervals (moisture content) with gaps caused by modifying sensors or 
periodic power outages. The preliminary results from the first 4 months of 2017 are presented in the 
following figures.  


Figure 6 shows the temperature at the VIP-cavity section of the high performance assembly. In Figure 6, 
the legend lists the interface surface temperature as “interior-exterior” materials (e.g., EPS-VIP) and the  
X-Y coordinates on the wall assembly from the bottom right interior corner. Since CE-BETH is facing east, 
there are spikes in temperature associated with the early morning sun exposure that is obvious during the 
beginning of spring by elevated temperature within the building envelope. The CE-BETH facility is capable 
of cooling; however, the controls were deactivated during May 2017 due to power outages (see gaps in the 
plotted data) and caused the interior temperature to approach the exterior temperature.  
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Figure 6: The temperature profile through VIP retrofit solution from January 31st 2017 to June 7th 2017. Temperatures taken at 
each interface in line with the center of VIP. 


 
Figure 7: The temperature profile through a baseline retrofit solution from January 31st 2017 to June 7th 2017. Temperatures 
taken at each interface in line with the center of the cavity. 
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As the season changed to spring, the humidity in the facility began to climb due to the increased outdoor 
humidity. The relative humidity around organic materials, such as the structural members and sheathing, 
must remain below 80% RH with temperatures between 5°C and 40°C to eliminate the risk of mold growth 
and related deterioration (ASHRAE 2016). Figure 8 shows the relative humidity inside the cavity and 
around the VIPs at various elevations along with the interior and exterior relative humidity. Figure 8 utilized 
the same syntax as Figure 6 to describe locations of measurements within the building envelope assembly. 
With the 35% RH interior set-point, the cavity was not exposed to elevated relative humidity level which 
shows promise that the envelope may succeed the annual test conditions. 


Along with the surface level relative humidity in the cavity between the studs, the moisture content of the 
wood-based materials needed to be measured and compared to the failure criteria. The MCS use stainless 
steel screws fastened into select structural members, as close to the sheathing as possible, to measure the 
moisture content in the wood. The measurements were monitored to ensure the moisture content did not 
exceed 20% for a prolonged period of time and cause potential moisture related deterioration. They were 
installed at three levels to ensure the moisture content was independent of elevation. As such, sensors were 
installed on the bottom plate, 762 mm (30”) and 914 mm (36”) from the top of the bottom plate. These 
locations were chosen based on their proximity to other temperature and relative humidity measurements, 
which will be used to verify measurements.  


 
Figure 8: The relative humidity profile through a VIP retrofit solution from February 9th 2017 to June 7th 2017 


The data that was logged from February to June showed that the moisture levels in the structural members 
did not increase, aligning with the expected result. The structural members were located closer to the interior 
and as a result, remained near the interior conditions. Consequently, the temperature or relative humidity 
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never reached the 80% RH level near the wood based products. During the first four months after 
installation, the structural members remained, unaffected by any moisture accumulation, however the 
plywood sheathing could have been prone to high moisture contents in the assembly.  


MCS were fastened to four locations on the sheathing of the baseline and high performance assemblies. 
There were two MCS added at 762 mm (30”) and 914 mm (36”) up from the bottom plate in the center of 
the cavity. This provided one measurement aligned with a center of VIP in the exterior insulation and one 
measurement aligned with the EPS in the exterior insulation. These were positioned as the two highest risk 
areas for moisture content increase. The data was logged for February to June and results are plotted in 
Figure 9. In the baseline assembly, the measured moisture content remained below the 20% moisture 
content threshold, but was increasing during May 2017. The elevated moisture content coincided with 
increased relative humidity within CE-BETH and the wall cavities. The moisture content in the sheathing 
behind the EPS was found to be increasing during the same period, however, did not reach 20% moisture 
content level. The moisture content at each point in the structural members and sheathing remained below 
the 20% moisture content threshold for potential mold growth and rot, however, there is not sufficient data 
to conclusively determine if this assembly is suitable in the Ottawa climate. As such, the test assembly 
needs be exposed and monitored for the remainder of the 2017 seasonal cycle.  


 
Figure 9: Moisture measurement of structural members (wood studs) and sheathing (plywood) from the baseline and high 
performance assemblies from February 9th 2017 to June 7th 2017 
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ANALYSIS AND DISCUSSION  


Retrofitting the building envelope to a thin profile is possible with VIPs in the exterior sheathing. 
Integrating VIPs into the exterior insulation would provide sufficient insulation for a high RSI-value 
envelope. The VIPs are however, vapour impermeable, which could cause issues near the wood-based 
components by limiting the outward drying potential of the assembly. Since the exterior insulation also 
contains vapour permeable EPS, it may provide sufficient drying potential for a building envelope in a cold, 
humid climate such as Ottawa. The experimental data presented through this study is preliminary, as it is 
the first four months of a yearlong study on the moisture transport through a thin, high RSI building 
envelope retrofit assembly with no interior vapour barrier. While the moisture from the winter season was 
not trapped and high levels of moisture content in the wood-based materials were not seen, it is too early to 
confirm that this assembly could be feasible for this climate.  


The advantage of this envelope arrangement is demonstrated by the moisture levels at the sheathing of the 
high performance assembly at points in line with the VIP and EPS in the exterior insulation. The measured 
moisture content at these points compared to the baseline was significantly lower, likely due to a higher 
temperature caused by the increase in exterior insulation value. The relative humidity in the high 
performance envelope remained safely below the 80% threshold at the surface of organic materials where 
moisture related deterioration can occur. The relative humidity was elevated at the drywall and batt 
insulation interface, however, there is no deterioration that can occur at that point. It is interesting to note 
the change in moisture performance since the beginning of spring. In both assemblies, the moisture content 
and relative humidity began to increase, and while it was still below the 20% moisture content threshold, 
the moisture content had not stopped trending upwards. If this trend continues over the 2017 summer 
season, the applicability of this envelope system would be questioned.  


Continued monitoring of the building assemblies is required to ensure that the assemblies have sufficient 
drying potential. After a full year of exposure to climatic conditions and data acquisition, the relative 
humidity and moisture content readings of these assemblies will be compared to a set of failure criteria to 
determine whether they have sufficient drying potential or any risk of organic growth or related 
deterioration caused by moisture issues. 


CONCLUSION 


While homes that require “major repair” are a subjective measure from non-experts, the principle that these 
homes may require significant investment in the near future provides an opportunity. The envelope, as 
mentioned, is a target and measurably increased above today’s code-built homes, should be targeted during 
major renovations to these older dwellings to improve them to meet code today. The building envelope for 
the dwellings built before the 1970s clearly lack the construction necessary to perform up to the current 
energy performance standards and represent an opportunity to significantly lower the consumption of 
energy in the building stock.  


At the CE-BETH facility, a specimen was built to represent a building envelope built in the 1970s era 
residential dwelling with a combination of VIP/EPS exterior insulation. The temperature, relative humidity 
throughout the assembly and moisture content of the wood-based materials were monitored and the results 
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were presented for January 2017 to June 2017. By controlling the temperature and relative humidity inside 
the test facility, the measured relative humidity and moisture content within the cavity remained well below 
the safety threshold. Beginning in May 2017, the moisture levels began to increase steadily within the 
assembly. The assembly will continue to be monitored under the test conditions for the remainder of the 
year to determine whether the assembly is suitable for the cold and humid climate.  
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Overview


 Envelope Retrofit Opportunity


 Challenges with Implementation


 VIP Solution


 CE-BETH Facility


 Updated Results


 Conclusions and Future Work







Research Question and Motivation


 How can high-R retrofits be achieved with thin assemblies in cold, 


humid climates?


 How does moisture move through these assemblies?


 Is there sufficient moisture resiliency in such retrofitted assemblies?







Historical and Projected Housing Stock in Canada


Source: Carver, Mark. 2016. "Envelopes Gaps and Drivers." Workshop, Ottawa, Ontario.
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Interior Retrofit
Pros


 Does not affect building 


footprint


 Exterior finish left intact


______________________________


Cons


 Disruptive to occupant during 


installation


 Decreases interior floor area







Exterior Retrofit


Pros


 Minimal disruption to interior of 


building


 Maintain interior floor area


 Warmer sheathing temperature


______________________________


Cons


 Limited by distance to property 


lines and zoning setbacks


 Heritage Designation or 


masonry exterior


 Exterior demolition and surface 


preparation labour required







Vacuum Insulation Panels


 Vacuum contained in a metallic 


envelope with a porous core


 Provides a high thermal resistance 


per unit thickness (RSI per inch 6.2 


to 10.5)


Issues:


 Thermal bridge along the 


perimeter


 Fragile and risk of loss of vacuum


 Unknown lifespan


 High cost


 Limited flexibility







What is a VIP sandwich panel


 VIP added within rigid foam insulation


 Maintains high thermal performance


 Improved “buildability” for VIPs







VIP Sandwich Solution


Factors In Thermal Performance


 Coverage of VIP


 VIP Thickness


 VIP Size and Edge Effects


1” VIP, 87% coverage in 2” panel


 RSI 6.4 (R36)


3/4” VIP, 50% coverage in 2” panel


 RSI 3.2 (R18)







Design Trade Off for VIP Sandwich


Thermal 
Resistance


“Buildability”
Moisture 


Resilience







Typical Existing Wall Assembly
Drywall


Batt Insulation


Plywood Sheathing


Tar Paper


Siding







Remove cladding to expose sheathing







Adding VIP Sandwich Assembly


28 mm EPS


20 mm VIP


Weather Resistant Barrier (not shown)







Adding Exterior Layer of EPS


12 mm EPS







Completed Test Assembly







CanmetENERGY Building Envelope Test 


Hut (CE-BETH)







Moisture Risk Assessment Criteria


1. Does the RH and moisture content in the framing 


and sheathing of the experimental walls exceed 


those of the baseline assembly?


2. To minimize the potential for mold growth: 


a. 30-day running average surface RH should be < 80% 


b. 7-day running average surface RH should be < 98%


c. 24-h running average surface RH should be < 100% .


3. To avoid rot, moisture content of wood should 


remain <28%


ASHRAE 


160-2009







Relative Humidity at the Sheathing







Relative Humidity at the Sheathing







Relative Humidity at the Sheathing







Relative Humidity at the Sheathing







Moisture Content in the Sheathing







Moisture Content in the Sheathing







Conclusions


 Elevated relative humidity at sheathing observed for short periods of 


time


 VIP maintains warmer sheathing temperature, lower moisture content


 Baseline sheathing experiences high moisture content during summer 


months


 Another heating season needed to determine the moisture resiliency 


of assembly
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ABSTRACT 


In a cold winter, outdoor environmental conditions primarily influence the indoor surface temperature of 
building windows. This leads to a temperature gradient in the indoor environment which induces a 
downdraft affecting the thermal comfort of occupants. This phenomenon is sensitive to the configuration 
and location of windows. In this paper, the influence of window configuration on the convective heat 
transfer rate of a window is investigated numerically at different Rayleigh numbers of 1.7x106 to 1.7x1011. 
Convective heat transfer rate of a model window is evaluated using high-resolution 3-D steady Reynolds-
Averaged Navier-Stokes (RANS) CFD simulations. Fluid properties have been assumed constant except 
for the density change with temperature which leads to the development of buoyancy force. The heater and 
the window are modeled as plane isothermal boundaries, the window being colder and the heater is hotter 
than the room air temperature. The sensitivity of window Nusselt number and room temperature 
distributions to various window configurations have been examined. Parameters investigated in this study 
include relative position of the heater from the window, the size of windows, and temperature of the heater. 
Results are discussed and compared with previous analytical, numerical and experimental works. Results 
of this study show that a window with horizontal configuration has the least rate convective heat transfer 
than that of vertical configuration. 


Keywords: Computational Fluid Dynamics (CFD), steady RANS, turbulence modeling, window 
configuration, natural convection, Nusselt number. 


INTRODUCTION  


Globally, Canada is one of the largest energy consumers and space heating accounts for a remarkable 63% 
of the energy used in the average home, while in commercial and institutional settings, space heating 
accounts for 56% of all energy use (nrcan.gc.ca).  This in large part is attributed to the thermal bridging 
caused by façade elements such as windows. In fact, 20 – 40% of energy in buildings is wasted through 
windows (Lee et al., 2013). Windows are configured in different forms as illustrated in Figure 1; hence, 
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proper design and selection of window system is regarded as one of the most important passive strategies 
for saving energy in buildings (Greenup & Edmonds, 2004; Tzempelikos, 2005; Ghisia et al., 2005; Ochoa 
et al., 2012). 


Due to this, ASHRAE standard 90.1 (2010) provides a guideline on the Window-to-Wall Ratio (WWR) 
stating that: “the total vertical window area shall be less than 40% of the gross wall area”. Although this is 
useful information, it does not account for differences in window configurations as well as the thermal and 
lighting performance for the same WWR. For example, consider the four window configurations illustrated 
in Figure 1 that have the same area of 20% WWR. It is important for, the guideline to accommodate as the 
question of which of the four window configurations is more energy efficient and thermally comfortable? 


 
Figure 1: Model window configurations with 20% Window-to-Wall Ratio (WWR) that represent a) horizontal rectangular b) 
vertical rectangular c) square d) circular  


To investigate the effect of different window configurations on the energy performance of a building, 
previous studies on the fundamentals of a vertical heated plate are examined including the following , 
experimental (Churchill & Chu, 1975), analytical (Eckert & Jackson, 1950) and numerical (Zitzmann et al., 
2005) investigations. In addition to this, several studies of flow near window-wall heater systems have been 
investigated (Oosthuizen, 2011; Oosthuizen and Naylor, 2009). Although there have been many studies of 
flow near window-wall heater systems, most of these studies are two-dimensional and based on the 
assumption that the flow remains laminar and steady. There are limited studies that also consider both 
laminar and turbulent flows (Oosthuizen, 2011) and in most of the previous studies, only single window 
configuration was considered. Further, studies regarding the effect of different window configurations on 
convective heat transfer rate are very limited. Therefore, the present study investigates the influence of 
different window configurations on the indoor thermal discomfort and convective heat transfer rate of a 
window. Hence, an approximate numerical model of the convective heat transfer to a window below which 
a natural convective heater is mounted is considered to study how the relative window configurations and 
temperature of the heater affect the convective heat transfer rate of the window.  


The remaining sections of the paper are organized as follows: section 2 provides validation of CFD 
simulations with previous experimental and computational studies on vertical isothermal planes. Section 3 
describes details of the process and the parameters included in the computational fluid dynamics model. 
Section 4 presents result and discussion, and finally, section 5 concludes the paper. 


VALIDATION OF CFD BASED NUSSELT NUMBER EVALUATION METHOD 
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Experimental Data for Validation 


To validate the present numerical study, experimental data by Churchill and Chu (1975) for a flow over a 
vertical heated isothermal plate is used.  In this experimental analysis, the Nusselt number for the entire 
Rayleigh number (Ra = 107-1012) from laminar, transition to turbulent natural convective regimes were 
evaluated.  


The heat transfer rate from a vertical wall in the presence of turbulence in the boundary layer has been 
measured experimentally and correlated as a function, (〖Nu〗_y ) ̅(〖Ra〗_y,Pr), where (〖Nu〗_y ) ̅ is the 
overall Nusselt number (Bejan, 2013). Based on their experimental data, Churchill and Chu (1975) 
constructed an empirical isothermal-wall correlation that reports the wall averaged Nusselt number (〖Nu〗_y 
) ̅ for the entire Rayleigh number as presented in Eq. 1. 


 


 (〖Nu〗_y ) ̅={0.825+(0.387〖Ra〗_y^(1/6))/[1+(0.492/Pr)^(9/16) ]^(8/27) }^2                           (1) 


 


The physical properties used in the definition of (〖Nu〗_y ) ̅, 〖Ra〗_y, and Pr are evaluated at the film 
temperature ((T_w-T_a))⁄2 where Tw is window temperature and Ta is air temperature (Bejan, 2013). The 
boundary layer flow remains laminar if y (height of window) is small enough so that the Rayleigh number 
〖Ra〗_y does not exceed a certain critical value. The transition to turbulent flow occurs at a y position where 
〖Ra〗_y~〖10〗^9 Pr where Pr is Prandtl number. The Prandtl number is a ratio of viscosity diffusion rate to 
thermal diffusion rate (Pr=(C_p μ)/k). 


Numerical Model for Validation  


In order to validate the wall-averaged Nusselt number with the empirical correlation of Churchill and Chu 
(1975), a computational domain (see Figure 2) that represents a two-dimensional heat transfer in a vertical 
isothermal window is used. In this study, the vertical right-side boundary was an open boundary and the 
inflow on this boundary has a constant air temperature of T_∞ (290 K). The wall was assumed to be 
adiabatic to isolate the window effects and the window was uniformly fixed at T_w (310 K) as shown in 
Table 1.  The Nusselt number was evaluated for laminar, transition to turbulent regimes.  


 Table 1: Boundary conditions 


Name Boundary Condition 


Wall Adiabatic(u= v=0,q=0) 


Window Tw = 310 K (isothermal) 


Outlet Pressure outlet, 𝑇∞ = 290 K 


u and v are velocities and q is a heat flux 
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In this study, a  high-resolution, steady Reynolds-Averaged Navier-Stokes (RANS) CFD simulations using 
Shear Stress Transport (SST) k-w Low Reynolds number modeling (LRNM) approach has been used to 
resolve the near-wall heat transfer in conjunction with the buoyancy force. The buoyancy force is what 
causes the fluid motion in free convection. In addition, fluid properties are treated as constant values, except 
when changes in temperature lead to changes in density and the development of a buoyancy force. In other 
words, this scenario is treated using the Boussinesq approach.                            


  
Figure 2: Model boundary conditions 


The effect of the radiative heat transfer has been excluded. Thus, the solution is obtained by numerically 
solving the full two-dimensional governing equations. In this analysis, the height of the window, h, is used 
as the length scale and the magnitude of the overall temperature difference |(T_w-T_a )| is used as the 
temperature scale. The governing equations are (Eq. 2 - 4): 


Continuity: 


                       ∂u/∂x+∂v/∂y=0 (2) 


Energy: 


                  u ∂T/∂x+v ∂T/∂y=k⁄(ρC_p ) ((∂^2 T)/(∂x^2 )+(∂^2 T)/(∂y^2 ))                                               (3) 


Momentum in the y-direction: 


                           u ∂v/∂x+v ∂v/∂y=ϑ (∂^2 v)/(∂x^2 )+βg(T-T_a )                                               (4) 


where C_(p )is specific heat capacity of air, β is volumetric thermal expansion coefficient, g is gravitational 
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acceleration, h is window height, and ϑ is kinematic viscosity of air. 


Grid Sensitivity Analysis 


The quality of the mesh has a significant effect on the accuracy of the results that are obtained from the 
simulation. Accordingly, the computational domain is discretized using polyhedral control volumes with a 
refined grid in the vicinity of the vertical heated plate (window) interior surfaces. Three levels of grid 
density with G1 (24,000 cells), G2 (34,090 cells), and G3 (52,400 cells) as illustrated in Figure 3 are used 
to assess the grid independence and to ensure that the optimum mesh size and computational accuracy for 
Low Reynolds Number Modeling (LRNM) simulations are met. The control volume is located close to the 
window where fine grids are deployed in order to capture important details of the temperature gradients 
and the flow structures.  


 
Figure 3: Grid distribution resolution and sensitivity analysis 


On the surfaces of the window, a viscous boundary layer with 10 grid layers is generated. A stretching 
factor of 1.05 is used to resolve the boundary layer at all solid-fluid interfaces of the control volume 
satisfying the recommendations of Franke et al. (2007) and Tominaga et al. (2008).  To resolve this, the 
Low-Reynolds number modeling (LRNM), Shear Stress Transport k-ω (SST k-ω) turbulence model, has 
been used and it requires a very high grid resolution near the wall that is computationally expensive.  


Accordingly, the simulation has employed a grid with cell centers at a minimum distance of 120 μm (y+ < 
5) from the window surface to resolve the entire boundary layer, including the viscous sublayer and the 
buffer layer, that dominate the convective heat resistance.  For a grid independence study of G1 (coarse), 
G2 (medium) and G3 (fine), the Nusselt number on the surface of the window is compared. The grid 
distribution of G3 (fine) confirmed that the simulated result does not change significantly as illustrated in 
Figure 4. Thus, the grid distribution of G3 has been adopted. Convergence is assumed when all the scaled 
residuals level off and reach the values 10-7 for x, y, z-momentum and energy, 10-5 for continuity and 10-
6 for k and ε. 


 
G1 G2 G3  
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Figure 4: Grid sensitivity analysis: variation Nusselt number along height of the window 


Comparison of CFD and Experimental Results 


A computationally evaluated Nusselt number along a vertical centerline of a present study is compared with 
the experimental study of Churchill and Chu (1975) and previous computational results of Oosthuizen 
(2011) (Figure 5).  Since the property of air is considered constant except for the density, the approximate 
value of property air (temperature, thermal conductivity, and specific heat capacity) is calculated for Pr = 
0.7. The range of the study includes laminar cases that exist at lower Rayleigh number and turbulent flow 
at the higher Rayleigh number. The mean heat transfer from the window has been expressed in terms of the 
mean Nusselt number (Eq. 5), based on the reference window height. 


                              〖Nu〗_w=((q_w^,) ̅  h)/k(T_a-T_w )                                                             (5) 


Where (q_w^,) ̅ is the mean heat transfer rate from the window surface, h, is window height, k, is thermal 
conductivity of air, T_a , is room air temperature, T_w, window temperature, and the window Rayleigh 
number is expressed in the following Eq. 6 and 7. 


                                          Ra=Pr.Gr=  (C_p μ)/k ((βg(T_w-T_a)h^3)/ϑ^2 )                                                    (6) 


                          Gr=(βg(T_w-T_a ) h^3)/ϑ^2                                                                                 (7) 


 


Where Gr is Grashof number, μ is the dynamic viscosity of air, h window height, and ϑ kinematic viscosity 
of air. As can be seen in Figure 5, the numerical results obtained in the present study for the case of a 
vertical heated window are in good agreement with experimental measurements of Churchill and Chu 
(1975) and previous numerical study of Oosthuizen (2011). The computational results match the 
experimental in the laminar region (Ra < 109). Beyond Ra > 109 (turbulent region), some discrepancy is 
noticed and increases with turbulence. The overall average deviation from the experimental result is less 
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than 10%. It is concluded that the results from CFD are reliable for a 2D simulation. Further, calibrated 
simulation is extended to a full-scale 3D computational section. 


  
Figure 5: Comparison of experimental measured and numerical simulated window Nusselt number for various Rayleigh numbers. 


CFD BASED EVALUATION OF CONVECTIVE HEAT TRANSFER RATE  


Computational Domain 


In this study, an office room of 4 m width, 3 m depth, and 2.5 m height is considered. Four different window 
configurations are evaluated with the same WWR of 20%.  As illustrated in Figure 6, the heater width has 
been assumed to be greater than the window width which leads to a complex three-dimensional flow near 
the vertical edges of the window. The presence of the heater below the window alters the flow and 
temperature distributions. Hence, the main focus of this study is to investigate the lowest heater temperature 
that ensures the cold downward flow from the window is diverted away from the floor by the hot upward 
flow from the heater for different window configurations.  


Boundary Condition 


In this study only natural convection is considered. Thus, in a very basic way, to isolate the effect of window 
configuration on the room convective heat transfer rate, the heater and the window are modeled as plane 
isothermal boundaries, the window being colder and the heater is hotter than the room air temperature as 
shown in Table 2. Within the boundary conditions, the velocity is assumed to be zero on all the walls. The 
vertical right-side boundary is an open boundary, the inflow on this boundary is assumed to be a constant 
air temperature, T_a, and walls are assumed to be adiabatic. The dimensionless heater temperature (θ) is 
expressed as in Eq. 8. 


                      θ=((T_h-T_a ))/((T_a-T_w )) (8) 


  


Experimental (Eq.1) 
      Churchill, & Chu (1975) 
CFD 
      Oosthuizen (2011) 
      Present study 
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Figure 6: Model window used for parametric study a) horizontal configuration b) computational domain 2D representation c) 
vertical configuration d) square configuration, and e) circular configuration 


Table 2: Boundary conditions 


Name  Boundary Condition 


Wall Adiabatic(u= v=w=0,q=0) 


Window Isothermal, Tw = 283 K 


Heater Isothermal, Th  > Ta 


Outlet Pressure outlet, Ta = 294 K 
u, v, and w  are velocities and q is heat flux 


RESULTS AND DISCUSSION 
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In this section, the influence of window configuration on convective heat transfer will be discussed. 


Case I: No convective heater below the window 


                            
Figure 7: Plane section view of temperature contours for the case of a) horizontal b) vertical c) square d) circular where there is 
no heater for Raw = 109. 


Figures 7 and 8 illustrates that due to the absence of the convective heater below the window, the air flows 
down from the cold window surface. Thus, the thickness of the air layer to which the vertical motion is 
confined increases from the top to the bottom. At a certain distance (see Figure 9), the airflow will become 
turbulent and increase in velocity near the floor. 


               
Figure 8: Plane section view of velocity contours for the case of a) horizontal b) vertical c) square d) circular where there is no 
heater for Raw = 109 


 


 


 


 


 


 


                            


a) b) c) d) 


 
 


 


 


 


 


 


                   


a) b) c) d) 
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Figure 9: Case with no heater - Variation of downdraft velocity at a distance of 0.6 m (Ra = 1.7*109) (Standard, A. S. H. R. A. 
E., 2013) 


In Figure 10 a-b, at lower values of Rayleigh numbers, the variation of the average Nusselt numbers are 
independent of the window configuration because the flow is laminar. However, at higher Rayleigh 
numbers, variations are dependent on the window configuration. Thus, comparing the average-Nusselt 
number value, the horizontal configuration shows the least and the vertical is the largest.   


 
Figure 10: a) Variation of window Nusselt number with Rayleigh number for the case of no heater and  b) variation of downdraft 
temperature at a distance of 0.6 m from the window for the case with no heater (Ra = 1.7*109) (Standard, A. S. H. R. A. E., 
2013). 


Case II: There is a convective heater below the window 


For the case where there is a convective heater below the window, the solution parameters are  〖Ra〗_w and 
θ. The typical variations of window Nusselt numbers with Rayleigh number for dimensionless heater 
temperatures (θ) of 1, 2, 3, & 4 for four window configurations are presented. The mean heat transfer rate 
from the window has been expressed in terms of the average-Nusselt number ((〖Nu〗_w ) ̅) (Eq. 5), based 
on the reference window height (h). At the lowest values of Ra (1.77×106 - 1.77*108) considered, the 


 
 
 
 
 
 
 
 
 
 
 (a) (b) 
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windows Nusselt number variations are identical with the previous case where there is no heater below the 
window. However, at the higher values of Ra (1.77*109 - 1.77*1011) the window Nusselt numbers are 
higher due to the turbulent flow as illustrated in Figures 11 and 12. 


 
Figure 11: Plane section view of velocity contour for θ=1 and for the case of Ra =1.7*109 a) horizontal b) vertical c) square d) 
circular window configuration  


 
Figure 12: Variation of window Nusselt number with Rayleigh number for θ=1. 


 
 
 


 


 


 


 


 


a) b) c) d) 
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Figure 13: Plane section view of velocity contour for θ=4, and for the case of Ra =1.7*109 a) horizontal b) vertical c) square d) 
circular window configuration.  


  
Figure 14: Variation of window Nusselt number with Rayleigh number for θ=4. 


The changes in the direction (see Figure 13 and 14) of the flow are associated with the increasing θ. At low 
values of θ, the downward flow from the window dominates whereas at the higher values of θ the upward 
flow from the heater dominates. It is important to determine the minimum θ where the direction of the flow 
changes to maintain the thermal comfort of the room and save energy.  


For the present case study, it is indicated that the flow direction change will occur at different θ for different 
window configurations. The flow changes from moving dominantly downward to dominantly upward for 
the entire Ra from 〖1.77*10〗^6-〖1.77*10〗^11 at a value of approximately θ=2, 4, 3, and 2.5 for horizontal 
rectangular, vertical rectangular, square and circular window configuration respectively. Therefore, as 
illustrated in Figure 15, comparing the convective heat transfer for each of the window configurations to 
achieve thermal comfort by diverting the down draft, the horizontal rectangular window configurations is 
the least. The vertical rectangular window configuration requires approximately double θ compared to the 
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horizontal window.  


 
Figure 15: Variation of window mean Nusselt number with Rayleigh number averaged for a dimensionless heater temperature of  
θ=1, 2, 3, and 4. 


In summary, considering the average windows Nusselt number as illustrated in Figure 15, at the lower 
values of Rayleigh number, the variations in convective heat transfer rate are independent of the 
dimensionless heater temperature (θ) and the window configuration. This is because the flow is laminar. 
However, at the higher values of Rayleigh numbers, the variations are dependent on the dimensionless 
heater temperature(θ), and the window configuration. Thus, the horizontal window configuration shows the 
least whereas the vertical shows the largest Nusselt number. Therefore, the horizontal window 
configurations perform better in terms of thermal comfort and the convective heat transfer rate. 


CONCLUSION  


This study evaluates four different window configurations, using high-resolution 3D steady RANS 
simulations of convective heat transfer at the internal surface of the window to determine the convective 
heat transfer rate. Initially, a CFD validation of the numerical model was carried out based on an 
experimental study of Churchill and Chu (1975) and numerical study of Oosthuizen (2011). The results of 
the CFD validation showed that LRNM of Shear Stress Transport k-ω models can provide accurate results 
for the convective heat transfer rate. Based on the validated computational procedures and techniques, 
convective heat transfer rate of a window was computed for full-scale models of different windows with 
and without convective heaters. Thus, the following conclusion have been deduced. Considering the 
window average-Nusselt number ((Nu) )̅, at the lower values of Rayleigh numbers (Ra), variations in 
convective heat transfer rate are independent of the window configuration and the dimensionless heater 
temperature (θ). This is because the flow is mainly laminar. However, at the higher values of the Rayleigh 
number, variations are dependent on the window configuration and the dimensionless heater temperature. 
Thus, the horizontal rectangular window configuration shows the least convective heat transfer rate value 
(Nusselt number) whereas the vertical rectangular configuration shows the largest convective heat transfer 
rate value.  


The present study is limited to convective heat transfer aspects of the windows, but as part of the ongoing 
research, the authors are in the process of investigating the thermal comfort, daylighting and overall 
performance of the windows using a numerical approach. Along with the configuration of the window, 
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many other objectives will be considered that influence the energy consumption, thermal and lighting 
performance of the building, thus a multi-objective optimization analysis will be performed.  
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41%
Industry     


39%
Transportation


(NRCan Energy facts, 2015)


• Globally, Canada is one of the largest energy 
consumers and space heating accounts for a 
remarkable 63% of the energy used in the average 
home, while in commercial and institutional settings, 
space heating accounts for 56% of all energy use.                                            


(nrcan.gc.ca)


• This in large part is attributed to the thermal bridging 
caused by façade elements such as windows. 


• In fact, 20 – 40% of energy in buildings is wasted 
through windows. (Lee et al., 2013)
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Introduction


Covered with low R-value and high solar gain  (Straube, 2012)







• Windows are configured in different forms.
‒ Psychological
‒ Aesthetic
‒ Daylighting
‒ Heating & cooling


• Proper design and selection of window 
system is regarded as one of the most 
important passive strategies for saving 
energy in buildings. 
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Window configuration 







• In winter, outdoor  conditions primarily 
influence the indoor surface 
temperature of windows.


• This leads to a temperature gradient 
in the indoor environment which 
induces a downdraft affecting the 
thermal comfort of occupants. 


• This phenomenon is sensitive to the 
configuration and location of windows. 
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Window configuration 


Convective 
heater







• ASHRAE standards 90.1:2010 and ASHRAE 
189.2014 provide:


“The total vertical fenestration area shall be less than 
40% of the gross wall area”


• Although this is useful information, it does not 
account for differences in window 
configurations as well as the thermal and 
lighting performance for the same WWR. 
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Window configuration 


Different forms of fenestration configuration      
http://inhabitat.com
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30% WWR but with different window configurations


• It is important for the guideline to accommodate as the question of which of the 
four window configurations is more energy efficient and thermally comfortable?


• Does not provide any explicit way to evaluate thermal and lighting performance of 
the windows.


Window configuration 







Sample configurations
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Sample configurations
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Research objective


• To investigates the influence of different window
configurations on the convective heat transfer rate
of a window.
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Methodology
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• Experimental data validation


- Vertical heated plate


• Numerical model for validation


- Computational model
- Sensitivity analysis 
- Comparing with experimental results


• CFD based CHT evaluation


- Convective heat transfer computation
- Boundary conditions
- Evaluation window CHT







CFD based Nu evaluation


Experimental data for validation


• Experimental data by Churchill and Chu (1975) for a flow over a vertical 
heated isothermal plate is used. 


• In this experimental analysis, the Nusselt number for the entire Rayleigh 
number (Ra = 107-1012) from laminar, transition to turbulent natural 
convective regimes were evaluated.
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Numerical model for validation 


– A 2-D heat transfer in a vertical isothermal window is used. 
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CFD based Nu evaluation


Name Boundary conditions


Wall Adiabatic ( u=v=0, q=0)
Window Tw=310 K (isothermal)
Outlet Pressure outlet, Ta =290 K
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• High-resolution (RANS) CFD simulations using 𝑆𝑆𝑇 𝑘 − 𝜔
LRNM approach has been used to resolve the near-wall 
heat transfer in conjunction with the buoyancy force. 


• In addition, fluid properties are treated as constant 
values, except when changes in temperature lead to 
changes in density and the development of a buoyancy 
force. 


• The Boussinesq approach. 


• Only natural convection 


CFD based Nu evaluation


Numerical model for validation 


– A 2-D heat transfer in a vertical isothermal window is used. 







Grid sensitivity
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Comparison of experimental and 


CFD results
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CFD based evaluation of Convective 


heat transfer rate


• Computational domain:
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• Only the convective heat transfer 
considered


• SST k-w closure
• Gravity
• Boussinesq
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Name Boundary conditions


Wall Adiabatic ( u=v=0, q=0)
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Outlet Pressure outlet, Ta =294 K







Results
No convective heater below window
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• Window average Nusselt number with Rayleigh number for four values of 
the dimensionless heater temperature, 


• Horizontal configuration shows least convective heat transfer  rate value.
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ASSESSING THE ECONOMIC AND ENVIRONMENTAL CASE FOR 


WINDOW RETROFITS IN SINGLE FAMILY HOMES 


Amy Chitilian1, Kim Pressnail2, Ekaterina Tzekova3 


 


 


ABSTRACT 


To assist designers and homeowners in making better thermal retrofit choices, this study evaluates the 
potential economic and environmental benefits of various window retrofit options in Ontario. Two homes 
in Toronto with identical layouts were modelled: a historic 1879 home and a 1992 home built to the Ontario 
Building Code (OBC) 1990. The pre-retrofit, 1879 solid masonry home had original single-glazed 
windows. The 1992 home was built according to the 1990 OBC, with sealed double-glazed windows that 
had reached the end of their service life.  Using HOT2000 modelling software, this study modelled the pre-
retrofit and various retrofit window options to determine the heating and cooling loads.  Various retrofit 
scenarios were evaluated including a window upgrade to the 1990 OBC standard (R=0.34m2K/W), an 
upgrade to a higher performance double-glazed window (R= 0.77m2K/W), and an upgrade involving high-
performance triple-glazed units (R= 1.40m2K/W). Economic and environmental evaluations were also 
carried out. Since both homes were in need of window upgrades, the cost of bringing the existing windows 
up to the 1990 OBC standard was used as the base cost. Thus, only the incremental capital costs of higher 
performing replacements were measured against the projected incremental energy cost and carbon savings 
over and    above the base cases. The results indicate that even high performance windows are economically 
justifiable in both the historic home and the 1992 home on this basis. In the case of the 1992 home, the cost 
of achieving carbon savings over a 25 year service life of the windows ranged from $13 to $47 per tCO2e 
depending upon the retrofit window selected. Assuming energy costs remain constant, the return on 
investment for high performance windows was found to be 13% for the historic home, and 22% for the 
1992 home. While the paper considered homes located in Toronto ON, the methods used in this study can 
be applied to any cold-climate city located in regions considering a carbon pricing policy. 


1. Read Jones Christofferson, 144 Front St. West, Suite 500, Toronto, ON, Tel. (647) 988 5449  


2. University of Toronto, 35 St. George St., Toronto, ON, Tel. (416) 978 1501 
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RSI – Thermal Resistance SI (m2K/W) 


ACH – Air Changes Per Hour (airtightness)  


U – Overall Heat Transfer Coefficient SI (W/m2K) 


INTRODUCTION 


As awareness of climate change increases and energy prices rise, the need to thermally retrofit residential 
buildings grows. In low-rise home retrofit projects, window retrofits are often contemplated.  However, 
window replacements are usually considered to be too expensive when the total cost of installing new 
windows is judged against the potential energy savings.  Yet, if the windows need to be replaced because 
they have reached the end of their useful service life, or if interior spaces are uncomfortable because of 
poorly performing windows, then why should the entire cost of window replacement be weighed against 
the energy costs savings?  It follows that, if the windows need to be replaced, only the incremental cost of 
installing windows that are better than replacement windows that meet the existing building code should be 
weighed against the associated incremental energy savings.  


When better windows are installed, both heating and cooling energy is saved. In Canada, approximately 
60% of all of the energy used in homes is for space heating. (Natural Resources Canada, 2007).  However, 
the effect of thermal retrofits on space cooling energy needs to be considered as well. Even though in 
Canada space cooling accounts for only 5% of home energy use, space cooling costs are significant. Cooling 
costs are significant because the cost of electricity, the primary energy used to cool most homes in Ontario, 
is expensive relative to the cost of natural gas, the primary energy source for heating homes in Ontario.  In 
2016, peak electricity costs in Toronto were 18¢/kWh while delivered natural gas costs in Toronto were 
approximately 33 ¢/m3 or about 3¢/ekWh. (Ontario Energy Board , 2016). Thus, during peak rate periods, 
the cost of energy required for cooling is roughly six times greater than the cost of providing heat using 
natural gas.  


In June 2016, Ontario released a new climate change action plan which will limit greenhouse gas pollution. 
The plan includes a carbon cap and trade system that places a price on carbon andlimits the amount of 
greenhouse gas emissions that can be produced by the economy. The economy can then trade between 
members and all funds raised by the government can be reinvested into green technology (Government of 
Ontario , 2016). This type of carbon pricing is expected to cause natural gas prices to rise relative to 
electricity prices since only 9% of Ontario’s electricity is derived from burning fossil fuels (IESO, 2017). 
In January 2017, the price of natural gas in Toronto rose by 3.35 ¢/m3 to accommodate the carbon cap and 
trade policy, which will further increase energy bills (Enbridge , 2017).   More recently, the government of 
Ontario cut electricity bills by 25% in 2017 (Government of Ontario, 2017).  Thus, forecasting energy 
prices, particularly electricity, is challenging. 


Beyond saving energy and ultimately energy costs, better performing windows result in a more comfortable 
indoor environment.  With better solar control and improved glass surface temperatures, better windows 
can result in the avoidance of wide temperature swings, reductions in peak sizing of air conditioning 
systems, and major reductions in lighting energy and annual space conditioning (Straube, 2010). Further, 
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upon installation, new windows can lead to improved airtightness and an improvement in thermal comfort 
as cold drafts are reduced.   


Although the benefits of higher performance windows are many, in the analysis presented here, only the 
direct energy savings are considered.  This study provides a detailed analysis of glazing retrofits in a single 
family Toronto home. In order to provide reasonable advice for those homeowners looking to replace their 
existing windows, two types of model homes were used. The first is an 1879 historic home, with little to 
no insulation within the envelope (RSI value of walls – 0.57). The second is a 1992 home built to the 1990 
Ontario Building Code (OBC), with a reasonably insulated envelope (RSI value of walls – 3.25). The homes 
were chosen because both require window replacements, as the windows have reached the ends of their 
service lives (i.e. more than 25 years old). Both homes were modeled using HOT2000 with the original 
windows in place. The upgrades were later applied, to analyze the cost/benefits of the window 
replacements. 


ENERGY MODELLING 


HOT2000 modeling software was used to model the two homes. The first home was an 1879 historic 
double-wythe clay brick masonry home with original single glazed windows. The second home modelled 
was a 1992 home built to the Ontario Building Code 1990. For simplicity and comparison purposes, the 
homes had identical footprints and layouts. Both homes were modeled by varying key parameters in 
HOT20000 using Toronto, ON weather data. The chosen occupancy for the homes was 2 adults and 2 
children, who were assumed to be in the home for 50% of the time. In the heating season, the homes were 
heated to 21°C during the day and 18°C at night. During the cooling season, the homes were cooled to 
25°C.  


The modelled homes had four exterior walls with a total of 17 windows distributed as five windows on the 
south elevation and four windows on the remaining north, east and west elevations. The windows on the 
north and south facades measured 700mm by 1800mm (27.5” x 71”), and 700mm by 1200mm (27.5” x 
47”) on the east and west. For domestic hot water heating, the homes had an electric heater with a 
conventional tank, with a volume of 303 L and an energy factor of 0.79. Both homes were heated with a 
high efficiency condensing natural gas furnace with a steady-state efficiency of 89%. Table 1 lists the HOT 
2000 input parameters for the two original homes. The parameters used in the 1992 model home conform 
to the 1990 OBC, Table 9.25.2.A (Government of Ontario, 1990).  


Table 1: HOT2000 Input Parameters for the Two Original Homes 
Parameter 1992 Home   Historic Home 
Airtightness 4.55 ACH @ 50 Pa 16.41 ACH @ 50 Pa 


Roof RSI (nominal) 5.4 2.6 


Wall RSI (nominal) 3.25 0.57 


Slab on ground RSI 0.75 1.76 


Window Tightness (L/sm2) 3.72  1.86 (A1) 


Volume of Home 451 m3 451 m3 


Building Envelope Surface Area 444 m2 444 m2 


Window to Wall Ratio 0.194 0.194 
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Since window upgrades often improve air tightness, it was assumed that the retrofits improved the 
airtightness of the historic home. Therefore, in Upgrade 1, the airtightness was improved by 15%, to 14.0 
ACH50, and by 25% in upgrade 2 and 3, to 12.3 ACH50. Since the 1992 home already had sealed double-
glazed windows (A1 air tightness), the base case involved a direct replacement of the existing grade of 
windows. Upgrade 1 and Upgrade 2 were considered to be A2 air tightness and A3 air tightness, 
respectively. Details of the upgrades are summarized in Table 2.  


Table 2: Window Thermal Specifications 
Scenario  Description RSI value  U 


value  
SHGC Air Tightness 


Historic 
Original  


Single-glazed, clear, wood frame 0.17 5.88 0.8 16.41 ACH50 


Historic  
Upgrade 1  
(Base Case) 


Double-glazed, 13 mm air filled, wood frame  0.34 2.94 0.6 14.0 ACH50 


Historic 
Upgrade 2 


Double-glazed, low-e 0.35, 13 mm argon filled, 


wood frame 


0.77 1.3 0.28 12.3 ACH50 


Historic 
Upgrade 3 


Triple glazed, low-e 0.35, argon filled, wood 


frame  


1.41 0.71 0.24 12.3 ACH50 


1992  Original 
(Base Case)  


Double-glazed, 13 mm air filled, vinyl frame 0.28 3.57 0.6 4.55 ACH50 with 


A1 windows  


1992 Upgrade 
1  


Double-glazed, low-e 0.35, 13 mm argon filled, 


vinyl frame 


0.77 1.3 0.28 4.55 ACH50 with 


A2 windows 


1992 Upgrade 
2  


Triple glazed, low-e 0.35, argon filled, vinyl 


frame 


1.41 0.71 0.24 4.55 ACH50 with 


A3 windows 


MODELLING RESULTS 


The window upgrades significantly reduced the space heating and the space cooling requirements of both 
homes although the results vary slightly due to the initial envelope conditions of the models as well as the 
differing air tightness and ventilation requirements.  In Figure 1, it is clear that the heat loss through the 
original windows compared to the model total heat loss is much greater in the 1992 home (46%) compared 
to the historic home (35%). This is because low performance windows have a greater effect on the 1992 
home, which has a higher wall RSI value and lower heating requirements overall. Also, the percentage of 
heat loss through the windows of the historic home is significantly reduced through upgrades (8% heat loss 
through windows) compared to the 1992 home (18% percent heat loss through windows). This is because 
the historic home, with thermally inefficient walls, loses more than twice as much heat in total compared 
to the 1992 home (353,205 MJ and 153,792 MJ, respectively). 
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Figure 1: Window Heat Loss and Total Home Heat Loss for Each Model 


Figure 2 shows the resulting heating energy required for the historic and 1992 homes when the upgrades 
were modelled. In the case of the historic home, the Upgrade 1 was considered to be the “base case” for 
comparison purposes.  In the case of the 1992 home, the original home was considered to be the “base 
case.”   As the R-value of the windows is increased from the base 0.34 m2K/W for the historic home and 
0.28 for 1992 home, there is a diminishing return on the percentage of heating energy saved as the window 
R value is increased to 0.77 and then to 1.41 m2K/W. This is due, in part, to the inverse relationship between 
the energy transferred and the thermal resistance offered by the retrofit windows. In the case of heating, it 
is also due to the decreasing solar heat gain coefficient (SHGC) which reduces the solar heating of the home 
in the winter. However, this is partly off-set, because a lower SHGC means that the cooling load is reduced 
as unwanted solar energy during the cooling season is excluded.    
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Figure 2: Total Annual Space Heating Loads 


Figure 3 shows the resulting space cooling energy required for the historic and 1992 buildings when the 
upgrades were modelled. Once again, as the R-value of the windows is increased from 0.34 m2K/W for 
historic and 0.28 m2K/W for 1992, to 0.77 m2K/W, and finally to 1.4 m2K/W, there is a diminishing return 
on the amount of cooling energy saved.  These cooling loads are very small in comparison to the heating 
loads shown in Figure 2. However, due to the much higher cost of cooling, the upgrades have a significant 
impact on the economic justification of higher performance windows. The 1992 home has slightly higher 
cooling loads because the base case windows were more thermally inefficient compared to the historic 
upgrade 1 windows.  


 
Figure 3: Total Annual Space Cooling Loads 
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ENERGY COSTING AND ENVIRNMENTAL ANALYSIS   


It follows that, as Canada moves towards reducing the reliance on fossil fuels, natural gas costs will continue 
to rise.  Thus, homeowners will look for ways to reduce home heating costs. Home energy retrofits, 
including window and envelope retrofits, will be one way of countering high energy bills.  


Carbon Costing  


To estimate carbon use, the amount of natural gas and electricity used to heat and cool each model home, 
was converted into carbon dioxide equivalent values. While the carbon savings do not appear significant 
when evaluated on a per-home basis, once multiplied to reflect all homes within a region undergoing a 
retrofit, the impact on the environment would be substantial. Additionally, when evaluating the effect of 
the windows over a 25-year lifecycle, the very high performance windows will result in carbon savings of 
approximately 32 tonnes in the historic home and 45 tonnes in the 1992 home. Figure 4 depicts the annual 
carbon dioxide equivalent emissions savings of each model over and above the base cases. It follows that 
the 1992 home experiences greater savings than the historic home because greater air tightness can be 
achieved and because the base case windows in the 1992 home had a slightly lower R value. Figure 4 also 
reveals that low carbon electricity means that saving electricity in cooling doesn’t save much carbon. 


 
Figure 4: Carbon Dioxide Equivalent Emissions for the Historic Home and 1992 Home Given Various Retrofits 


In 2017, the Federal Government of Canada announced that carbon is valued at $18/tonne and is forecasted 
to increase (Macleans, 2017). The value of the carbon saved in 2017 is shown in Figure 5.  These values 
are associated with carbon emissions and are meant to provide a monetary indication of the impact of the 
value of carbon in the economy, not as a direct cost savings to the consumer. However, carbon emission 
costs will have an impact on the average household costs which are expected to increase annually by $150 
per household (Macleans, 2017).  It is expected that the revenues generated from carbon taxes may be used 
to subsidize proactive sustainable technologies, rather than providing incentives for retroactive programs 
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that mitigate existing pollution. The annual incremental carbon savings in 2017 for the economies for the 
various retrofit upgrades are shown in Figure 5.  


  
 
Figure 5: Carbon Savings of Model Homes in 2017 Priced at $18/tonne Trading Price 


Energy Cost Changes  


In order to evaluate the economic case for window retrofits, natural gas and electricity costs had to be 
considered.  Figure 6 shows the effects of changes in the delivered cost of natural gas that occurred between 
2016 and 2017 on home heating costs. These changes occurred as the delivered price of natural gas 
increased from approximately 29 ¢/m3 to 32 ¢/m3 in response to implementation of the carbon tax 
(Enbridge, 2017).  In the analysis that follows, 2017 delivered natural gas costs are used.  However, it 
should be noted that future increases in natural gas costs can be expected as carbon pricing unfolds.  


To estimate the costs of electricity used to cool and to ventilate the buildings, 2017 electricity costs were 
used.  These costs reflect the very recent changes brought about by the government of Ontario which has 
led to the reduction in electricity bills by 25% in 2017 (Government of Ontario, 2017).  Given the volatility 
in the political climate, forecasting energy prices, particularly electricity, is challenging. While the Ontario 
government has committed to only increasing electricity costs by a small amount over the next 4 years, it 
is possible that future electricity costs may rise substantially. Since forecasting future electricity costs is 
uncertain, using 2017 prices is the only approach possible.  
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Figure 6: Natural Gas Heating Costs in 2016 and 2017 


WINDOW COSTS AND SAVINGS 


After completing the HOT2000 simulations, window product quotations were sought. Since both homes 
required window replacements, installation costs were not included in this cost analysis. Assuming that the 
installation costs would be the same for each retrofit option, only the material costs were considered.  In 
the case of the 1992 home, vinyl windows were specified.  Quotations were obtained from 3 separate 
window manufacturing companies, and these quotes were averaged to obtain the material costs for each 
upgrade option. For the case of the historic home, in order to satisfy architectural requirements, wood 
frames were specified. Only one quotation was obtained and used for wood windows.  Table 3 provides 
details of the quotations obtained. 


Table: 3 Window Descriptions and Material Costs 
Building and 


Option  Description Average Total Material Cost 


Base Historic 


Home Upgrade 1  Insulated Dual Air Filled, Wood Frame $12,310 


Historic Home 


Upgrade 2 Insulated Dual Low-e Argon Filled, Wood Frame  $12,930 


Historic Home 


Upgrade 3 


Insulated Triple Low-e Advanced Glass, Argon Filled, 


Wood Frame $14,920 


Base  1992 Home  Insulated Dual Air Filled, Vinyl Frame $9,970 


1992 Home 


Upgrade 1 Insulated Dual Low-e Argon Filled, Vinyl Frame  $10,470 


1992 Home 


Upgrade 2 


Insulated Triple Low-e Advanced Glass, Argon Filled, 


Vinyl Frame $12,080 


The incremental material cost of window replacements above the base case was calculated for each upgrade 
option and compared to the corresponding incremental energy savings using 2017 energy costs. To calculate 
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the return on investment, the energy cost savings were calculated using 2017 electricity and natural gas 
prices.  However, since energy prices are expected to increase, the savings will increase annually leading 
to all upgrades becoming even more financially justifiable.  


As shown in Table 4, the return on investment varied depending on the building and the retrofit option.  
The return on investment for the historic home ranged from 13% to 48%.  The highest performing windows 
from an energy point of view were the most expensive and had the lowest return on investment.  Similarly, 
in the case of the 1992 home, the return on investment ranged from 22% to 80%.  The return on investment 
was higher in the 1992 home compared to the historic home because the vinyl window upgrades were less 
expensive than wood-framed windows. While the returns for both homes were very favorable, it should be 
emphasized that only the incremental material costs over and above the base case windows were considered. 
Installation costs were not included as these costs were assumed to be the same for all options including the 
base case window retrofit.  This approach was used because the existing windows were at the end of their 
service life and needed replacement.  


Table 4: Incremental Costs and Savings and Return on Investment for Various Retrofit Options 
Model Incremental 


Cost Above 
Base  


Incremental 
Annual Savings 
Above Base 


Return on 
Investment 


Window Cost per Tonne 
of Carbon Saved 
($/tonne) 


Historic Upgrade 2 $620 $300 48% $22 


Historic Upgrade 3 $2,610 $340 13% $82 


1992 Upgrade 1 $500 $400 80% $13 


1992 Upgrade 2 $2,110 $460 22% $47 


An additional benefit of making homes more energy-efficient is the reduction of greenhouse gas emissions 
that occurs. The total carbon dioxide equivalent emissions savings over the expected 25 year life of the 
windows was previously shown in Figure 4. Upgrades to higher performance windows, as shown in Figure 
4, result in substantial reductions in carbon dioxide over the 25 year service life of the windows.  These 
savings in carbon can be expressed in terms of the cost to the home owner for upgrades per tCO2e saved.  
As shown in Table 4 above, the cost per tCO2e of the double-glazed, low-e, argon filled window upgrade 
(Upgrade 1) in the 1992 home is $13, which is below the current floor carbon price of $18/tonne set by the 
government of Canada.  In terms of the cost of saving carbon, the other upgrades may not appear as 
attractive since they are above the carbon floor pricing.  However, if energy prices and the trading cost of 
carbon continue to rise as expected, the case for providing economic incentives for the other upgrades may 
become more compelling.  In expressing the cost to home owner per ton of CO2e, it is recognized that the 
home owners bears a cost for a societal benefit.  However, this cost information is useful for evaluating the 
economic benefit of providing publically-funded incentives for thermal retrofits. 


CONCLUSION 


This paper has examined the economic and environmental case for improving the thermal performance of 
two model homes through window retrofits. When windows have reached the end of their effective service 
lives, choosing high performance windows during a retrofit has a strong economic case. Conservative 
returns on investment using 2017 energy costs and window capital costs for the historic home and for the 
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1992 home were 13% and 22% respectively. Given that energy prices, particularly the price of natural gas, 
are expected to rise as the cost of carbon is recognized in the economy, these returns on investment are 
considered to be conservative. However, it must be emphasized that only the incremental capital costs of 
the windows were used in the analysis because, in the case of both homes, the windows were in need of 
replacement. Thus, only the incremental costs of better windows, over and above a base 1990 standard, 
were used. Since installation costs were assumed to be the same for all of the retrofits, only the capital costs 
of the windows were included.   


In addition to energy saving, improving windows in a home adds to the capital worth of the real estate. In 
one 2012 study, it was reported that a $10,000 investment in new windows, could improve the capital value 
of the real estate by as much as $8500 (Kane, 2012). This capital value improvement has not been 
considered here.  Further, new, better performing windows reduce drafts, reduce the condensation potential 
and generally improve human comfort.  Again, the value of improving durability and human thermal 
comfort has not been considered here. 


Finally, given the modest $18 rate per ton of CO2e assessed by the Federal Government of Canada, it is 
clear that, at least in the case of one of the window retrofit options presented here, it would be more 
economical to save the CO2e through retrofit than it would be to pay for it. Higher carbon prices can be 
forecasted based on the historical rise of carbon taxes in British Columbia. As such, saving carbon will 
increasingly become a driver for change. A part of this change will inevitably include growing public 
incentives that encourage home owners to improve the thermal performance of their homes.  
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Parameter 1992 Home  Historic Home


Airtightness 4.55 ACH @ 50 Pa 16.41 ACH @ 50 Pa


Roof RSI (nominal) 5.4 2.6


Wall RSI (nominal) 3.25 0.57


Slab on ground RSI 0.75 1.76


Window Tightness (L/sm2) 3.72 1.86 (A1)


Volume of Home 451 m3 451 m3


Building Envelope Surface Area 444 m2 444 m2


Window to Wall Ratio 0.194 0.194







Scenario Description
RSI 


value 


U 


value 
SHGC Air Tightness


Historic 


Original 
Single-glazed, clear, wood frame 0.17 5.88 0.8 16.41 ACH50


Historic  


Upgrade 1  


(Base Case)


Double-glazed, 13 mm air filled, 


wood frame 
0.34 2.94 0.6 14.0 ACH50


Historic 


Upgrade 2


Double-glazed, low-e 0.35, 13 


mm argon filled, wood frame
0.77 1.3 0.28 12.3 ACH50


Historic 


Upgrade 3


Triple glazed, low-e 0.35, argon 


filled, wood frame 
1.41 0.71 0.24 12.3 ACH50


1992  Original 


(Base Case) 


Double-glazed, 13 mm air filled, 


vinyl frame
0.28 3.57 0.6


4.55 ACH50


with A1 


windows 


1992 Upgrade 1 
Double-glazed, low-e 0.35, 13 


mm argon filled, vinyl frame
0.77 1.3 0.28


4.55 ACH50


with A2 


windows


1992 Upgrade 2 
Triple glazed, low-e 0.35, argon 


filled, vinyl frame
1.41 0.71 0.24


4.55 ACH50


with A3 


windows







0


50000


100000


150000


200000


250000


300000


350000


400000


Historic


Original


Historic


Upgrade 1


(Base)


Historic


Upgrade 2


Historic


Upgrade 3


1992


Original


(Base)


1992


Upgrade 1


1992


Upgrade 2


H
ea


t 
L


o
ss


 (
M


J)


Heat loss through windows (MJ) Total Heat loss (MJ)







0


50000


100000


150000


200000


250000


Historic


Upgrade 1


(Base)


Historic


Upgrade 2


Historic


Upgrade 3


1992


Original


(Base)


1992


Upgrade 1


1992


Upgrade 2


M
eg


a
jo


u
le


s







0


2000


4000


6000


8000


10000


12000


Historic


Upgrade 1


(Base)


Historic


Upgrade 2


Historic


Upgrade 3


1992


Original


(Base)


1992


Upgrade 1


1992


Upgrade 2


M
eg


a
jo


u
le


s







1879 Home 1992 Home


Window Heat Loss 71% 75%


Total Heat Loss 18% 35%


Space Heating 11% 35%


Space Cooling 46% 47%
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Building and 


Option 
Description


Average Total 


Material Cost


Base Historic 


Home Upgrade 1 
Insulated Dual Air Filled, Wood Frame $12,310


Historic Home 


Upgrade 2


Insulated Dual Low-e Argon Filled, Wood 


Frame 
$12,930


Historic Home 


Upgrade 3


Insulated Triple Low-e Advanced Glass, Argon 


Filled, Wood Frame
$14,920


Base 1992 Home Insulated Dual Air Filled, Vinyl Frame $9,970


1992 Home 


Upgrade 1
Insulated Dual Low-e Argon Filled, Vinyl Frame $10,470


1992 Home 


Upgrade 2


Insulated Triple Low-e Advanced Glass, Argon 


Filled, Vinyl Frame
$12,080











Model
Incremental 


Cost Above Base 


Incremental 


Annual Savings 


Above Base


Return on 


Investment


Window Cost per 


Tonne of Carbon 


Saved ($/tonne)


Historic Upgrade 2 $620 $300 48% $22


Historic Upgrade 3 $2,610 $340 13% $82


1992 Upgrade 1 $500 $400 80% $13


1992 Upgrade 2 $2,110 $460 22% $47
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 Why & How We are Insulating More


 Test Results of Long Screws through Insulation


 Available Guidance


Outline
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We Are 


Here


Why We are Insulating More


 Increasing energy efficiency 


expectations are changing 


insulation requirements in codes


 Passive House


 R-22 walls requirement for Part 9 


in CoV has instigated widespread 


change in approach


 Better accounting for thermal 


bridging means not overlooking 


bridging by cladding attachments


C
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m
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Z
o
n
e
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How to Insulate More


Stuff It?


Wrap It? 
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More than one way to get there…
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Exterior Insulation Approaches Gaining Popularity


Vertical Z-girts Horizontal Z-girts Crossing Z-girts Galvanized/Stainless 


Clip & Rail


Aluminum Clip & Rail
Long Screws through 


Insulation


Non-Conductive 


Clip & Rail


Thermally Improved 


Clip & Rail
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Exterior Insulation Approaches
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Screws Through Insulation Highly Effective
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Galvanized Steel Screws
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Screws Through Insulation


 Rapidly gaining popularity to meet increasing R-value 


requirements


 Uncertainty about:


 How to do it


 Allowable loads


 Fastener types


 Fastener spacing


 Angle of installation


 Deflection
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Design and Forces
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Testing
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Testing
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Testing


 3”, 6”, 9” and 12” thicknesses of insulation


 Different insulation types (mineral wool and XPS) and different 


compressive strengths


 Different screw head types (pan and countersunk)
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Testing – Insulation Type


Load Displacement for Different Insulation Types (6” Thick)
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Cladding Weights


 Most claddings are “light weight” with only a few select 


products being heavier
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Testing – Insulation Type


Load Displacement for Different Insulation Types (6” Thick)


Stucco


Vinyl, Metal, Wood Siding


Stone Veneer


1/64”
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Testing – Insulation Thickness


 For the record, this is 


what 12” of insulation 


looks like…
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Framing (9“ Insulation) and 8D Nail Rainscreen (No Insulation)


Testing – What if we miss the stud?
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Deflection - How much is too much?


 Difficult to define precise deflection 


limit but many claddings can easily 


accommodate 1/8” (125 mil, 3mm) 


deflection


 Staged loading of the support system 


helps to “pre-deflect” the strapping 


prior to cladding completion


 Can see it is different than strapping 


direct to sheathing, but not much


?
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Deflection - How much is too much?


 Comparison: Wood Shrinkage


 One wood-frame storey: Double top 


plate, single bottom plate, 8’ ceilings, 


rim joist


 Assume 19% initial MC and 10% final 


MC at equilibrium with interior


 Wood shrinkage due to drying


› 0.25%/MC across grain


› 0.0053%/MC with grain


 Approximately 3/8” (375mil, 10mm) 


shrinkage in one storey height


› Roughly 10x more than measured 


deflection in test for any arrangement
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Testing – Ultimate Failure Modes


Withdrawal


Tensile 


Failure


Pull-Through
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Testing – Ultimate Failure Mode


4 ½” (115 mm)


807 lbs


5 1/8” (131 mm)


719 lbs


5 ¼” (133 mm)


0 lbs (failure)
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Testing – Ultimate Failure Mode


½” Plywood: Fastener Pulled Out of Sheathing


(> 250 lbs per fastener)
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Case Study – Bella Bella Passive House
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R22+ Wall Guide Update
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Design Tables
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Design Tables
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Additional Guidance


 Installation Methods


Deflection Block  
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Discussion + Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.buildingsciencelabs.com


 Lorne Ricketts - lricketts@rdh.com
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Testing – Different Fastener Arrangements
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(90° + 45°)
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Testing – Is this just the fastener?
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STRUCTURAL TESTING OF SCREWS THROUGH THICK                
EXTERIOR INSULATION 


Jun Tatara and Lorne Ricketts, RDH Building Science Inc. 


 


ABSTRACT 


Using long screws directly through an exterior insulation layer to provide cladding attachment without the 
use of clips or girts has been shown to be a thermally and structurally efficient solution for more energy-
efficient wood-frame buildings. However, there is still significant scepticism regarding supporting cladding 
with only screws when using thicker exterior insulation (>38 mm or >1-1/2"), supporting heavy claddings 
(>48.8 kg/m² or >10 psf, e.g., stucco, stone veneer), or in particular, using exterior mineral wool insulation, 
which is perceived as insufficiently rigid in comparison to competing foam plastic insulations such as 
extruded polystyrene insulation (XPS).  


Various studies have been conducted to address this gap in industry knowledge and familiarity to help 
promote adoption of this cladding attachment method. To build on this existing research, which focused on 
evaluation of screw bending and potential formation of a truss (created by the screw and compression of 
the insulation), this study focuses on the impact of the compressive strength of the insulation, large 
thicknesses of insulation (~305 mm or ~12"), and fastener embedment depth (framing member vs. sheathing 
only) on the structural performance of these systems. The impact of these parameters was evaluated in a 
laboratory condition using a custom-built apparatus to mechanically imitate cladding (gravity) load in an 
isolation from other factors such as various other forces building is subject to. The test specimens were 
selected so that the impact of these parameter can be evaluated by cross comparison. This study found that 
when 8.0 mm (5/16") fasteners, fully embedded in to the structural framing, were subjected to common 
cladding load (9.1 kg or 25 lb per fastener) the deflection observed was typically less than 0.64 mm (0.025"), 
which is likely insignificant considering potential moisture shrinkage that could be anticipated in a typical 
one-storey wood-frame construction (10 mm or 3/8"). 


INTRODUCTION 


As the construction industry moves toward more energy-efficient buildings, installing exterior insulation is 
an effective solution to increasing thermal performance of wall assemblies. Previous research and in-situ 
performance has shown that using long screws directly through an exterior insulation layer to provide 
cladding attachment without the use of clips or girts is a thermally and structurally efficient solution for 
lightweight cladding (~12.2 kg/m² or ~2.5 psf, e.g., vinyl, metal, wood siding) with relatively small 
thicknesses of exterior insulation (~38 mm or ~1-1/2"). However, there is still significant skepticism 
regarding supporting cladding with screws only when using thicker exterior insulation or supporting heavy 
claddings. These concerns—though largely unsupported by existing research—are creating a barrier to the 
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widespread adoption of this cladding attachment method, in particular with exterior mineral wool 
insulation, which is perceived as insufficiently rigid in comparison to competing foam plastic insulations 
such as extruded polystyrene insulation (XPS). 


Various studies have been conducted in this area, including recent work performed by the University of 
Waterloo and others as part of the Building America program and by the New York State Energy Research 
and Development Authority (Smegal & Straube, 2011; Lepage, 2013; Baker & Lepage, 2014). As an 
example, research by Baker and Lepage (2014) focused on the mechanisms and the relative magnitude of 
forces that work to resist the deflection of the system and whether deflection can be reliably calculated 
using mechanic equations as well as evaluation of the impact of long-term environmental exposure on these 
types of system. Their research found that mechanism such as friction between layers of the assembly may 
provide more load resistance than the bending resistance of the fasteners. It was noted that further study of 
mechanics is needed and that models based on theorized mechanics did not sufficiently predict the measured 
deflection. Baker and Lepage (2014) also found that long-term exposure testing with 102 mm (4") of 
exterior insulation subjected to loads representative of lightweight cladding measured low amount of 
deflection. Although their long-term test with heavier load showed good resistance to movement, the 
research noted that more study is needed to investigate potential for long-term creep for these assemblies. 


The primary objective of this study is to evaluate the vertical load resistance of long screws through 
insulation as a cladding attachment technique with specific focus on relatively thick insulation layers which 
have not previously been rigorously investigated. In particular, the performance of these systems when 
using mineral wool insulation is investigated. As part of this investigation various parameters are to be 
assessed as to their impact on the load-deflection response of the system. These parameters include: 


 Compressive strength of insulation (mineral wool in different densities and XPS) 


 Insulation thickness (76 mm, 152 mm, 229 mm, and 305 mm or 3", 6", 9", and 12") 


 Fastener penetration in to substrate (impact of embedment in framing member vs. sheathing only) 


In assessing the results of the testing, specific consideration is given to allowable deflection for different 
cladding types. As there is limited information available regarding allowable deflection, comparisons will 
be made to known dimensional movements from other factors such as wood drying shrinkage. The results 
and analysis presented in this paper form a portion of the work performed as part of a larger study (Tatara 
& Ricketts, 2017) assessing various factors impacting the performance of attaching cladding through 
insulation with long screws.  


METHODOLOGY 


This section provides an overview of test wall construction, fastener selection, testing apparatus 
arrangement, and testing procedure. 
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Test Walls 


To test the performance of this cladding attachment system, a 1220 mm x 1830 mm (4' x 6') backup wall 
was constructed with 38 mm x 140 mm (2x6) SPF framing at 406 mm (16") on centre (o.c.) complete with 
top and bottom plates as shown in Figure 1. The backup wall framing was securely fixed to a concrete slab 
with L-angles attached to the top and the bottom plates. 


 
Figure 1: 1220 mm x 1830 mm (4' x 6') backup wall framed at 406 mm (16") o.c. stud spacing and secured to concrete floor with 
L-angles. 


As shown in Figure 2, the backup wall framing was then sheathed with 11 mm (7/16") oriented strand board 
(OSB) and spunbonded polyolefin house wrap membrane was stapled on to the OSB as is common for 
wood frame construction. Although the backup wall was 1830 mm (6') tall, the insulation arrangements 
tested were 1220 mm (4') in height to allow for repositioning of the test area on the back-up wall to test 
multiple samples using the same framing members. 
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Figure 2: Backup wall framing sheathed with OSB and spunbonded polyolefin house wrap membrane stapled to OSB (left). 
152 mm or 6" (2 layers) of mineral wool insulation with 19 mm x 76 mm (3/4"x3") plywood strapping at 406 mm (16") o.c. 
spacing (right). Note that each strap was secured with three screws at 300 mm (12") spacing. 


Insulation—typically in 610 mm x 1220 mm (2' x 4') boards—was placed in staggered layers as shown in 
Figure 3 and secured with 19 mm x 76 mm (3/4"x3") plywood strapping with 3 screws per strap. Strapping 
was installed at 406 mm (16") o.c. to match the stud spacing so that the screws can penetrate into the backup 
wall framing. In general, 76 mm (3") or less insulation thickness makes it fairly easy to reliably embed the 
fasteners in to the studs but it becomes more difficult as the insulation thickness increases up to a range of 
152 mm to 305 mm (6" to 12"). In a laboratory condition with the test wall situated in a horizontal position, 
it was possible to ensure that the screws penetrated in to the backup wall stud framing; however, ensuring 
screw penetration in to backup wall framing members is more difficult in real-world applications, and there 
is a potential for missing the framing members. For this reason, the structural capacity of the fasteners when 
only installed into sheathing is of interest, and was included in this testing. Note that the portion of the test 
wall that was loaded (centre strap, centre screws, and centre layers of insulation) was replaced after each 
set of tests (each test involved two loadings as described in later sections of this paper). 


 


 


Figure 3: An example of staggered insulation board installation. 
From left, top layer: 305 mm (12"), 610 mm (24"), and 305 mm (12") width of 176 kg/m³ (11 lb/ft³) mineral wool insulation. 
From left, bottom layer: 102 mm (4"), 610 mm (24"), and 508 mm (20") width of 128 kg/m³ (8 lb/ft³) mineral wool insulation. 
Note that insulation joints are indicated with red dashed lines. 


305 mm 


610 mm 


305 mm 


610 mm 


508 mm 


102 mm 
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Table 1 provides a summary of the 8 test wall arrangements tested as part of this evaluation. Note that all 
fasteners were installed 90° to the strapping for this testing1. These test wall arrangements were selected 
specifically to address the previously stated objective. In particular: 


 the impact of compressive strength of insulation was evaluated by comparing the performance of 
Test Walls 2, 3, and 4 with the only difference between these specimens being insulation type, 


 the impact of insulation thickness was evaluated by comparing the performance of Test Walls 1, 2, 
5, and 8 with the only difference between the specimens being thickness of insulation, and 


 the impact of fastener embedment in to the structure (e.g., framing member versus sheathing only) 
was evaluated by comparing the performance of Test Walls 5, 6, and 7. 


Table 1: Test Wall Arrangements 


Test Wall ID Insulation Type Insulation Thickness & 
Layer Arrangements 


 76 mm (3") 
1 Mineral Wool (128 kg/m³ or 8 lb/ft³) One 76 mm (3") layer 


 152 mm (6") 
2 Mineral Wool (128 kg/m³ or 8 lb/ft³) Two 76 mm (3") layers 
3 Mineral Wool (176 kg/m³ or 11 lb/ft³) Two 76 mm (3") layers 
4 XPS Three 51 mm (2") layers2 


 229 mm (9") 
5 Mineral Wool (128 kg/m³ or 8 lb/ft³) Three 76 mm (3") layers 


6 Mineral Wool (128 kg/m³ or 8 lb/ft³) – Fastened to 19 mm 
(3/4") Plywood Sheathing Only Three 76 mm (3") layers 


7 Mineral Wool (128 kg/m³ or 8 lb/ft³) – Fastened to 13 mm 
(1/2") Plywood Sheathing Only Three 76 mm (3") layers 


 305 mm (12") 
8 Mineral Wool (128 kg/m³ or 8 lb/ft³) Four 76 mm (3") layers 


Fastener Selection 


The fasteners used in this testing were selected based primarily on the availability of lengths between 
229 mm and 380 mm (9" and 15") in the same thread and shank diameter and mechanical properties (e.g., 
bending resistance, tensile strength) to allow for consistency in the fastener properties in all testing such 
that the other variables can be isolated. Three different lengths of fasteners with 8.0 mm (5/16") thread 
diameter, shown in Figure 4, were selected for testing with 152 mm, 229 mm, and 305 mm (6", 9", and 12") 
of insulation. Note that 6.0 mm x 142.9 mm (#12/14 x 5-5/8") fasteners and 8.0 mm x 280 mm 
(5/16" x 11.0") fasteners were selected for the test wall assembly with 76 mm (3") of insulation and 
                                                      
 
 
1 Strapping in this context is a building material used to secure insulation in position, sometimes referred to as 
“furring”. 
2 Due to a lack of availability of 76 mm (3") XPS, 3 layers of 51 mm (2") XPS was used instead to make up a total 
insulation thickness of 152 mm (6"). 







 
 
 


Paper 80                                                   Page 6 of 15 
 


 


sheathing-only test respectively (both not shown in Figure 4). All screws used have a countersunk head 
type. 


 
Figure 4: Three different lengths of 8.0 mm (5/16") fasteners used in this testing.  


Physical and mechanical properties of 8.0 mm (5/16") and 6.0 mm (#12/14) fasteners, obtained from the 
manufacturers’ technical datasheets (European Organisation for Technical Approvals, 2012; GRK 
FASTENERS™ ÜberGrade™, 2015), are summarized in Table 2. 


Table 2: Physical and Mechanical Properties of 8.0 mm (5/16") and 6.0 mm (#12/14) Fastener 
Property of Fasteners 
8.0 mm (5/16") Fastener 
Nominal Length 240 mm, 280 mm, 300 mm, and 380 mm (9.4", 11.0", 11.8", and 15.0") 
Head Diameter ~14.8 mm (~0.58") 
Thread Diameter ~8.0 mm (~0.31") 
Shank Diameter 5.0 5 mm ~ 5.45 mm (0.20" ~ 0.21") 
Yield Moment 20.0 Nm (14.8 ft-lb) 
Tensile Strength 20 kN (4496 lb) 
Withdrawal Capacityi 11.8 N/mm² (1711.4 psi) 
Head Pull-Through Capacityii 9.4 N/mm² (1363.4 psi) 


i Based on a wood density of 350 kg/m³ (22 lb/ft³). As a reference, Canadian Standards Association (CSA) 086 
standard defines density of Spruce-Pine-Fir (SPF) group to be 420 kg/m³ (26 lb/ft³) (Standards Council of Canada, 
R2006). 
ii For wood panel products with minimum thickness of 20 mm (~3/4"). 
 


                                                      


6.0 mm (#12/14) Fastener 
Nominal Length 142.9 mm (5 5/8") 
Thread Diameter 6.0 mm (0.238") 
Shank Diameter 4.4 mm (0.172") 
Bending Yield Strength 974.6 N/mm² (141,350 psi) 
Tensile Strength 5.0 kN (1134 lb) 
Withdrawal Capacityi 8.8 N/mm² (1273 psi) 
Head Pull-Through Capacityii 18.0 N/mm² (2608 psi) 


i For specific gravity of 0.67. Fastener withdrawal value obtained in accordance with American Society for Testing 
                                                      


8.0 mm x 380 mm (5/16" x 15.0") 


8.0 mm x 300 mm (5/16" x 11.8") 


8.0 mm x 240 mm (5/16" x 9.4") 
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and Materials (ASTM) D1761 (ASTM International, 2012). 
ii For specific gravity of 0.67. Fastener pull-through value obtained in accordance with ASTM D1037 (ASTM 
International, 2012). 


The structural capacity of the screw is impacted by its penetration depth (embedment). BC Building Code 
(Province of British Columbia, National Research Council, 2012) for Part 9 buildings requires that the 
fasteners for cladding other than shakes and shingles penetrate at least 25 mm (1") in to the framing (or 
penetrate through the fastener-holding base). In this test, given the screw lengths available, the screws were 
selected so that the penetration depth, excluding the tapered tip, is greater than 25 mm (1"). The estimated 
screw penetration in to the framing for the test arrangements is summarized in Table 3. 


Table 3: Estimated Screw Penetration into Framing 


Insulation Thickness and Screw Arrangement Estimated Penetration Depth, 
mm (inch) 


76 mm (3") insulation 
6.0 mm x 142.9 mm (#12/14 x 5-5/8") screws installed 90° to the strapping 23 (0.9) 


152 mm (6") insulation 
8.0 mm x 240 mm (5/16" x 9.4") screws installed 90° to the strapping 46 (1.8) 


229 mm (9") insulation 
8.0 mm x 300 mm (5/16" x 11.8") screws installed 90° to the strapping 2.9 (1.1) 


305 mm (12") insulation 
8.0 mm x 380 mm (5/16" x 15.0") screws installed 90° to the strapping 33 (1.3) 


The screws were installed at 300 mm (12") spacing with an effective supporting area of 0.124 m² (1.33 ft²) 
per screw. The screws were installed so that the head of the screw was fully countersunk into the strapping 
(flush). A torque wrench was used to measure how tightly screws were installed. Generally, torque of 
approximately ~5 Nm (45 in-lb) was applied to install the screws with minimal pre-compression of the 
insulation layers.  


Testing Apparatus 


The cladding gravity load was imitated by mechanically applying a load on the centre strap of a test wall 
assembly. Mechanical loading was selected rather than gravity loading to allow for application of constant 
strain rate or constant load during the testing. Previous testing by others has largely been performed using 
gravity loading by attaching weights to the strapping; however, a continuous load-displacement curve was 
desired, and mechanical loading better suited this objective. 


Loading and measurements of deflection were completed using a custom-built testing apparatus capable of 
logging displacement and load at 0.5-second intervals. This testing apparatus is equipped with a servomotor, 
a worm drive with 30:1 ratio, and a S-type load cell3 rated to ~454 kg (1000 lb). The servomotor allows for 


                                                      
 
 
3 The load cell was configured to read at 10Hz (i.e., a reading every 100 millisecond) but the load was logged at 0.5s 
interval and the accuracy of the reading depended on the accuracy of the load cell and the 24-Bit analog-to-digital 
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precise control of linear position and speed of the mechanical stage with a motor linked to sensors for 
position and load feedback. The mechanical stage is connected to a 12-turn-per-inch (TPI, or ~0.47244-
turn-per-millimeters) threaded rod (via S-type load cell), which is turned by 30-tooth worm wheel 
connected to a worm that is driven by a motor with 2000 steps per turn. The following equation provides 
the resolution of this setup. 


𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
2000 𝑠𝑡𝑒𝑝𝑠


1 𝑡𝑢𝑟𝑛 (𝑤𝑜𝑟𝑚)
×


30 𝑡𝑢𝑟𝑛 (𝑤𝑜𝑟𝑚)


1 𝑡𝑢𝑟𝑛 (𝑤𝑜𝑟𝑚 𝑤ℎ𝑒𝑒𝑙)
×


12 𝑡𝑢𝑟𝑛 (𝑤𝑜𝑟𝑚 𝑤ℎ𝑒𝑒𝑙)


1 𝑖𝑛𝑐ℎ
= 720,000 𝑠𝑡𝑒𝑝𝑠/𝑖𝑛𝑐ℎ 


This setup provided 720,000 steps-per-inch (28,346.5 steps per millimeter), and the displacement was 
logged in millimeters to 2 decimal places. An overview of the testing apparatus is provided in Figure 5. 


 
Figure 5: Overview of testing apparatus with key components labelled. 
Note that the direction the test wall strapping was loaded is indicated by the red arrow and the orange line indicates the threaded 
rod connected to the load cell under the mechanical stage. 


The interface that controlled the servomotor with feedback from the sensors (position and load) was written 
in load-based programming. This means that the load, instead of position (displacement), determined 
movement of the mechanical stage, allowing the tests to be performed in such a way that the apparatus 
would displace until a specified load is reached and hold that load for a specified duration. If the strapping 
were to deflect (or sag), the programming would cause the mechanical stage to move/compensate to ensure 
that the specified load is applied consistently. 


In order to apply load to the centre strap, the load was transferred from the testing apparatus (mechanical 
stage) to the plywood strapping using a steel strap. The height of the mechanical stage was adjusted to 
match the height of the plywood strapping in order to load it as axially as possible; however, as the strapping 
was loaded, the insulation experienced some compression due to bending of the screws and, consequently, 


                                                      
 
 
converter (ADC) for weigh scales. 


Mechanical Stage 


Worm Drive 
(30:1 ratio) 


Servomotor 


Strap Tie 


S-Type Load Cell  
(under mechanical stage) 


Threaded Rod 
(12TPI) 
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the load was being applied at a slight angle4. 


The test arrangements were constructed with 3 straps and insulation to allow for improved simulation of 
actual wall conditions with respect to insulation layer staggering. It was assumed for this testing that 
negligible resistance is provide by this neighbouring straps to the load applied to the centre strap, as it the 
apparatus as configured for this testing was not able to load all three straps simultaneously while only 
measuring load on the middle strap. Future testing should be completed to validate this assumption. 


Test Procedure 


Each test wall specimen was loaded twice in the following order: 


1) Loaded to 46 kg or 101 lb (15.3 kg or 33.8 lb per fastener) and the load was held for 2 hours then 
released 


2) Loaded to 408 kg or 899 lb (136 kg or 299.8 lb per fastener) and the load was held for 120 
seconds then released 


Two loading cycles were applied so that the initial load displacement response could be evaluated using a 
load representative of a relatively heavy cladding, and then the load displacement response under second 
loading could be measured to assess the impact of a “seating” of the strapping in to the insulation. For 
reference, the weight range of typical cladding types is summarized in Table 4 and are indicated in load-
displacement plots provided in this paper. 


Table 4: Typical Cladding Weight 


Insulation Thickness and Screw Arrangement 
Typical Range of 


Area Density, 
 kg/m² (psf) 


Equivalent Load per 
Strappingi, 


 kg (lb) 


Vinyl, Metal, and Wood Siding 1.5 – 12.2 
(0.3 – 2.5) 


0.5 – 4.5 
(1.2 – 10.0) 


Stucco 48.8 – 53.7 
(10 – 11) 


18.1 – 20.0 
(40.0 – 44.0) 


Thin Stone Veneer 63.5 – 73.2 
(13 – 15) 


23.6 – 27.2 
(52.0 – 60.0) 


Thick Stone Veneer and Very Heavy Cladding 73.2 – 87.9+ 
(15 – 18+) 


27.2 – 32.7+ 
(60 – 72+) 


i Strapping with supporting (tributary) area of 0.372 m² (4 ft²)  
                                                      


In both tests, the strapping was displaced at a rate of 3 mm/min or 0.118"/min (0.05 mm/s or 0.002"/s) until 
the specified load was reached—at which point the testing apparatus maintained the load for 2 hours for 
the first loading, and 120 seconds for the second loading. A longer duration was selected for the first loading 
to evaluate if any displacement would continue to occur under continued loading, whereas the shorter 
duration for the second test was selected primarily to evaluate the upper limits of performance under short-


                                                      
 
 
4 More detail discussion is provided in report Structural Testing of Screws through Thick Exterior Insulation 
(Tatara & Ricketts, 2017) 
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duration high-load events. The apparatus then released the load at the same displacement rate until the 
measured load returned to zero. Note that in most cases the strapping did not return to the original location, 
and the second loading was initiated after the completion of the first without re-setting the strapping to the 
original location.  


RESULTS AND DISCUSSION 


The data obtained from the testing apparatus was the load applied on one strap fastened with 3 screws; 
however, the load-displacement plots presented in this section provide the load per screw for ease of 
interpretation. Additionally, the load-displacement plots in this section are compared to the weight of 
typical cladding types illustrated by bands of shaded area. The weight range of thick stone veneer and very 
heavy cladding, thin stone veneer, stucco, and various light weight sidings (vinyl, metal, wood) are shaded 
in red, orange, yellow, and green respectively. 


Evaluation of Insulation Types 


This section contains the results and discussion of the impact of insulation types on the load-deflection 
response of the tested assemblies. Two mineral wool insulations off different densities and one XPS 
insulation were tested. Table 5 summarizes the compressive strength of the insulation products that were 
tested as obtained from manufacturers’ product data sheets (ROXUL®, Revised 2013; ROXUL®, Revised 
2015; Owens Corning®, 2013). Note that compression resistance of these products was not available in 
directly comparable formats. 


Table 5: Compressive Strength of Insulation 


Insulation Type 
ASTM C165i, kPa (psf) 


At 10% At 25% 
Mineral Wool (128 kg/m³ or 8 lb/ft³) 21 (439) 50 (1065) 


Mineral Wool (176 kg/m³ or 11 lb/ft³) 28 (584) 75 (1566) 
 ASTM D1621ii, kPa (psf) 


XPS 140 (2880) 


i (ASTM International, Reapproved 2012). 
ii (ASTM International, 2016). 


                                                      


Figure 6 plots the load-displacement relationship for test wall assemblies with 152 mm (6") of insulation 
and with different insulation types. The plots provided are from the second loading for each assembly. 
Results from the first loading are not presented but are similar, though typically are slightly less stiff. Use 
of either set of results does not alter the general conclusions drawn by this study. 


As illustrated, the load-displacement responses of the three systems are relatively linear, though there is a 
slight difference in the slopes, which corresponds to stiffness of the wall assemblies. However, these 
differences are relatively minor in terms of absolute additional displacement. When a screw is loaded at 
9.1 kg (25 lb), the difference in displacement between XPS assembly (0.35 mm or 0.014") and 128 kg/m³ 
(8 lb/ft³) mineral wool (0.48 mm or 0.019") is approximately 0.13 mm (0.005"). For a comparison, moisture 
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shrinkage of the wood-framing members in a one-storey house would be on the order of 10 mm (3/8")5 (BC 
Housing and the Building Safety and Standards Branch, 2011), at least one order of magnitude larger than 
the displacements measured due to cladding load. This suggests that the vertical displacement of the 
cladding in these three arrangements is likely acceptable. 


  
Figure 6 Load-displacement plot comparing different insulation types at 152 mm (6") thickness with countersunk head screws 
installed at 90° to the strapping. The plot provided is for second loading of each arrangement. 


Figure 7 provides load-displacement data for a much higher test load range well beyond that typically 
applied by cladding gravity loads. Note that the plot range shown in Figure 6 is highlighted in red. As 
illustrated in the Figure 7, between 18 kg (40lb) and 41 kg (90lb) on a screw, the load-displacement plots 
start to present a varying degree of curvature and the difference in the response of the systems becomes 
accentuated. This is likely because as the screws bend, the increased compressive resistance of the 
insulation creates a truss with the screw and provides a larger proportion of the total load resistance of the 
system. While this finding does illustrate an expected difference in response, the load applied is well beyond 
likely in-service cladding loads, so is unlikely to have a meaningful impact on the in-service performance 
of these systems. 


                                                      
 
 
5 Assuming 38 mm (2x) framing with double top plates, single bottom plate, 38 mm x 286 mm (2x12) floor joist, 
and 2362 mm (93") studs. As well as 9% change and moisture content with shrinkage coefficient of 0.25% across 
the grain and 0.0053% along the grain.  
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Figure 7: Load-displacement plot comparing different insulation types at 152 mm (6") thickness with countersunk head screws 
installed at 90° to the strapping. The plot provided is for the second loading of each arrangement. Note that the plot range shown in 
Figure 6 is highlighted in red box. 


Evaluation of Insulation Thickness 


This section contains results and discussion regarding the impact of insulation thickness on the load-
deflection response of the different wall assemblies. 128 kg/m³ (8 lb/ft³) mineral wool insulation was tested 
at four different total thicknesses:  


1) 76 mm (1 layer, 3") with 23 mm (0.9") estimated screw6 penetration into framing 


2) 152 mm (2 layers, 6") with 46 mm (1.8") estimated screw7 penetration into framing 


3) 229 mm (3 layers, 9") with 29 mm (1.1") estimated screw7 penetration into framing 


4) 305 mm (4 layers, 12") with 33 mm (1.3") estimated screw7 penetration into framing 


Figure 8 plots the measured load-displacement response for these test walls. Note that similar to the plots 
provided with regards to insulation type, the plots provided are from the second loading for each assembly 
and the bands of shaded area correspond to the weights of typical cladding types per square foot. 


Figure 8 illustrates that in general, the thicker the insulation the greater deflection that was measured, though 
the absolute differences in deflection are small and unlikely to cause a meaningful difference in in-service 
performance. When the screw is loaded to 9.1 kg (25 lb), the difference in displacement between the test 


                                                      
 
 
6 5.3 mm/6.1 mm x 142.9 mm (#12/14 x 5-5/8") screw installed at 90° to the strapping 
7 8.0 mm (5/16") screws at 240 mm, 300 mm, and 380 mm (9.4", 11.8", and 15.0") lengths installed at 90° to the 
strapping  
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wall with 152 mm (6") of insulation (0.48 mm or 0.019") and 305 mm (12") of insulation (0.66 mm or 
0.026") is approximately 0.18 mm (0.007"). As one would expect, assemblies with 76 mm (3") of insulation 
experienced the smallest deflection of 0.35 mm or 0.014" when the screw is loaded at 9.1 kg (25 lb). 


 
Figure 8: Load-displacement plot comparing 128 kg/m³ (8 lb/ft³) mineral wool insulation at 76 mm, 152 mm, 229 mm, and 305 
mm (3", 6", 9" and 12") thickness with countersunk head screws installed at 90° to the strapping. The plot provided is for the 
second loading of each arrangement. 


Screw Penetration into Sheathing Only 


Tests with screws penetrating only into the sheathing but not into the backup wall framing were performed 
with 229 mm (9") of 128 kg/m³ (8lb/ft³) mineral wool insulation, 8.0 mm x 280 mm (5/16" x 11.0") screws 
and either 13 mm or 19 mm (1/2" or 3/4") plywood sheathing. In these cases, the screws penetrate only the 
plywood sheathing layer, and do not penetrate the stud framing.  


The screws which only penetrate a sheathing layer do not have as much embedment as screws which 
penetrate the framing. This arrangement is likely to allow for the screw to more easily rotate at the 
embedment point, more similar to a pin connection than to a moment connection.  


When tested, the screw rotation at the penetration hole in the 13 mm (1/2") plywood sheathing deformed 
the holes (bearing damage) and eventually lead to withdrawal of the screws from the sheathing. Figure 9 
compares load-displacement relationship of assemblies when screws penetrate 38 mm x 140 mm (2x6) SPF 
framing, 19 mm (3/4") plywood only, and 13 mm (1/2") plywood only. The plot provided is for the first 
loading of each arrangement and all of the test assemblies used 229 mm (9") of mineral wool (128 kg/m³ 
or 8 lb/ft³) insulation and fasteners installed at 90° to the strapping. 
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Figure 9: Load-displacement plot comparing stiffness of assemblies when screws penetrate 38 mm x 140 mm (2x6) framing, 19 
mm (3/4") plywood only, and 13 mm (1/2") plywood only. All test assemblies used 229 mm (9") of mineral wool (128 kg/m³ or 8 
lb/ft³) insulation and fasteners installed at 90° to the strapping. The plot provided is for the first loading of each setup. 


As the sheathing-only results illustrate, when thicker sheathing is used (e.g., 19 mm or 3/4" plywood) the 
plywood sheathing can provide similar load resistance to the framing, as long as the plywood is adequately 
secured back to the studs. With thinner, more common sheathings (e.g., 13 mm or 1/2" plywood), the system 
was less stiff and experienced larger deflections. However, given that some load capacity does exist with 
these thinner, more common sheathing, it is likely that when a small number of fasteners unintentionally 
miss the framing, the overall strength of the system is still sufficient to support typical cladding loads 
without large amounts of deflection. When these types of systems have been used in practice, this is likely 
why failures are uncommon, and is also why it is common to recommend at least two fasteners per strapping 
member to provide redundancy. Further testing is needed to investigate a reasonable tolerance for missing 
the studs (e.g., perhaps 10% of fasteners missing the studs provides acceptable performance). 


One additional consideration for the screws through sheathing-only arrangement is that the fasteners used 
for this testing had a relatively coarse thread spaced at ~6 mm (~0.236"), which would mean that with 
13 mm (1/2") plywood, it is likely that the screw had only one or two thread(s) biting in to the sheathing 
while with 50% thicker 19 mm (3/4") plywood, more threads would be able to bite in to the wood. As such, 
a finer threaded fastener may provide improved withdrawal resistance, though if a smaller diameter fastener 
were used, this may lead to increased deflection at lower in-service loads. Further testing is needed to 
confirm the potential impact using a more finely threaded fastener. 


FINDINGS AND CONCLUSIONS 


The intention of this study was to evaluate the impact of insulation type, insulation thickness, and fastener 
embedment (sheathing vs. studs) on the load-deflection response of claddings attached via strapping using 
long screws through exterior insulation. Key conclusions are summarized below. 
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1) The arrangements where fasteners were installed embedded in to the wood framing were 
measured to provide relatively small amounts of deflection (when loaded within the range of 
typical cladding loads) as compared to other potential sources of movement such as moisture 
shrinkage of the wood framing due to drying. This finding suggests that the amount of deflection 
that would be expected with these types of systems is generally within the acceptable range. 


2) Arrangements which included larger thickness of exterior insulation typically experienced more 
deflection than did arrangements with smaller thickness of insulation; however, the impact of 
insulation thickness on the overall stiffness of the test wall assemblies was insignificant when 
screws were loaded to 9.1 kg (25 lb), which is indicative of common cladding loads. 


3) The systems with the fasteners installed in to 19 mm (3/4") plywood sheathing provided similar 
load-deflection response to systems with the fasteners embedded minimum 25 mm (1") in to the 
stud framing. 


4) The systems with the fasteners installed in to 13 mm (1/2") plywood sheathing were measured to 
have increased deflection as compared to when the fasteners are embedded minimum 25 mm (1") 
in to the stud framing. It is likely that in cases where fasteners are unintentionally not installed in 
to the stud framing that sufficient capacity would still exist when combined with the resistance of 
adjacent fasteners that successfully embedded in to the framing. 
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LESSONS LEARNED FROM LABORATORY TESTING                       


FAILURES OF GLAZING SYSTEMS 
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EXTENDED ABSTRACT 


Introduction 


Curtain walls and window walls are typically specified to meet a variety of different performance and 
testing criteria, some of which can be quite stringent.  Such requirements are defined in specific codes and 
industry standards, including, but not limited to new 2015 requirements of the National Building Code of 
Canada, the International Building Code, AAMA 501 - Methods of Test for Exterior Walls, and ASTM 
E2099 – Standard Practice for the Specification and Evaluation of Pre-Construction Laboratory Mockups 


of Exterior Wall Systems.  


Full scale laboratory mock-up testing of glazing systems can provide a valuable demonstration of a systems’ 
ability to perform to these specified requirements.  This presentation assesses the importance of lab testing 
as part of a quality assurance program. It presents a variety of different failures that have occurred during 
laboratory mock-up testing, which revealed deficiencies in the design, assembly, or installation of the 
glazing systems.   


Glazing systems presented include full scale, multi-story laboratory mock-ups of curtain walls and window 
walls, as well as mock-ups that incorporated precast concrete panels.  Failures presented include instances 
of water penetration, excessive air leakage, and structural failures.  Corrective measures that were 
implemented in the mock-up will be discussed, as well as modifications that were made to the system design 
and/or assembly methods to address the mock-up failures.   Potential future consequences that may have 
arisen had lab testing not been undertaken will also be presented.   


This presentation does not address specific testing or certification that is commonly done on smaller mock-
ups or panels (such as testing for thermal transmittance, condensation resistance, etc.). It instead focuses on 
full scale, project-specific multi-story laboratory mock-ups.  


This presentation includes recommendations on when laboratory mock-up testing should be considered as 
part of the quality assurance program.  It also identifies test procedures that should be included in the testing 
program and procedures that typically provide lesser benefit and may be considered optional.  This 
presentation is intended to assist architects, developers, and façade consultants in deciding when laboratory 
mock-up testing should be undertaken and which tests should be included. 
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Typical Procedures of Laboratory Mock-up Testing  


Lab test procedures vary from project to project, but comprehensive testing procedures commonly included 
in a lab mock-up testing program include the following: 


 Air leakage testing in accordance with ASTM E283  


 Static Water penetration resistance testing in accordance with ASTM E331 


 Dynamic water penetration resistance testing in accordance with AAMA 501.1 


 Structural testing in accordance with ASTM E330.  


 Vertical interstory movement testing in accordance with AAMA 501.7  


 Horizontal interstory drift testing in accordance with AAMA 501.4 


 Thermal cycling test in accordance with AAMA 501.5. 


Each of these tests is briefly discussed, although the focus of the presentation is on specific failures that 
have been observed. 


Water Penetration Testing Failures 


Water penetration is perhaps the most common failure that occurs during testing, as well as during the 
service life of cladding and glazing systems.  This presentation provides examples of a variety of different 
failures that occurred during both static and dynamic water penetration testing of lab mock-ups, as well as 
corrective measures that were implemented to address these failures. 


Water leak examples presented include; around the perimeter of glazing units, at mullion joinery, around 
fireplace vent penetrations, at operable units, at opaque spandrel panels, and through cracks in precast 
concrete panels. 


Corrective action to address the leaks included: adjusting the methods of achieving water tight sealant 
continuity during assembly, modifying QA/QC procedures to ensure seal continuity, in addition to 
subsequent re-design and testing of operable units. In some cases, had these leaks not been discovered 
during the laboratory testing, leaks may have occurred during the in situ performance when the systems 
were subject to wind driven rain exposure.  In a few cases, repairs would have been difficult or impossible 
to effectively execute in the field.  


Structural Failures 


Although typically not as common as water penetration failures, structural failures can be more significant 
due to potential life safety issues. 


Examples of structural failures under negative wind load presented include a unitized curtain wall where 
an upper floor panel become disconnected from the panel below; in addition to failures of operable units, 
including a sliding door and awning windows. 
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Corrective action included re-design and retesting of the components. The structural failures that were 
observed could have posed a safety concern had they occurred during the service life of the systems, and 
would have resulted in significant costs to investigate and undertake repairs.    


Excessive Air Leakage 


Excessive air leakage was noted during one project when subject to negative (outward) structural load.  
Although the specifications did not require air exfiltration testing, this excessive air leakage revealed an 
error in the mullion fabrication that allowed the upper panel of a unitized curtain wall to shift outward when 
subject to negative wind loads, which loosened the air and water seal gasket at the interior of the stack joint.  
Corrective action included adjusting the fabrication of the effected mullions.  


Had this defect not been discovered, excessive air exfiltration may have occurred during the service life of 
the glazing system.  This may have resulted in wind whistling noises (as had occurred during the testing) 
as well as increased potential for interior condensation as interior air was able to leak through the assembly.  
This condition would have been extremely costly to investigate and repair in the field. 


Other Lab Test Procedures 


In addition to failures described above, examples are provided to demonstrate the importance or limitations 
of other test procedures, including lateral (seismic) drift testing, vertical displacement tests, and thermal 
cycling tests.  Of these, the thermal cycling test is the most common that is left out of the testing sequence 
as it is among the most time consuming test and very rarely results in failures.    


CONCLUSIONS 


Undertaking full-scale laboratory mock-up testing of glazing systems can carry a significant cost that may 
reach into the hundreds of thousands of dollars.  Strong justification of the benefits of the lab testing need 
to be presented in order for an owner to accept these costs. 


The test procedures and sequences described in AAMA 501 and ASTM E2099 define appropriate 
laboratory testing requirements and most of the optional tests outlined in these standards should typically 
be included in the testing program.   


With many building designers and owners desiring unique building aesthetics, use of customized glazing 
systems are not uncommon.  Alternatively, modifications are made to “off the shelf” or more standardized 
glazing systems to accommodate specific aesthetic designs.  Some of these modifications may have an 
impact on the performance of the glazing system.  For these types of systems that have not been subject to 
previous laboratory mock-up testing, project specific mock-up testing is typically recommended.  
Consideration, however, must also be given to the extent or area of the glazing system and the lab mock-
up costs in relation to the overall costs of the glazing system or project.    
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Typical Test Standards and Procedures
ASTM E2099 – Standard Practice for the Evaluation of Pre-


Construction Laboratory Mockups of Exterior Wall systems


AAMA 501 – Methods of Test for Exterior Walls


Provide recommended test sequence for evaluating performance 
of mockups.







AAMA 501 Test Sequence
 50% Structural Load (ASTM E330)
 Air Leakage (ASTM E283)
 Static Water Penetration (ASTM E331)
 Optional Dynamic Water Penetration (AAMA 501.1)
 Optional Interstory Lateral Displacement – elastic limit (AAMA 501.4)
 Repeat Air Leakage and Static Water Penetration


 Optional Interstory Vertical Displacement (AAMA 501.7)
 Repeat Air Leakage and Static Water Penetration


 Optional Thermal Cycling (AAMA 501.5)
 Repeat Air Leakage and Static Water Penetration


 100% Structural Load (ASTM E330) – (commonly done before seismic)
 Repeat Air Leakage, Static Water Penetration, and optional Dynamic Water Penetration


 150% Structural Load (ASTM E330)
 Optional Interstory Lateral Displacement – inelastic limit (AAMA 501.4)







Test Failures – Water Penetration
 Leak around 


glazing unit 
(multiple 
locations)







Test Failures – Water Penetration
Poor heel 


bead 
application


Unsealed 
screw holes for 
reinforcing 
steel


Modified plant 
QA/QC 
procedures







Test Failures – Water Penetration
Fireplace vents
 Leak at fastener 


penetrations
 Leaks at vent 


penetration 
through 
backpan







Test Failures – Water Penetration


Disassembled 
and modified 
method of 
sealing vent 
penetrations







Test Failures – Water Penetration
Bottom corners 


of vision glass 
with SSG







Test Failures – Water Penetration
Discontinuity of 


structural 
silicone where 
sealant extends 
across gasket 
chase


Modified sealant 
application and 
QA/QC in plant







Test Failures – Water Penetration
Sealant 


discontinuity at 
horizontal to 
vertical mullion 
joint


Suggested to add 
continuity notches


Modified sealant 
application and 
QA/QC in plant







Test Failures – Water Penetration 
(after Vertical Displacement)


 Leak at base 
of vertical to 
sill horizontal


Confirmed not sealed 
at time of plant 
assembly – updated 
assembly procedures







Test Failures – Water Penetration
 Leak at low sloped 


step-back in curtain 
wall plane







Test Failures – Water Penetration
 Foam gasket allowed 


direct water into system
 Voids in seal of extruded 


silicone at joints in 
aluminum components


 Water penetrated around 
shear splice


 Water penetrated at end 
of aluminum flashing with 
down-turn leg







Test Failures – Water Penetration


Disassembled 
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installation 
and sealing 
methods







Test Failures – Water Penetration


Re-design and 
follow-up lab 
testing of bi-fold 
windows


Bi-fold 
windows







Test Failures - Structural
Awning Window
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additional locks at 
jambs







Test Failures - Structural
Sliding door
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downturn leg of 
deflection 
header







Test Failures - Structural
Unitized curtain 


wall panel







Test Failures – Air Leakage
Wind whistling 


noises under 
negative load







Test Failures – Air Leakage
 First run extrusions out 


of tolerances
 Allowed upper panel to 


shift outward in relation 
to lower panel


 Opened interior air 
seal gasket


 Improved fabrication 
tolerances


 Increased gasket 
size







Other Test Considerations
 Lateral displacement (seismic) 


test (AAMA 501.4)


Permanent
Deformation of
Stack Joint


Permanent
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Split Mullion







Other Test Considerations
 Thermal cycling test 


(AAMA 501.5)
 Time consuming 


(costly)
Rarely (never?) 


results in failures







Other Test Considerations
Vertical Displacement Test (AAMA 501.7)


Requires more complex test chamber framing system
 Follow-up tests in “open” position?


“normal” position “open” position







Other Test Considerations
Suspended access tie-back 


pull test
 Typically 600 pound 


force – outward, up, 
down and both sideways


Sometimes with 6.24 psf
(300 Pa) negative 
pressure







Other Test Considerations
Air Exfiltration vs Infiltration


Common in the US to only require infiltration testing.
Example: NAFS in US requires only air infiltration testing of 


windows, in Canada windows tested for both infiltration and 
exfiltration.







Summary and Conclusions
 Test failures provide valuable insight into the performance of 


aluminum framed glazing systems.  
Resulted in:


Changes to system design
 Improved assembly procedures
 Improved QA/QC


Had laboratory testing not been undertaken, may have resulted 
in water leaks, structural failures and/or excessive air leakage.
 Investigation and repairs may have been extremely difficult 


and costly to execute post construction. 







Summary and Conclusions
Project-specific lab testing can add significant cost to a project and 


owners will want to avoid this testing if possible.
 Laboratory mock-up testing is recommended for all custom systems 


with no previous test data
 Consideration for extent/area of custom glazing system


Also recommended for systems that have any significant 
modification/variations from previously tested system.


 Full series of testing recommended (per AAMA 501 and ASTM E2009) 
 Include “optional” dynamic water penetration test and lateral 


(seismic) displacement tests.
Vertical displacement and thermal cycling tests may be optional, 


particularly if similar system has previous test results.







THANK YOU
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RISK ASSESSMENT OF WATER ACCUMULATION IN WALLS WITH 
EXTERIOR CONTINUOUS INSULATION 


Theresa Weston, PhD., Ernest Kortschak, P. Eng. and Maria Spinu, PhD. 


 


 


ABSTRACT 


Two critical aspects of sustainable construction are energy efficiency and durability.  Energy efficiency of 
the building enclosure is achieved through minimizing thermal loads, thereby reducing building’s energy 
consumption. Building enclosure durability is dependent on its ability to manage moisture which requires 
minimizing wetting sources and maximizing drying potential. Energy efficiency and durability are 
intertwined and interdependent.  Recent changes in building energy codes include higher insulation R-values, 
continuous insulation, and continuous air barriers. The use of continuous exterior insulation changes 
traditional wall design and could impact the moisture management capabilities if incidental water intrusion 
occurs.  Higher moisture sensitivity is due to lower drying rates, which are inherent to energy efficient 
assemblies, but could be further impacted by the type of exterior insulation material and the way it is added 
to the wall assemblies.   


This paper investigates the relative risks of incidental water intrusion on the moisture management 
performance of wall assemblies with vapor impermeable and vapor permeable continuous insulation.  
Simulations were conducted for wood frame assemblies typical of new and retrofit residential construction 
across Canadian climate zones.  The moisture intrusion was simulated by assuming a “driving rain defect”, 
in which a fixed portion of the rain hitting the wall penetrates within the wall assembly.  The performance of 
the wall systems was assessed by estimating the total moisture content of the wall, the moisture content of 
the OSB exterior sheathing and the relative humidity at the OSB/stud cavity insulation interface. Significant 
differences were found between wall assemblies with vapor permeable and vapor impermeable exterior 
insulation, as well as between different climates.  The walls with vapor permeable continuous insulation have 
lower moisture risks when compared to the walls with vapor impermeable continuous insulation, for all 
climates investigated.  All wall assemblies investigated dry significantly slower in marine climates than in 
humid cold climates. 


INTRODUCTION 


The most common measure for increasing the building envelope thermal performance is increasing the 
insulation R-value.  For framed wall construction, this is achieved through both increasing the R-value of 
insulation within the stud cavity, and adding continuous insulation outboard of stud cavity. Continuous 
insulation is increasingly being required by energy codes. Such energy efficiency measures lead to changes 
in frame wall design, from the “traditional” wall with insulation within the stud cavity to the “hybrid” wall 
with insulation within the stud cavity as well as continuous exterior insulation.  Hybrid wall design (with 
R1 insulation within the stud cavity and R2 exterior insulation) is becoming the most common design for 
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frame wall construction which meets energy code requirements, Figure 1. However, the type of exterior 
insulation and the way it is added to the wall could have unintended consequences on moisture 
performance. 


 


 
Figure 1:  Changes from traditional to hybrid wall design driven by energy code requirements 


The term “moisture performance” is defined as the ability of the wall system to balance moisture loads:  
minimize wetting sources (rain penetration, air transported moisture and vapor diffusion) and maximize 
drying rates (drainage, ventilation and vapor diffusion).  A comprehensive building envelope quality 
assurance program could assist with minimizing the wetting sources by ensuring that critical cavity wall 
elements are effectively installed and free of defects. The other side of the moisture management balance, 
the wall assembly’s drying ability is essential for dealing with incidental water intrusion.  The drying 
ability is largely controlled by the design options and materials choices. Walls with continuous exterior 
insulation represent a special challenge for moisture management, for two reasons.   


Firstly, the type of continuous insulation could significantly affect diffusion drying which can only take 
place through vapor permeable materials. As a reminder, based on vapor permeability the International 
Building Code (IBC) classifies the building materials into vapor permeable and vapor retarders [ICC, 
2015]: 


1) Vapor Permeable materials have a vapor permeance >5 perms: the higher the perms, the higher the 
vapor permeance for given conditions 


2) Vapor Retarders have a vapor permeance < 10 Perms and are further classified into 3 classes: 


a. Class I: 0.1 Perm or less  


b. Class II: 0.1 < Perm ≤ 1.0 perm  


c. Class III: 1.0 < Perm ≤10 perm 


When choosing an exterior insulation material, the main selection criteria is the R-value such as to meet the 
energy codes. The vapor permeance of exterior insulation materials, while critically important, is rarely 
considered even though a vapor impermeable exterior insulation is an unintended vapor retarder which 
could interfere with diffusion drying.  Table 1 lists the insulation R-value and vapor permeance for 


Traditional Wall Design Hybrid Wall Design
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common exterior insulation materials and it shows that except for mineral wool, most common exterior 
insulation materials are vapor retarders: Spray Polyurethane Foam, Closed Cell (SPF, 1.9 Perm-inch) and 
Expanded Polystyrene (EPS, 2.7 Perm-inch) are vapor retarders Class III; Polyisocyanurate (0.75 Perm-
inch) and Extruded Polystyrene (XPS, 0.8 Perm-inch) are vapor retarders Class II. The type of exterior 
insulation material is especially important for cold climates (climate zones 5 and above) where an interior 
vapor retarder is also required by code. The use of a vapor impermeable exterior insulation in such climates 
will place a second vapor retarder at the exterior side of the wall preventing moisture to escape to either 
inside or outside and potentially trapping it within the wall cavity.   


Table 1:  Common Continuous Insulation Materials 


Insulation Product R-value/inch 
Water Vapor Permeance, 


Perm-inch 


Mineral Wool Fiber Board 4 54 


Spray Polyurethane Foam (SPF), 
Closed Cell 6 1.9 


Polyisocyanurate 6 0.75 


EPS (Expanded Polystyrene) 4 2.7 


XPS (Extruded Polystyrene) 5 0.8 


The risks of condensation in walls with exterior vapor retarders have been recognized by the design 
community: with insufficient continuous insulation outboard of exterior sheathing, the dew point 
temperature can occur inside the stud cavity leading to condensation and risk of materials degradation, 
mold growth and potential indoor air quality issues.  The common way of addressing this concern is 
through design measures to keep the dew point temperature outboard of exterior sheathing. The National 
Building Code of Canada provides guideline on the minimum R2/R1 ratio e.g., Outboard Thermal 
Resistance (R2) to Inboard Thermal Resistance (R1), as shown in Table 2, to prevent dew point occurrence 
within the stud cavity.  


Table 2:  R2/R1 Ratio in wall assemblies - 2015 NBC (National Building Code of Canada)  
Heating Degree-Days 


(Celsius degree-days) 


Minimum R2/R1 Ratio: Total Thermal Resistance Outboard of 


Material's Inner Surface to Total Thermal Resistance Inboard of 


Material's Inner Surface 


up to 4,999 0.20 


5,000 to 5,999 0.30 


6,000 to 6,999 0.35 


7,000 to 7,999 0.40 


8,000 to 8,999 0.50 


9,000 to 9,999 0.55 


10,000 to 10,999 0.60 


11,000 to 11,999 0.65 


12,000 or higher 0.75 
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Source: Table 9.25.5.2., Ratio of Outboard to Inboard Thermal Resistance  


However, dew point criteria provide an incomplete picture of the moisture management abilities of a wall 
assembly and could lead to a false sense of security.  Dew point analysis only addresses the risk of 
condensation due to water vapor diffusion but provides no information on the wall’s drying ability or the 
ability of managing incidental water intrusion (e.g. rain penetration, air transported moisture).   


The second reason that exterior insulation could impact the moisture management abilities of the wall 
assembly is because depending on the insulation material and the way the continuous insulation is added to 
the wall it could interfere with drying mechanisms available.  In order to dry out the moisture must diffuse 
from the interior cavity into adjacent spaces and then escape to the outside (since in cold climates drying to 
the inside is not possible due to interior vapor retarder required by code).  Moisture can diffuse out from 
the wall cavity through vapor permeable WRB, but further diffusion is prevented by the vapor 
impermeable exterior insulation. In order to assist with drying in these systems, drainage and venting are 
essential.  When exterior insulation is pressed against the WRB layer, neither drainage nor venting are 
available.  Research shows that wall cavity ventilation is beneficial for wall structures, allowing them to 
dry out from incidental moisture intrusion into the wall cavity [Straube and Finch, 2009, Salonvaara et. al., 
2007, Arena et. al., 2013]. However, ventilation behind cladding is ineffective in assisting diffusion drying 
in wall assemblies with vapor impermeable exterior insulation:  even if the moisture diffuses out through 
the vapor permeable WRB, it cannot diffuse further through vapor impermeable insulation to reach the 
vented cavity behind cladding. Under these conditions the moisture can accumulate at the WRB/ci interface 
and suppress the driving force for diffusion drying of the wall cavity (Figure 2A).  This would not be a 
problem in systems with vapor permeable exterior insulation where drying could continue through the 
insulation layer.  


When exterior insulation is vapor impermeable, design details for drainage and venting behind the 
insulation board are essential for managing incidental water intrusion.  Ventilation (bottom and top vents) 
was found to be more effective than venting (bottom vents only). The effective ventilation rate behind the 
cladding depends on both the wall system and the exterior climate. High winds and high temperature 
gradients result in higher flow rates.  Design details for walls with vapor impermeable exterior insulation 
should include an airspace with venting/ventilation behind the continuous insulation board (Figure 2B).  
Drying of an air space involves the evaporation or desorption of moisture from materials adjacent to the 
airspace (e.g. diffusion of cavity moisture through exterior sheathing and vapor permeable WRB) followed 
by convective transport of moisture to the exterior environment. Ventilation within a wall system therefore 
has the potential to assist drying of incidental moisture intrusion in the wall cavity. The airspace behind 
continuous insulation can be created using WRBs with drainage channels, furring/ drainage lath spacer or 
preformed channels into the interior face of insulation board to provide water drainage and venting. 


This paper provides examples of how advanced hygrothermal simulation models could estimate potential 
moisture risks of wall assemblies and assist in selecting the most robust design options to ensure that the 
improved energy efficiency does not come at the expense of durability of the building enclosure.   
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Figure 2:  Schematic drying comparison for hybrid wall assemblies with and without venting behind vapor impermeable exterior 
insulation 


SIMULATION PARAMETERS 


WUFI simulations have been increasingly used to assess the moisture management abilities of wall 
assemblies, following changes in building energy codes [Straube and Smegal, 2009, Arena and Mantha, 
2013, Straube and Schumacher, 2006, Weston, 2014]. The goal of current analysis was to assess the 
relative resilience to incidental water intrusion of different wall assemblies.  WUFI® simulations (Wärme 
und Feuchte Instationär, or Transient Heat and Moisture Analysis) were performed for code compliant wall 
assemblies with different design features. The effect of two design parameters on the drying rates were 
investigated: (1) the vapor permeance of the exterior insulation (vapor permeable vs. vapor impermeable 
continuous insulation); (2) Venting behind vapor impermeable exterior insulation (vented vs. not vented). 


1) Wall assemblies with two different types of exterior insulation were compared: a low vapor 
permeance XPS insulation (0.8 Perm-inch, Class II Vapor Retarder) and a high vapor permeance 
fibrous exterior insulation relatively new to the market (TWR-5, >50 Perm-inch) [Smegal, et.al, 
2016]. 


2) To simulate venting behind vapor non-permeable XPS insulation in WUFI, a constant air change 
source of 10 air changes per hour (ACH) was assumed in a 5mm air cavity created by a WRB with 
drainable channels (DWCA). The value of 10ACH was assumed and it was chosen based on results 
from ASHRAE research report 1091 [ASHRAE], which states that the equivalent permeance of the 
wall assembly is drastically increased once the minimum threshold of 10 ACH is reached. This 
value is also seen as a conservative estimate based on research conducted by Straube and Finch 
(2009) which concluded that ventilation rates in a 0.75-in. vented cavity can range from 12 ACH to 
100 ACH depending on vent size and location, solar exposure, wind direction and speed, and 
temperature gradients.  


Three climate zones (5C, 6A and 7A) and six locations in Canada were investigated:  
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(B) Ventilation behind exterior insulation: 
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permeable WRB and is carried outside 
through venting/ventilation behind c.i.
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1) Calgary, Alberta - CZ 7A;  
2) Montreal, Quebec - CZ 6A;  
3) Saint John, New Brunswick - CZ 6A;  
4) Toronto, Ontario - CZ 6A;   
5) Vancouver, British Colombia - CZ 5C;  
6) Winnipeg, Manitoba - CZ 7A.  


For each city, a new construction (NC) and a reside construction (RC) were simulated.  Three-year 
simulation period was used for all cases in order to identify the trends in moisture accumulation and drying 
rates of different wall assemblies.  The typical wall assembly design, for all 3 climates investigated is 
shown in Figures 3-6.   


 
Figure 3:  New Construction (NC) wall design without air space behind exterior insulation/No venting 


 


 
Figure 4:  New Construction (NC) wall design, with airspace (5mm) and venting (10ACH) behind XPS exterior insulation 
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Figure 5: Re-side Construction (RC) wall design without air space behind exterior insulation 


 
Figure 6:  Re-side Construction (RC) wall design with air space (5mm) and venting (10ACH) behind XPS exterior insulation 


For each city / construction combination five cases were simulated1: 


1. Vapor permeable exterior insulation (TWR-5), NO water source (labeled ND = NO DEFECT) 


2. Vapor permeable exterior insulation (TWR-5), 0.5% wdr penetration 


3. Vapor impermeable exterior insulation (XPS), NO water penetration (labeled ND = NO DEFECT)  


4. Vapor impermeable exterior insulation (XPS), 0.5% wdr penetration, No Venting (WRB w/o 
drainage channels) 


5. Vapor impermeable exterior insulation (XPS), 0.5 % wdr penetration, Venting (WRB with 
                                                      


 
1 0.5 % wdr (wind driven rain) penetration assumes 0.5 % of wind driven rain hitting the wall as water source; Water 
Resistive Barrier (WRB) w/drainage channels assumes a 5mm airspace behind XPS board insulation which when 
coupled with design details could provide venting assisted drying following wdr penetration. The WRB with drainage 
channels were considered only for XPS walls because of the low vapor permeance of XPS insulation which 
significantly limits the diffusion drying capabilities of this assembly.   
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drainage channels) 


WUFI SIMULATIONS RESULTS AND DISCUSSION 


Three simulation output parameters were analyzed for all assemblies:  Total moisture content in the wall 
assembly, OSB moisture content and %Relative Humidity at the OSB /cavity insulation interface.  The 
impact of vapor permeability of exterior insulation (XPS vs. TWR-5) as well as venting behind XPS 
insulation (vented vs. not vented) was estimated for all climates/locations. Climate zones 6A and 7A show 
similar trends in water accumulation and drying rates so only the results for climate zone 7A are presented.  
The graphs for marine climate zone 5C show similar trends as climates 6A/7A but the drying rates are 
significantly different.  


Total Moisture Content in the Wall Assembly 


The total moisture content in the XPS and TWR-5 new construction (NC) walls, with and without wind 
driven rain penetration is shown in Figures 7 and 8, for climate zone 7A and 5C, respectively. 


 


Figure 7:  Total moisture content in NC wall assemblies in climate zone 7A (Calgary, Alberta) 
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In the absence of water penetration (ND, NO Defects) when the only moisture transport is through water 
vapor diffusion, the total water content of both XPS and TWR-5 walls are very low (light lines) for both 
climate zones (7A and 5C).  When wdr (wind driven rain) penetrations occur, the total amount of water is 
higher for both insulation types and both climates.  However, the XPS walls show much higher water content 
than the TWR-5 walls throughout the simulation period, for both climates: the vapor permeable TWR-5 
insulation allows faster drying when compared to the XPS walls. In addition, the water content of XPS walls 
shows an upward trend, increasing year over year, indicating potential for significant water accumulation 
and risk of moisture damage.   


There is a significant difference between the two climates. The total moisture content for both NC wall 
assemblies for the climate zone 5C is higher than for the similar wall in climate zone 7A (note that the two 
charts are plotted on a different y-scale): the walls in climate zone 5C dry much slower following incidental 
rain penetration making the wall assembly much more vulnerable to moisture damage.  The main reason for 
slow drying rates in marine climates is the low vapor pressure difference across the building envelope in 
these climates, as explained later. 


OSB Moisture Content 


The moisture content in the OSB exterior sheathing of XPS and TWR-5 NC walls is shown in Figures 9 and 
10 for climate zone 7A and 5C, respectively. The potential impact of venting behind XPS insulation is also 
shown on these graphs (indicated as XPS/Vent).   


In the absence of wdr penetration (ND), when the only moisture source in the OSB sheathing is from water 
vapor diffusion, the moisture content of both XPS and TWR-5 walls is very low (close to the OSB 
equilibrium moisture content), for both climates and throughout the 3-year simulation period.  


Figure 8:  Total moisture content in NC wall assemblies for climate zone 5C (Vancouver, BC) 
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When wdr penetrations occur, the NC wall assemblies with vapor permeable insulation (TWR-5) dry much 
faster than the XPS walls, in both climates.  In addition, the wall assemblies with XPS vapor impermeable 
insulation show an upward trend with increasing moisture content year over year, for both climates, 
indicating potential for significant water accumulation and risk of moisture damage.  The OSB moisture 
content increases year over year because the wall assemblies are unable to dry fast enough through low vapor 
permeance XPS, following wdr penetration events.  However, if airspace with venting option behind XPS 
insulation is available, the OSB can dry in both climates, though at different rates.  For both climates, the 
drying rates are fastest for the TWR-5 walls, followed by XPS-Vented walls, while the XPS- Unvented walls 
dry the slowest.    


TWR-5   >   XPS/Vented   >>   XPS/Not Vented 


 


 


Figure 9:  OSB moisture contend in the NC wall assemblies, climate zone 7A (Calgary, Alberta). 
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The vapor permeance of WRB is very critical for drying – it allows moisture to escape from the wet OSB 
sheathing, but without venting the moisture cannot diffuse further through the vapor impermeable XPS.  Both 
features, vapor permeable WRB and venting behind the XPS insulation are critical to allow drying of these 
wall assemblies.  The airspace behind XPS insulation can be achieved through different means, e.g. WRB 
with drainage channels, furring, spacers, XPS with corrugated channels on the back.   


There is a significant difference between the drying rates in the 2 climates: the OSB moisture content for 
every wall in marine climate 5C (Vancouver) is significantly higher when compared to the same wall under 
the same conditions in climate zone 7A (Calgary). Note the different y-axis scale in Figures 9 and 10 for 
climate zone 7A and 5C, respectively.  The difference in the drying rates between the 2 climates is more 
evident in Figure 11 where the moisture content for both climates are plotted on the same chart: the thinner 
3 lines at the bottom are for Calgary; the thicker 3 lines on top are for Vancouver.    


 


 


 


Figure 10:  OSB moisture content in NC wall assemblies for climate zone 5C (Vancouver, BC) 
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Figure 11:  Drying rates comparison between 2 climates:  OSB moisture content in NC wall assemblies for climate zone 5C 
(Vancouver, BC) and 7A (Calgary, Alberta) 


Similar graphs for OSB moisture content for the reside construction walls (RC) are plotted in Figures 12 and 
13 for climate zones 7A and 5C, respectively. The trends in the OSB drying rates for the reside construction 
(RC) are similar to those in the new construction walls, and are in the following order: 


  TWR-5   >   XPS/Vented   >>   XPS/Not Vented 


There is also a significant difference in the drying rates of the RC walls between the 2 climates: the OSB 
moisture content for every RC wall in marine climate 5C is significantly higher when compared to the same 
wall in climate zone 7A.  The difference between the 2 climates is more evident in Figure 14 where the 
moisture content of RC walls for both climates are plotted on the same chart: the 3 thinner lines at the bottom 
are for Calgary; the 3 thicker lines on top are for Vancouver.    
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Figure 12:  OSB moisture content in the RC wall assemblies for climate zone 7A (Calgary, Alberta) 


Figure 13: OSB moisture content in the RC wall assemblies for climate zone 5C (Vancouver, BC) 
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The marine climates have inherently low drying rates which makes the walls less tolerant to condensation 
and moisture intrusion. Vapor diffusion and venting are the main drying mechanisms for moisture to escape 
from the wall cavity.  Vapor diffusion (gv) is a linear function of vapor pressure difference (∆p) and the vapor 
permeance of building enclosure layers (δp): 


Vapor permeance, a material property is a design choice: the more permeable the materials, the higher the 
diffusion drying rates for given climate conditions.  However, the vapor pressure difference, which is the 
difference between the interior vapor pressure (design parameter/use conditions) and the exterior vapor 
pressure (climate dependent) cannot be controlled.  The vapor pressure difference is inherently low in marine 
climates, which is the main reason for the inherently low drying rates in these climates.  Figure 15 compares 
the hourly vapor pressure difference in climate zone 5C versus climate zone 7A: the vapor pressure difference 
in climate zone 7A is almost twice that of marine climate 5C at any given time of the year.     


Figure 14:  Drying rates comparison between 2 climates for the RC wall assemblies:  OSB moisture content for 
climate zone 5C (Vancouver, BC) and 7A (Calgary, Alberta) 
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% Relative Humidity at the OSB /Cavity Insulation Interface 


The % Relative Humidity at the OSB-cavity insulation interface for Calgary (cz 7A) and Vancouver (cz 5C) 
are shown in Figures 16 and 17, respectively.   


In the absence of rain penetration (ND cases – No Defects), the RH is at or below 80% throughout the year, 
for both XPS and TWR-5 walls and for both climates.  The RH is always lower for the TWR-5 walls 
(approx.70%) than for XPS walls (approx. 80%).   


When repeated rain penetrations occur the RH at this interface increases for both walls and both climates.  
However, the RH is always lower for the TWR-5 wall than for the XPS wall for both climates.  There is a 
significant difference between the 2 climates.  In climate zone 7A, RH is above 90% for the XPS wall and 
about 80% for the TWR-5 wall for most of the 3-year simulation period.  In climate zone 5C the RH is higher 
than for climate zone 7A, for both walls.  The XPS wall reaches saturation and stays at 100% RH for most 
of the 3-year simulation period.  The TWR-5 wall does not reach saturation, but the RH stays above 90% for 
most of the 3-year simulation period, when repeated rain penetrations occur.  As discussed above, climate 
zone 5C (marine climate) is much less forgiving and the walls are more susceptible to moisture accumulation, 
even for walls with vapor permeable exterior insulation. The reason for increased susceptibility is the low 
drying rates for this climate. Because of lower drying rates in marine climates it is even more critical to avoid 
installation defects (to limit rain penetration) as well as provide design features which could assist with drying 
– such as vapor permeable materials in both directions, draining and ventilation behind exterior insulation.   


 


Figure 15:  Average Vapor Pressure difference comparison between climate zones 7A and 5C 
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CONCLUSIONS 


The demand for energy efficient building envelopes has increased as a result of global need for reduced 
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Figure 17: %RH at the OSB/cavity insulation interface for NC wall assemblies in climate zone 7A (Calgary, Alberta) 


Figure 16:  %RH at the OSB/cavity insulation interface for NC wall assemblies in climate zone 5C (Vancouver, BC) 
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energy use and lower carbon emissions.  The use of continuous exterior insulation in frame construction is a 
key strategy to improving thermal performance and achieving an energy efficient building envelope.  
However, the type of exterior insulation and the way it is added to the wall assembly could often result in 
reduced moisture management capabilities if incidental water intrusion occurs.  Many designers are often 
unaware of moisture and durability implications of the wall assemblies with exterior insulation. Materials 
choices and design detailing could prevent or minimize potential moisture problems so that energy efficiency 
does not come at the expense of durability.  Advanced moisture analysis simulations such as WUFI® could 
be used to compare different design options and materials choices and to assist with design decisions.   


The examples discussed in these paper show that wall assemblies with TW-R5 vapor permeable exterior 
insulation consistently show a higher ability to manage incidental water intrusion when compared to wall 
assemblies with vapor impermeable XPS exterior insulation: less water accumulation and faster drying rates 
are consistently observed for TWR5 walls when compared to equivalent XPS walls, for both climates, both 
new or reside construction.  The walls with XPS exterior insulation dry significantly slower because the 
vapor impermeable insulation does not allow diffusion drying to the outside. An air cavity and venting behind 
the vapor impermeable XPS exterior insulation board are essential for drying.    


A significant difference is observed between the two climates being compared in this analysis: the drying 
rates in marine climate 5C are significantly lower than those in climate zone 7A, for all walls.  For this reason, 
climate zone 5C (marine climate) is much less forgiving and the walls are more susceptible to moisture 
accumulation, even if vapor permeable exterior insulation is used. The main reason for the slow drying rates 
in marine climates is the low diffusion driving force (low vapor pressure difference across the building 
enclosure which is inherent for marine climates). Because of higher moisture susceptibility in marine 
climates it is even more critical to avoid installation defects (avoid moisture intrusion) as well as provide 
every design feature which could assist with drying, such as vapor permeable materials in both directions, 
draining and ventilation behind vapor impermeable exterior insulation.   
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EXTERIOR CONTINUOUS INSULATION
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Increased insulation and use of exterior insulation has become 
“standard” as part of energy efficient new construction.
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1.Bulk Water
2. Air transport
3. Diffusion
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3. Diffusion


Drying


Water Management Criteria should include Assessment of 
both Wetting and Drying of the Building Assembly







Water Management


• 69% of all construction defect claims are 
related to moisture penetration through the 
building envelope (2007 Study by University of 
Florida)
•Some moisture problems are blamed on 
increasing energy efficiency


– "Building codes adopted in the 1970s 
and strengthened through the '80s and 
early '90s, required greater energy 
efficiency. Paradoxically, the demise of 
the drafty house had an unintended 
consequence: When moisture 
penetrates today's walls, they tend to 
stay wet."







Simulation Parameters


Construction


• New Construction
• Retrofit Construction
• Exterior Insulation 


Vapor Permeability 
(0.8 Perm-inch & 50 
Perm-inch)


• Venting behind 
vapor impermeable 
exterior insulation 
(5mm with 10 ACH)


Climate


• Calgary, Alberta - CZ 7A; 
• Montreal, Quebec - CZ 6A; 
• Saint John, New Brunswick -


CZ 6A; 
• Toronto, Ontario - CZ 6A; 
• Vancouver, British Colombia 


- CZ 5C; 
• Winnipeg, Manitoba - CZ 7A. 
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Conclusions & Recommendations
The use of continuous exterior insulation in frame construction is a key
strategy to improving thermal performance and achieving an energy efficient
building envelope. However, the type of exterior insulation and the way it is
added to the wall assembly could often result in reduced moisture
management capabilities if incidental water intrusion occurs.
• Materials choices and design detailing could prevent or minimize potential


moisture problems so that energy efficiency does not come at the expense
of durability.


• Advanced moisture analysis simulations such as WUFI® could be used to
compare different design options and materials choices and to assist with
design decisions.







Conclusions & Recommendations
The examples discussed show that wall assemblies with a vapor permeable
exterior insulation consistently show a higher ability to manage incidental water
intrusion when compared to wall assemblies with vapor impermeable exterior
insulation:
• Less water accumulation and faster drying rates are consistently observed for


TWR5 walls when compared to equivalent XPS walls, for both climates, both
new or reside construction


• Additional design provisions to allow for increased drying are recommended
for vapor impermeable exterior insulation. The example in this study was
providing air venting behind the vapor impermeable exterior insulation board.
Another possibility may be the replacement of standard interior vapor retarder
with a “smart” vapor retarder that allows for more internal drying.







Conclusions & Recommendations
A significant difference is observed between the two climates being compared
in this analysis:
• The drying rates in marine climate 5C are significantly lower than those in


climate zone 7A, for all walls. For this reason, climate zone 5C (marine
climate) is much less forgiving and the walls are more susceptible to moisture
accumulation, even if vapor permeable exterior insulation is used. The main
reason for the slow drying rates in marine climates is the low diffusion driving
force (low vapor pressure difference across the building enclosure which is
inherent for marine climates).


• Because of higher moisture susceptibility in marine climates it is even more
critical to avoid installation defects (avoid moisture intrusion) as well as
provide every design feature which could assist with drying.
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Light Freezing Rain events are much more common, averaging 
approximately 20 hrs per year.


Summary:  Wind blown freezing rain can impact the bridge walls as 
well as North and South building facades.


Note: Meteorological data courtesy of Novus Environmental Inc. and plots produced with Lakes Environmental Software







Calgary Winter Statistics


7 Days on Average


8 Days on Average


19 Days on Average


7 Days on Average


Extreme Daily Snow Depth = 30+ cm


Single Day Snowfall Record = 48 cm


Note: Statistics from The Weather Network







Typical Storm Events
A timeline graphic of the 2012-2013 winter season, showing temperature fluctuations and forecasted snow records


Blue bars show hours of light moderate or heavy 
snowfall predictions.


Gray bars show maximum and 
minimum daily temperatures.


0°C - Freezing


Very cold period with snowfall.Cold period followed by a warming trend 
with below freezing nights.


Likely wet snowfall during 
cycles of daytime melting, 
then freezing at night.


Note: Graphic from WeatherSpark.com


Note: Weather graphic courtesy of WeatherSpark.com







Winter Performance Concerns Identified


Summary of Concerns:
The porosity of the Terra Cotta Wall Systems will promote snow collection behind and 
between tiles, creating a need to control water migration, falling ice and icicle potential.
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Completed Mock-Ups
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• Modify the tile support rail assembly to reduce snow and ice release 
between tiles.


• Add a heated gutter assembly to the base of bridge façade.
• Add ice and snow retention to roof parapets where drifting snow was a 


identified to be a concern.
• Modify the wall internal drainage path to reduce freeze and icicle 


potential.
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SCORING BIG ON FAÇADE WITHOUT SKIPPING A BEAT ON SAFETY 


Nicole Parsons, Project Manager, Building Sciences, WSP, Chris Love, Senior Principal, Building 
Sciences, WSP,  Scott Baxter, Project Associate, Building Sciences, WSP, Mike Carter, Director – Ice 


and Snow Specialist, Microclimate Ice & Snow Inc. 


 


ABSTRACT 


Studio Bell, Home of the National Music Centre (NMC) is located in Calgary’s East Village. In addition to 
musical performance space it houses the Canadian Music Hall of Fame, the Canadian Country Music Hall of 
Fame and many other music related exhibits. The stringent interior conditions required in the galleries that 
will showcase NMC’s collections coupled with the extremely cold Calgary winters demanded a high 
performance enclosure. NMC also invested a lot of time and effort in seeking out a unique and impressive 
design for their new home, including holding an International Design Competition.  Consequently, both the 
building’s performance and finished appearance were non-negotiable.  


Studio Bell is clad primarily with glazed terra cotta tile, applied in a unique rain screen format.  For a majority 
of the typical wall surface the tile is installed tightly, forming a fully functioning rain screen. However in the 
regions of glazing, situated behind the rain screen, large spaces were left between tiles forming a varied open 
porosity within the system, based on visual, solar and aesthetic criteria.  These spaces or openings provide 
an opportunity for wind driven winter precipitation to collect within and behind the rain screen, creating the 
potential for falling ice, snow, and icicles from wall surfaces. This potential when considered in combination 
with the pedestrian and vehicular accessible areas at the base of and below the wall surfaces, as the building 
design included a multi-story pedestrian bridge over a major thoroughfare in the City of Calgary, created a 
significant concern that required detailed study and performance validation through Mock-up testing in an 
environmental chamber. 


DESIGN AND TESTING 


Based on the identified performance concerns for the enclosure, a specialized ice and snow study was sourced 
early in the design process.  The study scope and methodology, which was recommended and carried-out by 
the ice and snow consultancy firm retained for the project, included a meteorological assessment, general 
design review, wall design investigation, and the development of mitigations strategies that would address 
the potential for ice and snow formation and release from the building envelope.  Based on this scope, the 
following actions and outcomes were accomplished: 


 An assessment of historical weather data and local microclimate influences was conducted through 
an analysis of historical wind, snow, and ice in combination with the buildings geometry, site 
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location, and orientation within its environment, incorporated into an experience-based design 
consultation; 


 The assessment was followed by the identification and layout of mock-up test specimens’ (refer to 
Figures 1 to 3), along with the development of detailed laboratory test procedures that included 
predeveloped mitigation concepts for investigation and validation;  


Figure 1: Mock-up panels on the truck prior to testing. Figure 2: Mock-up #1 in the laboratory prior to testing. 


 


Figure 3: Mock-up #2 in the laboratory prior to testing. 


 
 The conducting of Nine (9) cold room laboratory tests for two (2) full scale mock-ups representing 


four (4) wall segments of the facade.  Wall segments chosen focused on areas that represented the 
variations in terra cotta tile patterns, combined with two (2) variations of window sills and base of 
wall assemblies.  Figures 4 and 5 show the wall segments covered with snow mid test.  The snow 
was then melted in a method to replicate either; a sudden raise in air temperature, a cyclical thaw 
then refreeze, or a slow melt with radiant energy; 
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Figure 4: Two mock-up sections in the testing lab, with snow 
build up during testing. 


Figure 5: Close up on snow build up on one mock-up 
during testing. 


 
 The conducting of Five (5) environmental tests that exposed the test specimens to wind, snow, ice, 


and radiant energy in combination that replicate both the variation and severity of Calgary winter 
weather and the variations in melting that can contribute to falling ice, hardened snow, and icicles; 
 


 During the environmental tests, various aspects of the mitigation strategies were refined and 
validated, resulting in detailed guidelines and design recommendations that were incorporated into 
the project. Some of these mitigation measures include back sloping tile carrying rails, introduction 
of gutters/drainage channels and additional drip edges.  
 


 Specifically, the test results concluded that the design recommendations tested, and those resulting 
from the tests, will result in a significant reduction in the most hazardous falling ice potential from 
the wall segments with spaces between tiles, as well as, accelerate the melting of snow that forms on 
and within the rain screen elements that are exposed in the spaces between tiles.  This will in turn 
reduce the amount of time that snow formation will remain on surfaces, consequently reducing re-
freeze potential and the development of more hazardous ice and icicle formations. 
 


 An additional design feature that was a recommendation based on the test results, was for a robust 
heated gutter to be included within the design, located at the lower soffit of the pedestrian bridge, 
providing an additional snow and ice catchment over pedestrian and vehicular areas below. 


CONSTRUCTION 


Effectively implementing even the most well thought out design features can be a challenge during 
construction.  Transferring the project specific mitigation measures from paper to the building required 
extensive collaboration between the design and construction teams throughout the process. Multiple 
iterations of shop drawings and on site mock-ups were completed to ensure the team achieved constructible 
solutions meeting the performance requirements of the mitigation strategies. 
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CONCLUSION 


As the completed building has only experienced a single winter and the fact that the 2016/2017 winter was 
relatively mild, the true winter performance under severe, extreme, or non-typical conditions is difficult to 
determine.  However, the following is noted based on the information available to date and the photographs 
provided in Figures 6 and 7: 


 There have been no falling ice and snow incidents reported; 


 It is evident that snow and or ice forms within the spaces between tiles as was shown within the 
environmental tests, however there is no evidence of ice or icicle formation on the façade from melt 
and refreeze, indicating the façade is performing as intended; 


 Snow piles or drifts can be seen on the gutter top surfaces; however there is no indication of snow or 
ice on the front surface or overhanging, also suggesting that the gutter is performing as intended.  


Figure 6: Looking up at the pedestrian bridge, snow build up is 
visible between the screened tiles. 


Figure 7: Looking directly at the pedestrian bridge, snow 
build up is visible between the screened tiles. 
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High-R Cavity Insulated Walls


 Many variations: typically thick walls 


with cellulose insulation


 Moisture Risks:


 Construction Moisture


 Bulk Water Leaks


 Air Leakage Condensation


 Vapour Diffusion (In and Out)


 Organic sheathing on exterior


 High-R Value: Decreased Drying 


(less heat flow)


 Concern: Risk of Mould
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Literature Summary


 Tsongas (1991): “Walls with more cavity insulation led to 


increased moisture levels”


 Arena (2013): Simulations overpredict wall performance. 


North Walls ~20%MC


 Lepage (2013): Parametric hygrothermal study, incl. air and 


water leak. Cavity insulated walls found to be sensitive


 Ueno (2015): Double-Stud Wall, Sheathing MC ~30% with high 


interior RH, MC~20% with lower interior RH*


 Smegal (2016): Comparative case-study on deep-stud walls. 


Found even nominal exterior insulation improved dryness


 Trainor (2016): Field exposure test hut, incl. air leakage. 


Double-stud is at risk of air leakage (MC 30%+)
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NPPH Exterior Walls


 2x8 wood stud wall 24” OC


 Dense pack blown in 


cellulose 


 Dew-point analysis


 2x4 service cavity filled 


with rock wool batts.
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Monitoring Method


 Objectives: assess risk from 


construction, bulk water, air 


leakage, and vapour diffusion 


moisture loads


 Sensors:


 MC pins in sheathing


 RH&T Sensors


 Boundary Conditions:


 Indoor: T&RH Sensor


 Exterior: Local MET tower and 


drainage cavity sensor
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Assemblies and Sensors
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Building Layout
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Installation
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Data Logger
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Enclosure Monitoring Data – T – N Wall
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Enclosure Monitoring Data – T – S Wall
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Vapour Drive
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Moisture Contents
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Fungal Models


 VTT Mould Growth


 Surface mould


 Aesthetic and health effects


 Laboratory regressions
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VTT Mould Model
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Conclusion


 Deep/Double Stud Walls: 


They can work


 Air tightness 


persnicketiness


 Slight risk of surface 


mould


 Higher safety factor with 


exterior insulation


 Even nominal!
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Discussion + Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.buildingsciencelabs.com


OR CONTACT US AT  


 RLEPAGE@rdh.com


RLEPAGE@RDH.COM
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PASSIVE HOUSE WALL ASSEMBLY PERFORMANCE –                             


A CASE STUDY 


Robert Lepage, M.A.Sc., P.Eng., Christy Love, P.Eng., Kyle Jang 


 


 


ABSTRACT 


Improvements in building efficiency can significantly reduce carbon emissions and are an intrinsic 
component in greenhouse gas reduction targets. The Passive House concept provides a framework for high-
performance building that is growing in popularity in Canada, and particularly in the Pacific Northwest. 
The Passive House standard requires its buildings to achieve specific performance values for heating energy 
use intensity, total energy use intensity, spatial temperature variation, heat recovery ventilation performance 
and air leakage rate. The promised co-benefits of Passive Houses include superior thermal comfort and 
indoor air quality. 


Passive House design is not prescriptive and can incorporate many different design aspects. The wall 
assembly is no exception. This paper evaluates the hygrothermal performance of a deep-stud wall assembly 
of a Passive House in Victoria, BC, with regards to moisture durability. The concern with deep or double-
stud wall assemblies is the combined effects of reduced drying with wall configurations that place moisture 
sensitive materials in riskier locations. Consequently, enclosure monitoring was undertaken in an occupied 
six-plex over the period of one year. 


The enclosure monitoring sensor packages were installed in strategic locations in the wall assembly to 
monitor the conditions of the assembly. The assemblies were evaluated based on the results of an empirical 
mould risk index. The wall assembly appears to perform acceptably, with minor concerns of mould growth 
on the North wall. Air leakage is a significant concern for cavity insulated walls, but the airtightness 
requirements of Passive house minimize this risk. 


INTRODUCTION 


Buildings, representing around 40% of total carbon emissions (EPA 2017), are an important focus for 
meeting regional, national, and international carbon emission reduction targets. Many standards and 
regulations have been created to provide both incentive and deterrent forces to reduce carbon footprints and 
increase energy efficiency. The Passive House concept provides a framework for high-performance 
building that is growing in popularity in Canada, and particularly in the Pacific Northwest.  


The Passive House standard requires its buildings to achieve specific performance values for space 
conditioning energy use intensity, total energy use intensity, spatial temperature variation, ventilation 
performance, and air leakage rate. The promised co-benefits of Passive Houses include superior thermal 
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comfort and indoor air quality. These performance targets necessitate super-insulated enclosure assemblies. 
The assembly type, choice of materials, and their position within the assembly can affect the long-term 
performance of the enclosure. Inadequately designed enclosures may restrict moisture flow, leading to 
accumulation and biodeterioration, further compounded by decreased heat flow, which minimizes drying 
potential. High-performance assemblies are therefore predisposed to durability risks if not appropriately 
designed. 


This paper will summarize the hygrothermal performance of a deep-stud wall assembly with an interior 
service wall in the Pacific Northwest climate. This assessment was completed for a new spec-built, six-unit 
Passive House complex located in Victoria, BC, known as the North Park Passive House (North Park). The 
building was constructed in 2014/2015 and was occupied in September 2015. The moisture durability of 
the sheathing was of principle interest, followed by other parameters such as the impact of solar heating 
and inward driven moisture. Enclosure monitoring sensor packages were installed to monitor the conditions 
of the assembly. The results were analyzed using the VTT Improved Model to Predict Mold Growth in 


Building Materials (Viitanen and Ojanen 2007). 


BACKGROUND 


The building enclosure is a system of materials designed to physically separate the interior space from the 
exterior on every surface of the building, both above and below ground. The enclosure must provide control 
over heat, air, and moisture, in both its gaseous and liquid forms. The building enclosure should control 
liquid water (including rain, surface water, and ground water) from entering the building, moisture vapour 
from traveling through building materials, and moisture laden air from transporting and condensing 
moisture onto building materials. Failure to adequately control any of these three forms of moisture can 
result in long-term durability problems and moisture-related failures. 


Liquid water for wall assemblies is typically deterred by a water shedding surface and a water resistive 
barrier. For this study, the North Park Passive house used a drained and ventilated (“rainscreen”) cladding 
system with fibre cement siding and a permeable sheet-applied sheathing membrane (wall assembly details 
are shown in Figure 3).  


An air barrier is used to eliminate the passage of air between the interior and the exterior environments. A 
secondary function is to deter moisture laden air from condensing on surfaces within the enclosure. A proper 
air barrier system must be continuous across the entire enclosure, air impermeable, strong, stiff, and durable. 
Some insulation materials, such as spray foam, may also be part of an air barrier system; whereas some 
materials, such as dense-packed cellulose (which was used in this study assembly), retard air flow but are 
too air permeable to be part of an air barrier system. 


When dealing with air tightness, it is also important to consider both wind-washing and re-entrant looping. 
If the air barrier is located near the interior of the enclosure, it is possible for wind-driven air to flow from 
the exterior into any cavities and back to the exterior. This can reduce the effective R-value of the insulation 
and may add moisture to the enclosure. Similarly, if the air barrier is located near the exterior of the 
enclosure it is possible for interior air to convect in the interstitial spaces of the wall assembly and re-enter 
into the interior. It is important to note that neither wind-washing nor re-entrant looping can be measured 
by an air tightness test.  
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A vapour barrier or retarder is used to control vapour from traveling through building materials by diffusion. 
Air and vapour control can be achieved with a single material or as separate materials. With respect to this 
study, a polyolefin membrane with polypropylene fibres was used as both the air and vapour barrier and 
was installed at the interface between the exterior deep studs and an interior framed wall. This was done so 
that services could be run on the interior without penetrating the air barrier layer. 


With most experimental programs involving measurements of moisture profiles in wall assemblies, air and 
vapour control are the most critical to the monitoring results. It is important to note, however, that failure 
to adequately control precipitation will eventually result in the failure of almost any wall system, regardless 
of the design. This means that enclosure monitoring results that show good performance are not immune 
from failure should critical water management details be missed. 


LITERATURE REVIEW 


There is a collection of past published research on High-R wall assemblies in cold climates including 
measurement data of moisture in various wall assemblies. This research was conducted in a variety of 
locations, on many different types of wall assemblies. This review will highlight several studies with 
particular relevance to double stud wall assemblies and exterior insulated wall assemblies. All of the 
reviewed studies were conducted in IECC Climate Zones 2-7 and featured vented cladding systems. 


Tsongas (1991) investigated the performance of wall assemblies in 86 homes in Montana and Washington 
State in climate zones 4, 5 and 6. There was a range of construction types, vapor control layers, and 
insulation types through the monitored regions. The study houses included some exterior insulated 
sheathing construction and some double stud wall construction. The exterior insulation was either foil faced 
polyisocyanurate, extruded polystyrene (XPS), or expanded polystyrene (EPS). It was found that building 
walls with more cavity insulation led to increased moisture levels in the wall assemblies, and that walls 
with exterior insulated sheathing were significantly drier than walls without exterior insulated sheathing. 
These walls were found to be drier because the insulated sheathing kept the wall cavity wood members 
warmer and also because the insulated sheathing was an excellent exterior moisture barrier that prevented 
wet siding from transmitting or wicking moisture in the wall cavity. 


Arena et al (2013) monitored the hygrothermal performance of a high R-value, dense-packed cellulose, 
double stud wall in Boston, MA (climate zone 5A). Hygrothermal modelling was compared to measured 
data of a test house. The results showed that the hygrothermal simulation predicted lower sheathing 
moisture contents than were measured, even though the simulated relative humidity in the model was 20-
30% higher than the measured RH. This means that the measured performance of the double stud wall 
assembly was worse than predicted, even with much lower risk factors such as significantly decreased 
interior relative humidity. Moisture content in the south walls of the test house remained below 20% 
throughout the year; however, peak moisture content in the north walls reached approximately 20% and 
had significant periods above 16%. 


Lepage et al (2013) conducted a parametric hygrothermal study of high-performance wall assemblies in 
climate zones 2 to 7, representing a broad range of North American climates. The study used calibrated 
hygrothermal models to compare the moisture durability of high-R walls when subjected to various 
moisture loads, including air leakage and bulk water leaks. It found that under ideal circumstances, double-
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stud or deep-stud wall assemblies can perform well, but for even small amounts of induced air leakage, the 
moisture content can rapidly increase, resulting in compromised durability. 


Ueno (2015) monitored a high R-value, dense-packed cellulose, double stud wall assembly in Devens, MA 
(climate zone 5). Field monitoring showed measured moisture contents greater than 30% with elevated 
interior relative humidity levels (40-50% RH) and measured moisture contents greater than 20% with 
controlled interior relative humidity levels (10-30% RH). 


Smegal et al. (2016) compared the deep-stud wall assembly of the North Park Passive House to an exterior 
insulated wall assembly of a Passive House in Portland, Oregon. It was determined that all the measured 
moisture contents of the deep-stud wall assembly were higher than those of the exterior insulated wall 
assembly. The difference between the measured sheathing temperatures and the exterior temperatures were 
also much higher in the exterior insulated wall assembly compared to the deep-cavity wall assembly. 


Trainor et al. (2016) conducted a field study on four full scale high R-value wall assemblies using both 
exterior insulated and deep-cavity wall systems in Waterloo, ON (border of climate zones 5 and 6). The 
walls were tested under as-built conditions along with simulations to test air leakage from the interior and 
rain leakage from the exterior. For the as-built conditions, the moisture content readings were measurably 
higher in the double-stud wall than the other test walls, but maintained below 20%. During the air leakage 
simulation, the double-stud wall reached a peak moisture content of approximately 30%. The exterior 
insulated walls did not appreciably change in moisture content after induced air leakage (<10% MC). 
During the rain leakage simulation, it was demonstrated that the double-stud wall was quicker to dry to pre-
wetting moisture content levels in comparison with the exterior insulated walls. The mineral fiber exterior 
insulated wall dried at only a slightly slower rate than the datum 2x6 wall or the double-stud wall. 


From the reviewed papers, it can be determined that deep-cavity or double-stud wall assemblies can have 
much higher moisture contents than other walls, which corresponds to a greater risk of moisture related 
durability issues. This is only slightly off-set by faster drying rates. Should wetted condition persists for a 
sufficiently long period, the safe moisture storage threshold may be surpassed, leading to biodeterioration. 


MONITORING 


North Park is a three-storey, multi-unit residential wood-framed building (MURB). The building was 
instrumented on both the north and south orientations on the second and third storeys to record the 
hygrothermal behaviour of the wall assemblies. North and south orientations often have very different 
experimental outcomes because of the solar influence on the south orientation.  


Monitoring locations were instrumented with temperature, relative humidity and wood moisture content 
sensors at strategic locations to capture the hygrothermal behaviour of the wall assembly. The sensors were 
wired into a data acquisition system (Campbell Scientific CR1000) measured on 5 minute intervals and 
averaged hourly. The temperature sensors were 10k NTC glass-encapsulated thermistors (±0.2 °C); the 
relative humidity sensors were thermoset polymer capacitive sensors with onboard conditioning (±3.5%, 
from 10%–90% RH); and the moisture content sensors were corrosion-resistance and electrically insulated 
pins (± 3%, with temperature and wood species correction in accordance with the Garrahan equation 
(1988)). The techniques of installation are described by Straube et al (2002). The outdoor environmental 
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conditions were derived from nearby meteorological station data.  


Wall Assembly and Instrumentation 


Two walls in two different suites were instrumented on the second and third levels, two on the north 
orientation (N2 and N3), and two on the south orientation (S2 and S3). Figures 1 and 2 show the 
approximate locations of the instrumentation. The interior conditions in each suite were measured in the 
common area and inside the master bedroom at ceiling height. A detailed cross section of the wall assembly 
showing the typical monitoring locations is shown in Figure 3. 


 
 


Figure 1: North elevation showing approximate locations for the instrumented enclosure sections. 1 


                                                      


 
1 The nomenclature for the assemblies follows the orientations (N or S) for the walls, followed by the floor level (2 or 3). 
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Figure 2: South elevation showing approximate locations for the instrumented enclosure sections. 1 


 


 
Figure 3: Detailed assembly and typical monitoring locations 


RESULTS 


Results were aggregated into the respective study locations (N2, N3, S2, and S3) and reviewed for broad 
level performance behaviour. Data were taken from January 1, 2016 until December 31, 2016 to form an 
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entire ‘study year’, which was warmer and wetter than average. The critical relative humidity and 
temperature profiles for the four analyzed wall segments are provided in Figures 4 to 7. The sheathing 
temperature, vapour barrier temperature, and interior drywall temperatures provide the through-wall 
temperature profile and correlate proportionally to the level of insulation. By comparing the interior dew 
point temperature to the sheathing and vapour barrier temperatures, condensation risk and associated 
potential moisture damage can be estimated. The exterior and interior relative humidity across the deep-
stud wall provides a general indicator of the risk of moisture related damage. 


 
Figure 4: N2 wall data for Sheathing, Vapour Barrier (VB) and Drywall temperatures, including indoor air dew point 
temperature, and the exterior/sheathing and interior cellulose fibre insulation relative humidity from January to December, 2016. 
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Figure 5: N3 wall data for Sheathing, Vapour Barrier (VB) and Drywall temperatures, including indoor air dew point 
temperature, and the exterior/sheathing and interior cellulose fibre insulation (CFI) relative humidity from January to December, 
2016. 


 


 
Figure 6: S2 wall data for Sheathing, Vapour Barrier (VB) and Drywall temperatures, including indoor air dew point temperature, 
and the exterior/sheathing and interior cellulose fibre insulation (CFI) relative humidity from January to December, 2016. 
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Figure 7: S3 wall data for Sheathing, Vapour Barrier (VB) and Drywall temperatures, including indoor air dew point temperature, 
and the exterior/sheathing and interior cellulose fibre insulation (CFI) relative humidity from January to December, 2016. The 
Interior CFI RH sensors is malfunctioning. 


From Figures 4 to 7, the temperature of the vapour barrier remains above the interior dew-point at all times 
throughout the year. This indicates that there would be no risk of condensation from indoor moisture at the 
vapour barrier. The sheathing temperature however, does dip below the dew point temperature, particularly 
on the north walls. This indicates that there is potential for condensation to develop on the sheathing from 
exfiltrating air through the enclosure. However, the rigorous air leakage testing requirements of Passive 
House and the location of the air barrier within the assembly mitigate concerns of air leakage condensation. 


From Figures 4 to 7, it can be seen that the relative humidity on the exterior of the insulation is higher in 
the north walls and that it is susceptible to higher variation in the south walls. These observations hint at 
the effects of inward driven moisture (e.g. moisture driven into the wall assembly by high outdoor vapour 
pressures) and to the general drying effect of a solar heated south elevation (i.e. with drier cellulose 
insulation on the south orientation).  


By investigating the water vapour pressure across vapour absorbing or retarding materials (e.g. the 
plywood, cellulose, or vapour barrier) the direction of drying and wetting can be identified. The vapour 
pressure for the interior and exterior relative humidity sensors on either side of the cellulose insulation are 
shown in Figure 8. The sub-plot below shows the gradient, with negative values indicating an inward 
gradient, and positive values showing an outward gradient of flowing moisture.  
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Figure 8: Cellulose Insulation Vapour Pressure and Vapour Pressure Gradients, for North and South Walls on Level 2. 


The south walls experience significantly higher vapour pressure peaks than the north walls. This translates 
into higher peak inward vapour drives into the cellulose insulation, which appears to be abated by the 
hygroscopicity of the cellulose. Review of the pressure gradients provides an indication of direction of 
drying. In the swing seasons, the south orientation appears to have strong inward vapour gradients. These 
correspond to wetting events followed by sunny periods, which create high vapour pressures differentials 
forcing water through the sheathing and into the cellulose insulation. Despite a ventilated drainage cavity 
on light coloured cladding, vapour pressures drives exceeding 1500Pa were observed. The north elevation 
tends to a neutral pressure gradient, with a slight diurnal variation likely caused by temperature differences. 
These drying and wetting patterns affect the plywood sheathing moisture levels, and consequently the 
durability of the assembly.  


The structural durability for wood sheathing is typically evaluated based on moisture content. Moisture 
contents exceed 25% are susceptible to rot and decay. A plot of the sheathing moisture content, for both the 
north and south orientation, is provided in Figure 9. 
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Figure 9: Sheathing Moisture Content (MC) for North and South Walls, on Levels 2 and 3. 


The sheathing moisture contents are generally less on the south orientation than the north. This is due to 
higher temperatures caused by solar heating, which permits increased drying rates. An exception to this is 
the S2 assembly, which may experience greater cladding precipitation run-off from the S3 wall above that 
is subsequently driven in by solar vapour drives. The lowest threshold for superficial mould growth is 
around 16%, whereas the structurally damaging rot is known to occur when the plywood reaches the fibre 
saturation point, at around 25-28%. The sheathing moisture content of all locations fell below 20% for the 
entirety of the year and therefore does not appear to be at risk of rot. The sheathing moisture content on 
both the north orientation sensors did, however, have periods above 16%, which is above the lowest 
threshold for mould growth. 


DISCUSSION 


In colder climates, sheathing moisture contents or surface relative humidity are used as the performance 
criteria for mould growth. This is because it is the first possible location for surface condensation. There 
are several ways to assess moisture related durability of structural wood sheathing. The ASHRAE 160 
“Criteria for Moisture-Control Design Analysis in Buildings” (ASHRAE 2009) uses a pass-fail evaluation, 
based on the IEA- Annex 14 standard (IEA, 1991), to minimize mould growth based on three criteria: 


1) 30-day running average surface RH < 80% when the 30-day running average surface temperature 
is between 5°C and 40°C. 


2) 7-day running average surface RH<89% when the 7-day running average surface temperature is 
between 5°C and 40°C. 


3) 24-hour running average surface RH<100% when the 24-h running average surface temperature is 
between 5°C and 40°C.  
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However, these criteria have been found to poorly correlate to actual biological growth risk (Lstiburek, 
2015). To help provide more accurate analysis, the results will be compared using the Finnish VTT 
Technical Research Centre’s Improved Model to Predict Mold Growth in Building Materials (Viitanen, 
2007). The recently revised ASHRAE 160-2016 has adopted a modified VTT approach. This model is 
based on empirical regressions of actual mould growth on building materials in varying climatic conditions. 
While the model results do not necessarily guarantee presence of mould, it does provide a greater degree 
of reliability than categorical limits. The VTT model output is a mould index, the extent summarized in 
Table 1. Mould index values less than 3 are generally not visible to the naked eye, and therefore mould 
indices greater than 3 are considered a fail.  


Table 1 – Mould Index for the VTT Model (Viitanen, 2007) 
Index Growth Rate Description 


0 No Growth Spores not activated 


1 Small amounts of mould on surface (microscopic) Initial stages of growth 


2 <10% coverage (microscopic) - 


3 10%-30% coverage (visual) New spores produced 


4 30%-70% coverage (visual Moderate growth 


5 >70% coverage (visual Plenty of growth 


6 Very heavy and tight growth Coverage around 100% 


A mould index of less than 1 would be deemed acceptable, as this constitutes only microscopic levels of 
mould which are not likely to generate spores that can affect human health. Figure 10 was produced by 
incorporating the temperature and relative humidity data and assuming pristine plywood (mould growth 
index of 0). 







 


 


Paper 87                                                                                                     Page 13 of 16 
 


 
Figure 10: VTT Mould Index for N2, N3, S2, and S3 walls  


From Figure 10, models for the S2 and S3 walls were shown to have no mould growth due a lack of 
moisture. The north walls, however, were modeled to be sufficiently cool and humid that microscopic 
mould growth could occur. Over the one year monitoring period, a slight increase in predicted microscopic 
growth was calculated during the spring season as the humidity increases concurrently with temperatures 
creating conditions suitable for mould growth. Despite the N3 wall having a higher moisture content, the 
combination of temperature and relative humidity in the N2 wall were both sufficiently high that the N2 
wall appears to have a marginally higher mould index. In the model, the summers were sufficiently dry that 
the plywood sheathing in both N2 and N3 dried out and the mould went into stasis. To determine the 
maximum mould growth condition the model was run iteratively until the starting and final mould indices 
for the modeled year were approximately equal. The results, including the number of iterations (i.e. years), 
are provided in Figure 11. 
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Figure 11: Maximum Supportable Mould Conditions for North and South Walls on the 2nd and 3rd Storeys  


The iterative simulations suggest that after about a decade, a mould growth index of around 1 could be 
anticipated for the N2 wall and around 0.25 for the N3 wall. This assumes that each year is identical to the 
measured year. This suggests that localized initial stages of growth may be found microscopically, but 
would not pose a durability risk to the structure. Risks to human health would also be limited, as the air 
barrier system of a Passive House is rigorously tested and would thus significantly inhibit any spore or 
fungal cell laden air movement across the air barrier assembly.  


A strategy to help further minimize this risk of mould growth is to keep the sheathing slightly warmer. The 
slight temperature increase of the south elevation was sufficient to have virtually zero risk of mould growth. 
This could be accomplished by adding insulation to the exterior of the sheathing. This was investigated and 
supported in a research paper by Smegal et al. (2016). Despite the vapour resistance of the plywood 
sheathing, the effects of inward driven moisture were measurable on the exterior side of the vapour barrier. 
A more permeable exterior layer would therefore permit greater inward vapour flows, which could result 
in condensation against the exterior side of the vapour barrier. 


CONCLUSIONS 


The hygrothermal performance of the deep-stud wall assembly of the North Park Passive House was 
evaluated based on numerous factors. It was determined that the temperature of the vapour barrier remained 
above the interior dew-point at all times throughout the year; however, the sheathing temperature dropped 
below the dew point temperature at various points throughout the year. This indicates that there is potential 
for condensation to develop on the sheathing from exfiltrating air. The moisture content of the sheathing 
for all walls was maintained below 20% at all times throughout the year. This indicates that the walls are 
not at risk of rot. The moisture contents of the north walls did have periods above 16% which is above the 
lowest threshold for mould growth. Fungal modelling estimates that after about a decade, a maximum 
mould index of around 1 is anticipated for the north wall. This means that localized initial stages of growth 
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may be found microscopically, but would likely not pose a durability risk to the structure or an appreciable 
risk to human health. 
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• See http://www.smtresearch.ca/smt-product-list for list of Compatible Products
• High resolution sensors can be connected to wireless, wired and cellular based DAQS.
• Cloud based software allows for easy data retrieval and analysis.


Monitoring 
Technology



http://www.smtresearch.ca/smt-product-list





Monitoring


Technology


Manufacturing Transportation Installation RenewalService life


MANUFACTURER


CONTRACTOR


OWNER


• Monitoring technologies track products throughout their entire lifecycle and 
ownership







Moisture Monitoring


• Point Moisture Monitoring sensors 
are embedded at multiple depths 
to capture each CLT layer


316 Stainless Steel


Copper


EMS







Case Study – Tall Wood Building


• The 18-storey Tall Wood Building at UBC is 
constructed of prefabricated Cross Laminated Timber 
(CLT) panels where each panel is pre-cut and drilled 
according to a computer designed model.  All 
penetrations, notches and holes have been precut 
and drilled and ready to be installed systematically 
into the building. 







Case Study – Tall Wood Building


Video: NaturallyWood







Case Study – Tall Wood Building


Wood components of the building are as follows:


Glulam Columns: 78 glulam columns per floor except 
level 18, equating to 1302 columns in the building.


CLT Panels: 29 5-ply panels per floor, equating to 464 
panels on 16 floors equating to a weight of 954 tons.


Total volume of wood in the building is 2233 cubic 
meters


Credit: Acton Ostry







Case Study – Tall Wood Building


• Evaluate the life cycle moisture 
performance of prefabricated cross 
laminated timber (CLT) from the 
manufacturing plant, during 
transport and storage and during 
the construction process.


Sensor Type Quantity
String Pots 18
Moisture Sensors 192
Temperature 96
RH 32
Total Sensors 338







Moisture Sensor Plan


• CLT panels selected to 
monitor are every 
second floor 
alternating between 
the North/South and 
East/West locations


Case Study – Tall Wood Building







• Plan was to have sensors and electronics installed inside the 
panels during prefabrication.


Case Study – Tall Wood Building







• Due to logistics at the plant this was not possible, as a result, offcuts 
were instrumented and stored and transported with the CLT panels.


Case Study – Tall Wood Building







• Each offcut had 6 moisture sensors installed so that moisture can be measured 
in each layer and at the edge and center of the CLT. 


• Two temperature sensors were also installed at different depths in the CLT


Case Study – Tall Wood Building







• Monitoring During Transportation and Storage 


Case Study – Tall Wood Building







• Monitored CLT from Pentiction, BC to UBC, Vancouver


Case Study – Tall Wood Building







• Monitoring During Installation• Upon arrival at UBC, the CLT 
panels were moved directly 
from the truck to their 
assigned position


• CLT panel and column 
installation occurred during a 
typical Vancouver season 
which involved heavy 
downpours.


Case Study – Tall Wood Building







• Monitoring During Installation• Due to code constraints 4 floors were permitted to be erected until 
they were dry walled.


• Sensors and electronics were then moved from the CLT off cuts to 
the building.


Case Study – Tall Wood Building







• Monitoring During Installation• After hat track was installed data acquisition electronics were 
relocated prior to another two layers of dry wall.


Case Study – Tall Wood Building







• Moisture performance results will continue to be collected over 
time and compared to indoor environmental conditions as well as 
outdoor conditions.


Case Study – Tall Wood Building







Case Study – Tall Wood Building – Results







Case Study – Tall Wood Building – Results







• FPInnovations and SMT have instrumented several buildings constructed in BC to 
determine the vertical movement during and after construction in various 
conditions including rainy, cold and dry conditions. 


• Methods published in ASTM publication Volume 41 were applied to the Tall Wood 
House


Wood Innovation and 
Design Centre is a 29.5 
meter high wood frame 
building in Prince 
George.  Monitored for 
vertical displacement.


Displacement Monitoring







• The main concerns of axial 
shortening are the impact on 
vertical mechanical services 
as well as movement 
between the wood structure 
and concrete core.


• The axial column shortening 
was calculated to be 48mm.  
Of this, an estimate of creep 
and joint settlement is 12mm 


Displacement Monitoring


Credit: Jackson







• The difference between the axial concrete core shortening and the 
timber shortening is calculated to be 24mm. Provisions for axial 
shortening were mitigated by offsetting the connections for the CLT 
slabs so that they will naturally align after the building settles. 


Displacement Monitoring


Credit: Acton







• Sensor installation uses a string pot sensor connected to a non-stretch cable 
suspended from the bottom of one floor to the top of the next floor.  The 
assembly is repeated on each floor allowing a floor by floor comparison to be 
achieved. 


Displacement Monitoring







• String pot installation


Displacement Monitoring


String Pot


Hook Box 
(string from 
floor below)


Conduit 
protecting 


string







• Installation


• Shoring was used to support Outriggers which impacted the readings from 
vertical movement sensors during initial construction 


Case Study – Tall Wood Building







• String pot sensors were calibrated prior to adding shoring in the vicinity to support 
outriggers. 


• Displacement of string pot sensors on floors 1-5


Case Study – Tall Wood Building – Results


Floor Displacement Nov - Jun


2 (edge) -1.387 mm
3 (edge) -1.077 mm
3 -1.821 mm
4 -3.182 mm
5 -2.604 mm


Shoring and Outrigger 
disturbance







Case Study – Tall Wood Building – Results


Shoring 
Removed







Extract data from embedded sensors and overlay on smart phone display


Augmented Reality


Data Visualizations







Using a Smartphone camera, identify the surface in view and augment the 
surroundings by overlaying sensor data on the image.  


Data Visualizations







Data Visualizations







Using Unity Gaming Engine users will be able to navigate building and view 
sensors embedded through building


Interactive Interface







Interactive Interface







Select sensors to 
view historical data 
trends


Interactive Interface
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MOISTURE PERFORMANCE AND VERTICAL MOVEMENT 


MONITORING OF PRE-FABRICATED CROSS LAMINATE TIMBER – 


FEATURED CASE STUDY: UBC TALLWOOD HOUSE   


G. Mustapha, K. Khondoker, J. Higgins 


 


 


ABSTRACT 


Wood structures such as the Wood Innovation and Design Center in Prince George and the UBC Tallwood 
House, an 18 storey, 53-meter-tall mass timber hybrid building are examples of new and innovative wood 
structures that encompass new construction techniques, unique materials and novel building practices. 
Empirical data on the condition of critical components and access to the real-time status of the structure 
during construction gives Architects, Engineers and Contractors critical information to make informed 
decisions to either validate or improve the construction plan. Data recorded during the life of the building 
helps validate the design decisions and proves the viability and feasibility of the design. Methods and 
practices used to monitor both the moisture performance of pre-fabricated cross laminate timber (CLT) as 
well as the vertical movement sensing of the building during and after construction are explored in this 
paper. Moisture content of the CLT panels has been recorded from manufacturing and prefabrication to 
storage, through transport and during installation and will continue throughout the service life of the 
building. 


The calculated and expected displacement of the wood columns is scheduled to take several years as the 
structure settles, however a first-year analysis and extrapolation of the data was conducted. Monitoring 
during transport, storage, and construction proved that CLT panels were resilient to moisture issues while 
in the manufacturers storage, but prone to direct exposure to moisture-related problems regardless of the 
precautions taken on site. Despite construction during typical Pacific Northwest rain, informed decisions 
were made to ensure the panel moisture content could decrease to acceptable ranges before continuing to 
secondary construction phases. The moisture trends observed in the building were proportional to the 
control samples as both were subjected to similar environmental conditions. 


INTRODUCTION 


The use of engineered wood products to build larger wood buildings is becoming more prevalent over 
recent years (Wang, 2015).  As mass timber structures move to the forefront of sustainable design, 
construction methods to economically and continuously monitor these structures for key performance 
indicators are extremely valuable. This paper used research performed on UBC Brock Commons Tallwood 
House as a case study in an exploration of various remote monitoring methods with an analysis of the first 
year of data collected from the building.  
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Research was conducted to evaluate the moisture 
performance of prefabricated cross laminated timber 
(CLT) from the manufacturing plant, during transport 
and storage and during the construction process. A 
vertical displacement monitoring system was also 
instrumented throughout the building to gauge a better 
understanding of the short and long term settling of the 
timber structure throughout construction and active use. 
These areas of study were deemed important to gaining 
a broader understanding of using engineered mass timber 
as a common building material. Analysis of the data can 
be used for future projects by designers, contractors, and 
building owners for which appropriate considerations 
will need to made for their respective projects.   


CLT TRANSPORTATION STUDY 


The Tallwood House project implemented a streamlined 
kit-of-parts approach to constructing the structural 
components of the building (Fraser, 2016). In this, the 
CLT panels were cut precisely to the dimensions required 
for installation. This included every opening and cut 
necessary for all aspects of the construction process (Sills 2016). Once each panel was manufactured they 
were coated with a urethane resin sealer, Miralite, on the panel faces as well as a wax coating on hole and 
end-grain surfaces for moisture control. Panels were transported to the construction site on the day they 
were intended to be installed. Instrumentation of the panels was done to observe the effects of changing 
conditions on moisture performance on the CLT through storage and transport. 


Trips were made to the CLT manufacturing plant in Penticton, BC on May 5, 2016 and May 27, 2016 to 
outfit CLT offcuts with sensor arrays. Preparations were made to store and transport the offcuts in the same 
manner as the CLT panels to be used in the Brock Commons Tallwood House.  


During the first trip, 2 large offcuts were outfitted with sensors, as well as 2 smaller CLT blocks. During 
the second trip, 6 large offcuts were instrumented and stored. All offcuts were coated with the same products 
and in the same manner as the full-size floor panels.  The offcuts were then wrapped in plastic, stacked and 
stored alongside the full-size panels. Wood slats were placed in between each panel to increase airflow to 
the panels and prevent any potential moisture buildup, similar to how the full-size floor panels were stored. 


Transportation Instrumentation 


Sensor locations were chosen with the aim of acquiring a diverse set of data, avoiding interior joints, and 
avoiding material imperfections since probes hitting wood imperfections or interior joints could yield 
inconsistent results.  


Figure 1: UBC Tallwood House (Image from Acton 
Ostry Architects) 
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Detailed in Figure 2 a number system corresponding with drill depth was developed with #1 being the 
midpoint of the topmost layer and #5 being the depth of the bottom ply. Depths 1 and 2 utilized 200mm 
probes, depths 3 and 4 110 mm probes, and 5 a 40mm probe. Thermistors were installed to depth 3 at the 
center of the panel, and to depth 1 at the top face.  


The CLT panel grain orientation changes with each layer. Probes were installed parallel to the grain of the 
testing layer to gather consistent data. 


 
 


Figure 2: Probe Locations and Orientation 


 
Figure 3: Instrumented Off-cuts – May 7th, 2016-06-01 
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Transport 


Figure 5: Six additional off-cuts were instrumented on May 27th, 2016-06-01 


Figure 4: Off-cuts Stored outside alongside full size CLT panels 
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The offcuts were continuously monitored as they were transported from the CLT manufacturing storage 
facility in Penticton to the construction site at UBC. On site, long term storage was an impossibility due to 
site area restrictions. The process of shipment from the CLT manufacturing plant to being lifted for building 
installation occurred in a one-day window. Panels were stored on the trucks during transport in the precise 
order of installation (Sills, 2016). When panels arrived for installation, the protective plastic was removed, 
and placed on the supporting columns already installed in the building. From this point, the environment 
that they were stored in was no longer controlled and the CLT was exposed to environmental factors until 
the building was fully enclosed. To reflect this process accurately, transportation samples A and B were 
uncovered and left uncovered to be exposed to the rain and sun.  


The timeline and path of travel for the transportation CLT samples are as shown in Figure 6 and Figure 7 
below. Samples were shipped with different floor panel shipments to create a diverse set of data with the 
possibility of varying environmental and logistical conditions. 


 


 


Figure 6: Transportation Timeline of Samples 


Figure 7: CLT Path to Site 
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Data Collection and Analysis 


Moisture and Temperature data were collected by the wireless data loggers connected to each panel.  These 
devices stored data regardless of where the sample was located and transmitted the data to the Internet upon 
arriving on-site.  Results from 60 moisture content sensors at varying depths and 20 temperature sensors 
are shown in Figure 8. 


  


Figure 8: Transportation Moisture and Temperature Data 


Data from Transportation Sample A which arrived and was uncovered to reflect the conditions of the CLT 
of the structure showed the effectiveness of the processes the CLT manufacturer implemented while storing 
and transporting the CLT panels for this project. As seen in Figure 9 prior to shipping, moisture levels in 


Transport from 
Penticton to UBC  


Figure 9: Analysis of Sample A during Transport 







 


 


Paper 88                                                                                                     Page 7 of 15 
 


the CLT samples stayed very consistent and were did not appear to be exposed to moisture.  


Once uncovered and exposed to a series of rainfall events, the effects can clearly be seen in a spike of 
moisture levels in the topmost layer of the sample. Data from the top layer of CLT is shown in Figure 9 
with the dotted red line indicating the day of transport from Penticton to the building site at UBC. The rapid 
decrease of sample moisture demonstrated the drying ability of the fully-exposed CLT. These observations 
of the CLT are consistent with observations which were made in later analysis of the in-building moisture 
levels during construction. 


IN BUILDING MOISTURE  


Sensors were installed into floors from below after the first layer of ceiling drywall was installed. 
Sequencing caused the data collecting units to be uninstalled and reinstalled a total of 3 times for each 
location. This re-installation took place to ensure the largest dataset possible. Detailed in this section of the 
paper is the methodology of transferring equipment from the transportation portion of the study and 
challenges which were overcome to gather the best picture of building moisture performance during 
construction. Points of interest and trends were discovered while monitoring the mass timber structure with 
over 300 sensors in a real-time cloud monitoring system. These sensors will remain in the building for its 
lifetime. 


Monitoring Locations 


Locations were selected with the intent of obtaining data representative of the majority of environmental 
and construction related factors that are present during different phases of construction. Instrumentation 
accounted for points where CLT was uncovered, cement pours took place, floors changing from passive to 
active heating as the seasons shifted from summer to winter and material staging in the East wing. 
Recording a dataset that will be representative of the entire building during occupancy was also considered 
as monitoring will continue throughout the life of the building.  Every second floor was monitored and 
areas alternated between North-South and East-West locations as shown in Figure 10 and Figure 11. 


 
Figure 10: East West Moisture Monitoring Locations 
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Probe Depths and Orientation 


Moisture probes were installed into the CLT panels in the Tallwood House onsite at UBC. Point Moisture 
Measurement Sensors (PMMs) were installed in alternating East-West and North-South panels on every 
second floor. The orientation of the PMMs and their depths were installed identically to the transportation 
study as illustrated in Figure 2. 


Key considerations taken in the building study were that MC1B probes are in the plywood spline of non-
edge locations. In edge installations MC1B measures moisture at the surface level as close to the edge of 
the panel as reasonably possible. These layouts are documented in the figures below 


 


 
Figure 13: Plywood Spline Moisture Probe Location 


 


 
Figure 12: Edge Panel Moisture Probe Locations 


 


 
 


Figure 11: North South Moisture Monitoring Locations 
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Building Element Completion 


While monitoring the moisture performance of the CLT panels within the building, the panels were exposed 
to various events that ranged from rainfall before building enclosure to construction events as detailed in 
the table below: 


Table 1: Major Building Element Dates In Regard to Moisture Control (Kasbar, 2017) 
Building Element Start Date End Date 


Mass Timber Structure (L2 to L18) 6/6/2016 8/11/2016 
Envelope Panels (L2 to L19 Parapet) 6/21/2016 9/8/2016 


On-site Water Sealer (L3 to L18) 6/27/2016 8/19/2016 
Concrete Floor Topping (L3 to L18) 7/4/2016 11/8/2016 


Moisture performance of the CLT panels was analyzed with respect to these events as it was theorized that 
the CLT panels moisture levels would rise with the completion of the concrete floor topping. However, 
unless direct precipitation was in contact with the panels, the moisture levels did not change substantially. 
In event of direct moisture contact CLT panels would then quickly dry to acceptable levels. With the 
completion of the on-site water sealer used to improve the moisture protection of the CLT panels on-site 
and envelope panels, the overall moisture performance of the CLT panels became much more resilient to 
moisture. Year-long moisture performance of one location of the CLT is detailed in Figure 15. 


Data Collection and Analysis of Full Building Moisture 


As discussed in the transportation study and the previous section, the CLT panels within the building dried 
to acceptable moisture levels during the year-long monitoring. While collecting data during construction 
the data-collection units had to be removed and reinstalled several times to work within the schedule of 
other contractors. This process can be refined in the future with increased conversation between contractors 
and involvement with the sequencing schedule. In Figure 14 CLT moisture performance after an exposed 
rainfall event is shown 


Figure 14: CLT Moisture Performance After Exposed Precipitation Event 







 


 


Paper 88                                                                                                     Page 10 of 15 
 


In Figure 15, moisture data collected over the course of a year is shown with precipitation as represented 
by the the blue bars. Despite periodic precipitation, the CLT continued to dry during construction and after 
the building had been closed. The red area is a gap in data due to removal and reinstallation of the data 
collection unit to work around other contractors. 


VERTICAL MOVEMENT AND CLT COMPRESSION MONITORING 


Timber constructed buildings are susceptible to vertical movement due to the inherent deformation and 
compression of wood components and building settlement (creep).  The construction of an 18 storey, 53-
meter building presents an excellent opportunity to evaluate the vertical movement of a building of this 
magnitude.  


Wood components of the building are as follows: 
 


Glulam Columns: 78 glulam columns per floor except level 18, equating to 
1302 columns in the building. 
 


CLT Panels: 29 5-ply panels per floor, equating to 464 panels on 16 floors 
equating to a weight of 954 tons. 
 


Total volume of wood in the building is 2233 cubic meters 


The total measured deflection will be used to validate the calculated vertical movement allowing engineers 
to assess the impact on provisions made for the axial column shortening.  The main concerns of axial 


Figure 15: Year Long CLT Moisture Performance 
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shortening are the impact on vertical mechanical services as well as movement between the wood structure 
and concrete core (Fast and Jackson, 2017). 


The axial column shortening was calculated to be 48mm.  Of this, an estimate of creep and joint settlement 
is 12mm as shown in Figure 16. (Jackson, 2016) 


 
The difference between the axial concrete core shortening and the timber shortening is calculated to be 
24mm. Provisions for axial shortening were mitigated by offsetting the connections for the CLT slabs so 
that they will naturally align after the building settles. (Jackson, 2016) 


 
At time of construction 


 
At a later date 


 
Figure 17: Setting Compensation in Structure Design (Acton, 2016) 


 


Figure 16: Column Shrinkage Estimation Calculated (Jackson, 2016) 
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METHODOLOGY 


SMT and FPInnovations published the methodology for Vertical Movement monitoring in ASTM 
publication Volume 41, Issue 4 (Wang et a.l, 2013) titled Monitoring of Vertical Movement in Four-Storey 
Wood-Frame Building in Coastal British Columbia.  Several buildings were instrumented using this 
technology.  The same instrumentation and methodology was applied to the UBC Brock Commons 
Tallwood House. 


The measurement method consists of using a string pot sensor that contains a cable actuated position sensor 
connected to a spring loaded spool.  The string is elongated using downrigger stainless steel non stretch 
cable and connects from the base of a selected column to the top of the floor above capturing the 
compression of the CLT and wood column. 


CLT columns from the base to the floor above were instrumented on the lower four inner floors 
and an all exterior columns extending up all 18 floors.  The locations are shown in Figure 19. 


  
Figure 19: String Pot Locations 


  


Figure 18: String Pot Units installed In Structure 



https://www.astm.org/DIGITAL_LIBRARY/JOURNALS/TESTEVAL/PAGES/JTE20120287.htm

https://www.astm.org/DIGITAL_LIBRARY/JOURNALS/TESTEVAL/PAGES/JTE20120287.htm
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RESULTS 


Upon commissioning, the sensors started at 0 mm displacement; positive displacement indicates there was 
an expansion most likely due to the shoring; negative displacement represents vertical compression. Figure 
20 shows the vertical displacement of selected string pot sensors during construction. Vertical displacement 
sensors were disturbed by shoring used to support outriggers during construction.   


 


 


Table 2: Displacement Data as of June 2017 
Floor Displacement After  


Shoring Removed 


Total Displacement  
June 2017 


2 (edge) -0.960 mm -1.387 mm 
3 (edge) -0.567 mm -1.077 mm 


3 NA -1.821 mm 
4 -2.577 mm -3.182 mm 
5 -2.052 mm -2.604 mm 


Data Collection and Analysis of Vertical Displacement 


The shoring adversely affected the string pots while it was installed however after it was removed it did not 
appear to offset or skew the measurements. The edge columns and inner columns tracked each other as 
expected and the displacement on the outer column was less than the inner column as expected.  


Figure 20: Vertical Displacement Sensor Data 


Installation of 
Window and 


Façade details 
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Approximately 1mm displacement was observed on all floors in May 2017, this occurred when the window 
and façade details were completed on the end units after the outriggers were removed.  


Displacement data from all 17 floors will be collected and compared with the compression models. 
Additional compression is expected to occur once the building is fully occupied and actual and dead loads 
are applied.  In future large scale mass-timber buildings, columns closer to the core will be monitored as it 
is evident the load on the inner columns will experience more load than the edge columns. 


CONCLUSION 


The UBC Brock Commons Tallwood House presented a unique opportunity to instrument a structure with 
forward thinking in design and construction. Gathering imperial data during the various stages and 
conditions facilitated the assessment of the processes used and allowed adjustments for continuous 
improvement during the construction process.  The moisture mitigation of the CLT panels worked well and 
despite wetting during construction the panels dried to acceptable moisture levels during the year long 
monitoring process. The vertical displacement of the edge and inner columns tracked each other and settled 
as expected. The lessons and information gathered from the structure thus far and in the future as the 
building will be continuously monitored for its lifetime will prove to be invaluable to similar innovative 
projects in the future. 
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IMPLEMENTING COMPARTMENTALIZATION AND VENTILATION 
STRATEGIES IN TALL MULTI-USE BUILDINGS TO CONTROL STACK-


EFFECT RELATED PERFORMANCE ISSUES  


David De Rose, M.A.SC., P.Eng. 


 


 


INTRODUCTION 


It is becoming more common to have taller multi-unit residential buildings combined with hotel, retail, and/or 
commercial space. This case study looks at a 60 storey tower with residential, hotel, retail, commercial, and 
event space over a multi-level underground parking garage that has experienced stack-effect related issues 
during cold exterior temperatures. These issues include: 


 Cold temperatures/drafts in the residential lobby and lower parking levels; 


 Whistling through elevator and stairwell doors; 


 Elevator doors not closing properly (causing elevators to stop working or causing damage to internal 
components); 


 Corridor ventilation reversals (i.e. air flow from suites to corridors); 


 Rattling/whistling and damaged latches/astragals on doors between suites and corridors; 


 Whistling noises through suite range hoods; 


 Condensation on glazing systems; and 


 Garbage odour transfer. 


Air pressure, temperature, and relative humidity sensors were installed across doors between suites/corridors 
and between stairwell shafts/corridors at various locations to allow tracking under varying exterior 
temperatures/conditions. Differential air pressure data was graphed and analyzed to identify the horizontal 
neutral pressure plane (NPP) location and to identify the conditions leading to the reported issues. A 
thermographic scan was also completed to identify openings or air flow paths across the building enclosure. 


MAIN FINDINGS 


Significant Openings at the Building Base Leading to High Stack Effect Air Pressures at Upper 


Floors 
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There are no operable windows or sliding doors on the hotel rooms in this building (i.e. Floors 6 to 17). This 
should cause the Neutral Pressure Plane (NPP) to be higher than the halfway height of the building (32nd 
floor) because this lower section has less potential for air infiltration than the upper sections with operable 
windows and doors. Figure 1 shows the air pressure distributions developed from air pressure sensor data 
collected during a past winter. This same Figure shows the relative pressure contributions from stack effect 
and the mechanical corridor pressurization ventilation system, the combined pressure effect, and the 
corresponding NPP location (under average winter conditions or -4ºC). The NPP from stack effect pressures 
was at approximately the 26th floor (or about 6 floors below the building mid-height). This indicated that air 
infiltration at the building base was significant to offset the reduced infiltration associated with the fixed 
hotel glazing systems. The NPP moves further downward when the mechanical corridor pressurization is 
added to the stack effect pressures. This results in even higher pressures at the upper building levels.  


Inadequate Seals/Separations to Control Stack Effect Pressures and Air Flow  


Several continuous flow paths were identified that allowed air flow into, up, and out of the building. 
Locations with missing or inadequate seals/separations that are part of the identified air flow paths are 
summarized and grouped below depending on whether they: enabled infiltration below the NPP, were part 
of the vertical shafts, were incomplete internal separations, or enabled exfiltration above the NPP. 


Locations of significant air infiltration identified below the NPP were as follows: 


 Entrance Doors from all 8 Parking Levels to the Elevator Lobbies (sensors automatically controlled 
doors to open at both ends of the air locks upon approach); 


 Main Entrance and Secondary Entrance to Residential Lobby; 


 PL3 – Moving Doors; 


 PL3 – Residential Garbage Room; 


 Ground Floor & Floor 2 Stairwell Doors;  


 Floor 3 Generator Room;  


 Hotel Lobby Doors; 


 Hotel Terrace Doors; and  


 The loading dock area.  


The main vertical shafts (i.e. that allowed vertical air flow) were as follows: 


 Elevator shafts; 


 Stairwells; and 


 Garbage Chutes. 
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Inadequate internal separations between the vertical shafts and the spaces connected to the openings that 
allowed air infiltration and exfiltration were as follows: 


 Floors P1, 2-17 - Service Elevator Lobbies (i.e. the residential and hotel elevator shafts were not 
separated from each other) 


 Residential Suite Entry Doors; 


 Elevator Machine Room Doors; 


 Stairwell Shaft to Corridor Doors; 


 Garbage Chute Room Doors; and 


 Garbage Chute Shaft Walls. 


Locations of significant air exfiltration identified above the NPP were as follows: 


 Residential Suite Balcony Sliding Doors & Operable Windows; 


 Upper Mechanical Room Doors; and 


 Ventilation Exhaust Boxes (Bathroom and Kitchen). 


Corridor Pressurization Ventilation Systems Not Operating as Intended 


Pressure readings taken with and without the corridor pressurization systems operating determined that the 
corridor air pressures created by the mechanical ventilation system were between 10 to 15 Pa. The stack 
effect pressures significantly affected ventilation air delivery to the suites. Figure 1 shows the average 
pressure differences across the suite doors on Floors 20, 43, and 61 during average January exterior 
temperatures to be: -5 Pa, 39 Pa, and 55 Pa respectively. The flow is from the suites into the corridors on the 
20th floor indicating that the ventilation pressures are overcome by the stack effect pressures. We expect this 
to be the case on all floors below the 22nd floor during average winter conditions. On the 43rd and 61st floors, 
the measured pressures across the suite doors are roughly 3 to 4 times higher than the pressures created by 
the ventilation system. This correlates with the thermographic scan that identified air flow through open 
bathroom and kitchen exhaust grille flaps in the suites above the neutral pressure plane (even when exhaust 
fans were off).  


The pressures measurements on the different floors indicated that the corridor ventilation system is not 
effectively or efficiently ventilating the suites. The upper suites are over-ventilated and the lower suites are 
under-ventilated. 


The over-ventilation from stack effect air flow in the upper suites (eg. 43rd and 61st floors) led to dry interior 
air conditions. Condensation issues were reported on exterior glazing systems between Floors 18 to 25. We 
observed that air flow in suites between the 18th and 22nd floor was typically from the suite to the corridor 
during average winter conditions (i.e. these suites do not receive ventilation air from the corridor 
pressurization system). Corridor ventilation air flow into suites between the 22nd and 25th floors is limited 
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due to the limited differential pressures across the suite doors (i.e. may not be ventilated sufficiently to dilute 
generated humidity). The suites near the neutral pressure plane are more prone to condensation issues given 
that the limited pressure differences do not allow sufficient air exchange either way (i.e. from the corridor to 
the suite or from the exterior to the suite) to dilute generated moisture. This makes these suites more sensitive 
to unit owner operation with respect to dilution of moisture in the interior air (i.e. use of exhaust fans or 
operable windows or doors are required for ventilation, etc.).  


GENERAL REPAIR STRATEGIES 


 The following repair strategies were intended to limit/control pressure differences and the air flow 
responsible for the reported issues. Compartmentalization combined with in-suite ventilation can reduce 
vertical and horizontal air flow through buildings, limit indoor to outdoor air exchange, reduce space 
conditioning costs, increase comfort (improved control over suite temperature and humidity), and reduce 
odour and noise transfer between suites. This approach is common in many new tall multi-use and residential 
buildings. Both, compartmentalization and in-suite ventilation, were recommended and are described further 
as follows. 


Implement Barriers and Compartments 


The intent of this strategy is to increase the resistance to air flow along the identified air flow paths. The 
continuous flow paths identified that allowed air flow into, up, and out of the building would be 
sealed/compartmented by implementing doors (swing and/or revolving to create air locks), seals 
(weatherstripping/sealants), barriers (sealed partitions), etc.  Minimizing air flow from the corridors into the 
suites will generally cause the overall pressures across suite entry doors to increase. Pressures across suite 
doors could be reduced by: reducing corridor pressurization air flow volumes, sealing stairwell shafts (repair 
discontinuous or disengaged weatherstripping), sealing elevator shafts (either brush type door perimeter seals 
or full vestibules where brush seals are not effective), and sealing garbage chute room doors and shafts. Suite 
entry door closers may also need to be upgraded. 


Implement Suite-Dedicated Ventilation Systems  


This strategy would include implementing air seals between the suites and corridors and adding Energy 
Recovery Ventilators (ERV) so that window or door operation in one suite does not affect air flow or 
ventilation air flow in other suites. The ERV systems could be ducted and integrated into the existing exhaust 
fan duct layout to provide ventilation air from outside directly to each suite. This would lead to smaller 
variations in the amount of ventilation air flow delivered to suites. Indoor air quality would be improved 
since air delivered to a unit is not likely to have travelled through other parts of the building. Environmental 
conditions in the suites would be improved (i.e. they would not be too dry from over-ventilation or 
excessively humid from under-ventilation). Energy savings are also expected from not pushing excessive 
amounts of air out of exhaust duct runs in suites above the NPP. The garage area would also be neutralized 
as a source of air being delivered to the suites.  


CONCLUDING REMARKS 
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Repair strategies are presented so that they can be used in other tall multi-use buildings with similar problems 
or so that they can be introduced in new construction to avoid similar issues. It is recommended that a member 
of the design team is tasked with providing/preparing compartmentalization strategies during initial design. 
This would involve identifying locations that require air seals (i.e. identifying the continuous flow paths that 
allow air flow into, up, and out of the building and seal/compartment as required) and preparing the associated 
air seal details. Barriers and compartments would ideally be installed during initial construction to control 
stack-effect pressures and air flow, but as a minimum, barriers could be roughed-in (eg. air lock or vestibule 
electrical servicing and vertical partitions above drop ceilings could be installed during initial construction) 
to allow subsequent cost-effective barrier implementation should problems arise.  


 
Figure 1:  Pressure Distribution across Suite Entry Doors 
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Introduction


Trends 
• taller buildings
• multi-use buildings 


Case Study
• 60+ storey tower in a cold climate
• residential, hotel, retail, commercial, event space  


over multi-level underground parking garage 
• stack-effect related issues 







Issues Reported
 Cold temperatures in lobby/parking levels;
 Whistling through elevator and stairwell doors;
 Rattling/whistling and damaged latches/astragals on 


doors between suites and corridors;
 Elevator doors not closing properly; 
 Suite ventilation reversals;
 Whistling noise through suite range hoods;
 Condensation on glazing systems (Floors 18-25); and
 Garbage chute/shaft odour transfer


Energy Loss (?)
Indoor Air Quality (?)







NPP Location?


• No operable windows or sliding doors in the 
hotel (i.e. Floors 6 to 17) 


• Suites not finished at top of building(?) 







Evaluation
• Visual Review 


(Exterior/Interior Air 
Seals)


• Air Pressure, 
Temperature, and 
Relative Humidity 
Sensors 
(suite/stairwell doors) 


• Thermographic Scan 
across the building 
envelope











Paths


• Envelope openings below NPP - infiltration
• Vertical Shafts 
• Corridors/Suite Doors
• Envelope openings above NPP - exfiltration







Significant Openings at  
Building Base







Significant Openings at  
Building Base







Significant Openings at  
Building Base







Inadequate Seals/Separations
Vertical Shafts







Inadequate Seals/Separations
Adjacent to Vertical Shafts







Inadequate Seals/Separations
Adjacent to Vertical Shafts







Inadequate Seals/Separations
Above NPP







Inadequate Seals/Separations
Above NPP







Ventilation System is not Operating as 
Intended











Stack Effect Pressures affect Interior Suite 
Humidity and Condensation 







Intermittent Peak Pressures  







Intermittent Peak Pressures 







General Repair Strategies


• Implement Barriers and 
Compartments


• Implement Suite-Dedicated 
Ventilation Systems







High Impact Items


Add door between elevator lobby and the existing 
vestibule on each parking level (blue line)







High Impact Items


Main Entrance - revolving door (red)
Vestibule with Barrier-Free requirements (blue)







High Impact Items


Add separation between residential and hotel 
elevator lobbies at Floors 2 to 17 (blue)







High Impact Items


Implement ERV’s / seal suite entry door perimeters 







High Impact Items


Seal Elevator, Stairwell, Mechanical, & Garbage Chute Room Door 
Perimeters 







High Impact Items


Seal Elevator, Stairwell, Mechanical Room Door 
Perimeters







High Impact Items


Seal joints in garbage shaft walls 







High Impact Items


Add an additional door separation at the bottom 
of the stairwell shafts







High Impact Items


Source and replace broken sliding door locks 
and non-engaged gaskets







Concluding Remarks


Repair strategies presented for use in other tall multi-
use buildings with similar problems or new construction 
to avoid similar performance issues.


Assign responsibility to prepare compartmentalization 
strategies during initial design (i.e. identify the 
continuous flow paths that allow air flow into, up, and 
out of the building and seal/compartment as required,  
prepare interior air seal details, etc.)


Install barriers/compartments during initial construction 
or provide rough-ins (eg. vestibule electrical servicing 
and vertical partitions above drop ceilings could be 
installed during initial construction to allow subsequent 
cost-effective barrier implementation should problems 
arise). 
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ATTIC VENTILATION IN NORTHERN CANADIAN CLIMATES   


Ahmad Kayello, Hua Ge, Andreas Athienitis 


 


ABSTRACT 


Housing in northern Canada faces unique climatic, environmental, and social challenges. Over the past 
half-century, housing shortages and failures due to unsuitable design have resulted in homelessness and 
overcrowding. For new houses to address these issues, they must be durable, especially the building 
envelope. One of the main concerns for the building envelope relates to attic design and ventilation. Fine, 
blowing arctic snow tends to accumulate in vented attics if not filtered, while unvented attics risk moisture 
build up if the ceiling is not airtight. This paper investigates the relative hygrothermal performance of 
various attic designs under arctic conditions. 


Hygrothermal simulation software WUFI Plus is used to simulate the long-term performance of several 
types of attics designs under weather conditions of Iqaluit, Nunavut. Attics designs simulated include 
unvented, naturally ventilated, mechanically ventilated, and building-integrated photovoltaic/thermal 
(BIPV/T) ventilated attics. BIPV/T ventilation preheats the ventilation air behind a photovoltaic cladding 
system such that the air can remove more moisture. Various rates of air leakage from the indoor space to 
the attic spaces are applied. The attics are evaluated using the mold growth index. Unvented attics are 
found to be unsuitable for the arctic as they are highly sensitive to even small amounts of air leakage and 
prone to significant mold growth. Natural and mechanical ventilation are found to be effective, provided 
that snow infiltration is prevented with a filter membrane. BIPV/T ventilation provides the best results with 
regards to attic hygrothermal performance, and can simultaneously generate a considerable amount of 
electrical and useful thermal energy. 


INTRODUCTION 


The Inuit communities in Northern Canada have suffered from insufficient and inadequate housing since 
the establishment of wood frame housing by colonists in the 1950s and compulsory participation in 
residential schools. Widespread homelessness, trauma, as well as physical and psychological sickness have 
been the chronic consequences (Tester, 2009; Minich et al., 2011). The main issue with housing in the 
north is that there is generally not enough for the growing population, and that many existing houses are not 
designed to withstand the extreme climate, and so fail prematurely (Statistics Canada, 2008; Minich et al., 
2011). A large part of the solution is ensuring that new housing construction is durable, easy and quick to 
build, energy efficient, inexpensive, and culturally appropriate (Thirunavukarasu et al., 2015). This paper 
looks into the challenge of attic ventilation in arctic climates. 


In Nunavut, houses are generally fitted with cathedral ceilings to avoid dealing with attics. However, since 
attics are less expensive and can support more insulation, it is worthwhile to investigate potential 
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ventilation strategies, especially since energy costs are high and so is the dependence on fossil fuels 
(Government of Nunavut, 2007). The principal issue with ventilated attics in the north is that fine, blowing 
snow infiltrates into attic spaces and accumulates (Forgues, 1985; Lstiburek, 2009). This snow melts in the 
summertime, wetting the attic materials and increasing the overall humidity level. The added moisture can 
result in reduced performance of the insulation as well as mold growth and decay. Seeing that the main 
reason for venting is to remove excess moisture in the attic, this phenomenon is highly counterproductive. 
Conventional techniques of venting are simply not suitable for the arctic (Forgues, 1985). 


To address this issue, attics in Nunavik houses are ventilated using a unique design tailored for northern 
climates (Baril et al., 2013). Instead of allowing the outdoor air to enter the attic directly through soffit 
vents, the attic vents are placed at the bottom of the cladding allowing the air to travel up between the 
cladding and the sheathing before reaching the attic space. Along this passage, polyester filter membranes 
are installed to filter the snow particles out and let the air through such that the attic can be ventilated 
without the risk of snow accumulation. This system is implemented in many houses in Nunavik with many 
variations on the design. 


Another way to address the issue of snow infiltrating attic spaces is to seal the attic such that it is not 
ventilated. This design has been attempted in a high-performance SIP Duplex constructed in Iqaluit, 
Nunavut (Baril et al., 2013). The main issue with unvented attics, however, is that they are very sensitive to 
air leakage from the house (Fugler, 1999). The moisture added through air leakage escapes mainly via 
diffusion through the roof, and this process is relatively very slow. 


Existing research suggests that an unvented attic can perform well in cold climates, given that air leakage is 
minimized. CMHC (1993) performed a two-year field study that includes an unvented attic in cold climate 
and showed that where the ceiling allows for significant air leakage, the unvented attic will have higher 
moisture levels in the materials than the vented attic. However, if the attic is nearly airtight, increasing the 
attic ventilation will result in higher moisture levels in the attic materials. Rose (1992) conducted a two-
year field study of residential attics in Illinois and found that unvented and vented attics exhibited similar 
moisture performance when the ceiling was airtight. Samuelson (1998) performed a year-long field 
experiment in Sweden and found that if there is no air leakage from the indoor space to the attic, the 
relative humidity in the attic is around 5% drier without ventilation. 


Considering that unvented attics do not allow moisture to escape easily and that ventilation can add 
moisture to an attic, an effective way to manage attic humidity is to ventilate only when the outdoor air has 
the potential to dry the attic. This type of ventilation, also known as adaptive ventilation, was tested both 
experimentally and via hygrothermal simulation in Sweden, and researchers have found that this method 
produces the best results compared to conventional ventilation techniques (Nik et al., 2012; Hagentoft & 
Sasic Kalagasidis, 2014). 


Implementing renewable energy technologies is of key interest in the arctic to offset heavy fossil fuel 
dependency. Building-integrated photovoltaic/thermal (BIPV/T) systems generate solar power while 
heating outdoor air. The heated air cools the photovoltaic panels and can be used as preheated air for 
ventilating the housing, ideally combined with a heat recovery or energy recovery ventilator (Beattie et al., 
2015). Chen et al. (2012) assessed the potential for implementing photovoltaic and solar thermal systems 
on vertical faces in high latitude locations experimentally and by simulation. It was found that significant 
amounts of heat (>2MJ/m2) and electrical energy (~1000 kWh/kW) can be harvested. One way the heated 
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air can be used, at least partially, is attic ventilation, since the air would have a higher capacity to dry the 
attic. Because BIPV/T ventilation can slightly increase attic temperature, this kind of ventilation strategy 
may not be as useful in locations where there is heavy snowfall and ice damming is common. However, in 
the arctic where snow loads are generally low, there is much potential. 


Many attic designs and ventilation strategies have the potential to perform well in extreme cold climates. 
This paper aims to investigate, using hygrothermal simulation, the relative performance of various 
ventilation strategies for the arctic.  


METHODOLOGY 


A hygrothermal model is created in WUFI Plus (Antretter et al., 2011) for the purpose of this study. The 
model was used to simulate the hygrothermal conditions of an experiment conducted in an environmental 
chamber using a full-scale test hut, described in (Kayello et al, 2013; Belleudy et al., 2015; Kayello et al., 
2017). The model used here is composed of a 12 m by 10 m house with an attic space divided into 6 
sections Figure 1. Each section has a specific ventilations strategy and there is no heat or moisture transfer 
between the attic bays. The attics are subjected to outdoor conditions of Iqaluit, Nunavut (Figure 2). The 
six ventilation strategies are as follows: 1) no ventilation, 2) mechanical ventilation, 3) natural ventilation, 
4) BIPV/T (building-integrated photovoltaic/thermal) mechanical ventilation, 5) BIPV/T natural 
ventilation, and 6) RH controlled ventilation. 


 
Figure 1: Model of Building with Six Attic Bays Simulated in WUFI Plus 
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Figure 2: Iqaluit Weather Conditions for Typical Meteorological Year (TMY2) 


The second attic is ventilated using an electrical fan exchanging the air in the attic with outside air at a 
constant rate. In this case, and in all cases with ventilation, the attic ventilation air drawn from an opening 
at the bottom of the facade, going through a snow filter membrane behind the cladding before reaching the 
attic, as shown in Figure 3. This way, it is assumed that there is no snow infiltration. This method of 
ventilating the attic is used in Inuit communities in Nunavik. The temperature and moisture conditions of 
the air entering the attic are assumed to be the same as the outdoor conditions. 
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Figure 3: Section of House Showing Attic Ventilation Path and Filter Media 


The third attic is ventilated naturally, such that the ventilation rate is dependent on the wind speed and 
direction. Since the use of the cavity behind the cladding as an attic ventilation path is not conventional, 
correlations between wind speed and direction and attic ventilation rate were developed for this specific 
case using computational fluid dynamics (Kayello et al., 2016). The study accounts for wind speeds 
between 1 m/s and 10 m/s, and at 0º, 45º, and 90º from normal. To calculate the airflow rate in the cavity at 
any wind speed and angle, symmetry is considered and the data is simply interpolated or extrapolated 
linearly. The temperature and moisture conditions of the air entering the inlet of the air cavity are assumed 
to be the same as the outdoor conditions. 


The fourth attic is ventilated mechanically and the south-facing cladding is replaced by a BIPV/T system. 
In this configuration, the BIPV/T system generates electricity while the air drawn in the cavity cools the 
solar panels, increasing their efficiency. The air that ventilates the attic is therefore heated by the BIPV/T 
system and consequently has a higher capacity to dry the attic. For this case, the fan ventilates the attic at a 
rate of 9 ACH only when there is solar radiation incident on the panels. At night, the fan turns off and 
ventilation is prevented. It is assumed that the air entering the attic is warmed by the BIPV/T system, but 
the humidity ratio is the same as the outdoors. 


The fifth attic is ventilated naturally, as with the third attic, though in this case the cladding is replaced with 
a BIPV/T system as with the fourth case. The temperature of the air entering the attic is therefore affected 
by the BIPV/T system, though the ventilation rate is strictly wind-dependent. It is assumed, based on the 
results obtained by Kayello et al. (2016), that the buoyancy driven air is negligible. 


The sixth attic is ventilated mechanically with humidity control. This means that the attic is ventilated only 
when the difference in outdoor and attic humidity ratio is greater than 0.5 g/m3. This is similar to the idea 
of adaptive ventilation, mentioned earlier, though the main distinction is that in this case the attic is 
ventilated even when the outdoor humidity ratio is higher than the attic humidity ratio. Of course, this is not 
intentional or beneficial, but rather it is a limitation of the WUFI Plus software. Even though this 
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ventilation strategy does not function as an adaptive ventilator should, it is nevertheless considered in the 
simulation to compare. 


The hourly outlet temperature conditions for the BIPV/T airflow are needed for the hygrothermal 
simulation. Using a weather file for Iqaluit, which includes hourly temperature, relative humidity, wind 
speed, and solar radiation, the required values are calculated as follows. The equation below (Athienitis et 
al., 2004) is applied to determine the air temperature in a cavity of finite length and width. 


 (1) 


   


 (2) 


Where Ta is the temperature of the air in the cavity, Tw is the BIPV/Cladding temperature, Tb is the back 
plate/sheathing temperature, To is the outdoor temperature, x is the upward vertical distance from the 
bottom of the vented cavity, M is the volume flow rate, c is the specific heat of air, ρ is the air density, W is 
the width of the wall (2 m), and h is the cavity surface convective heat transfer coefficient. An initial guess 
is made for the cavity wall temperatures to execute the equation and find the mean air temperature in the 
cavity. That value is used in the energy balance equations below to check if the initial guesses for wall 
temperatures are reasonable, making this an iterative process. 


 (3)  


Above is the energy balance equation for the BIPV/T cladding, where Uo is the outdoor heat transfer 
coefficient, Uc is the cavity convection coefficient, Ur is the cavity radiation coefficient, S is the incident 
solar radiation on the BIPV panels (obtained from the weather file), α is the absorptance of the panels 
(0.95), Awall is the area of the panels, and η is the electrical efficiency of the panels.  


 (4) 


Above is the energy balance equation is the energy balance equation for the backplate/sheathing, where Uw 
is the conductance of the wall (resistance of the wall assumed to be 8 RSI) and Tr is the indoor temperature 
(22 ºC). These balance equations are solved iteratively until the error in the temperature value is less than 
0.001 ºC. 


The value of Uc is determined using correlations for calculating the Nusselt number for BIPV/T system, 
obtained by Candanedo et. al (2011), shown below: 


 


 (5) 
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 (6) 


where k is the thermal conductivity of the air, Dh is the hydraulic diameter, Re is the Reynolds number, and 
Pr is the Prandtl number. Ur is calculated with the following, linearized equation: 


 (7) 


where σ is the Stefan-Boltzmann constant, while εw and εb are the emissivity values for the BIPV and the 
backplate/sheathing, assumed to be 0.9. Uo is calculated with the following equation, combining convective 
and radiative components: 


 (8) 


The value of ho, the convective component, is obtained using correlations provided by Test at al. (1981): 


 (9) 


Where Vwind is the wind speed. hro is the calculated in a similar fashion as Ur, exchanging Tb for To and 
omitting Awall. The electrical efficiency of the BIPV system is that of typical poly-Si panels (PikeResearch, 
2012) which is temperature dependent: 


 (10) 


The electrical energy production is calculated as follows.   


 (11) 


The heat gained by the air flowing behind the BIPV/T system is calculated using the value of Ta at the 
outlet, which is the inlet of the attic. 


 (12) 


where ṁ is the flow rate and cp is the specific heat of air. 


Hygrothermal simulations with WUFI Plus provide the hourly temperature and relative humidity conditions 
in each attic, for a total of three years. An important criterion in comparing the performance of the attics is 
the mold growth index developed by Hukka & Viitanen (1999). The mold growth index uses temperature 
and relative humidity conditions to determine the potential for mold growth on wood-based materials. The 
mold growth index is represented by a number between 0 and 6, where 0 indicates no mold growth and 6 
indicates 100% mold coverage on a material. A mold growth index of 1 indicates the first stage of mold 
growth has been reached, while a mold growth index of 3 signifies mold growth that can be detected 
visually, implying system failure (ASHRAE, 2009). For every timestep in the simulation, a change in the 
mold growth index is calculated based on ASHRAE standard 160 (ASHRAE, 2009). The temperature and 
relative humidity conditions of the inner surface of the roof sheathing are used for this calculation. The 
initial value given to the mold growth index is 0.   
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Table 1 lists the details of the simulations. In terms of the envelope assemblies, the ceiling is composed of a 
sheet of polyisocyanurate (PIR) with 203 mm of loose fill cellulose insulation, which has a total resistance 
of 7 m2K/W, the recommended value by the Government of Nunavut (2005). The roof is composed of a 
sheet of plywood covered with spun-bonded polyolefin, with metal roofing attached to 1” strapping. The 
indoor conditions are a constant 22 ºC, 40% relative humidity. The initial conditions of the attic space and 
materials are set to -20 ºC, since the simulation starts in January, and 80% relative humidity, which is 
typical for wood based materials. Four rates of air leakage are implemented: none; low, representing 
passive house standards (0.6 ACH@50Pa) (Passive House Institute, 2016); medium, representing 
Nunavut’s recommendation for airtightness (1.5 ACH@50Pa) (Government of Nunavut, 2005), and high, 
which is twice the government recommended value (3.0 ACH@50Pa). The values are obtained by taking 
the air changes per hour at 50 Pa, dividing by 20 to get the natural air changes per hour, and assuming that 
half of the air leakage goes through the ceiling into the attic. 


Table 1: Summary of Building Setup and Boundary Conditions for Hygrothermal Simulation 
   Attic Ventilation Strategy 


Parameter Unvented Mechanical 


Ventilation 


Natural 


Ventilation 


BIPV/T 


Mechanical 


Ventilation 


BIPV/T 


Natural 


Ventilation 


RH Controlled 


Ventilation 


Attic Volume 10 m3 
Ventilation 


0.05 ACH 
(0.5 m3/h) 


3 ACH 
(30 m3/h) 


Wind 
Dependent 


9 ACH 
(90 m3/h) 


Active only in 
the day 


Wind 
Dependent 


3 ACH 
Active when 


humidity difference > 
0.5 g/m3 


Air Leakage 


Rates 
None: 0 m3/h/m2, Low: 0.036 m3/h/m2, Medium: 0.09 m3/h/m2, High: 0.18 m3/h/m2 


Ceiling 


Assembly 
203 mm of cellulose insulation and 38 mm PIR (equivalent to 7 RSI) 


Roof Assembly Plywood, Spun-bonded Polyolefin, Air Space, Metal Roofing 
Indoor 


Environment 
22 ºC, 40% RH 


Outdoor 


Environment Iqaluit, Nunavut Typical Meteorological Year (TMY2) weather file 


Initial Attic 


Conditions -20 ºC, 80% RH 


Simulation 


Duration 3 years starting January 1st 


For the unvented attic, a background, unintentional ventilation rate of 0.05 air changes per hour (ACH) is 
assigned. For the case of mechanical ventilation, the ventilation rate is a constant 3 ACH. For the case of 
BIPV/T mechanical ventilation, the attic is ventilated at a rate of 9 ACH only in the daytime. This value is 
chosen so that the airflow speed in the BIPV/T cavity is 0.5 m/s, which is within the acceptable range for 
BIPV/T’s thermal and electricity generation. For the case of RH controlled ventilation, the attic ventilated 
at a rate of 3 ACH when the difference in humidity ratio between the attic and the outdoors is greater than 
0.5 g/m3. For both naturally ventilated attics, the ventilation rate is wind dependent as described earlier, and 
the average monthly ACH values for those attics are shown in Figure 4. 


Also of interest is the potential of using only a portion of the preheated air from the BIPV/T mechanical 
ventilation case for attic ventilation, and the rest is directed elsewhere, potentially for ventilating the indoor 
space. Therefore simulations are carried out where only 1/3 and 1/6 of the air from the BIPV/T is used to 
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ventilate the attic, equivalent to 3 ACH and 1.5 ACH during the daytime, while the air leakage rate is set to 
high.  


 
Figure 4: Average Monthly Attic Air Changes Per Hour for Naturally Ventilated Cases 


RESULTS 


The simulations provide the hourly temperature and relative humidity (RH) conditions for each attic. For 
convenience, the average monthly RH conditions are presented in Figure 5 through Figure 9. The 
temperature conditions in the attics are similar, within 3 ºC, so the RH conditions can be compared directly. 
The case with no air leakage is presented in Figure 5. It is clear that even without air leakage, the unvented 
attic maintains the highest RH levels throughout the simulation. Without ventilation, the attic has difficulty 
expelling moisture, though over the course of three years, the RH level in the attic does decrease by about 
3%. This shows the importance of ensuring that the attic materials are kept as dry as possible during 
construction. Relatively, the ventilated attics exhibit much better performance. The case with RH controlled 
attic ventilation maintains the highest RH levels of the ventilated attics; of course, this is because the attic is 
ventilated even when the outdoor humidity is higher than the attic. The naturally ventilated cases perform 
well, though the incorporation of the BIPV/T system results in lower RH levels, up to 6% difference in the 
summer time. The mechanically ventilated case performs about as well as the naturally ventilated cases. 
This makes sense since the average natural ventilation rate, shown in Figure 4, is close to 3 ACH, which is 
the ventilation rate of the mechanically ventilated attic. BIPV/T mechanical ventilation provides the lowest 
RH levels of all cases by far.  
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Figure 5: Average Monthly Relative Humidity of Attics With No Air Leakage 


Figure 6 shows the RH levels in the attics with a low amount of air leakage. Even though the air leakage 
rate is low, the humidity levels in the unvented attic increase slowly over the years, and exceed 85% RH 
consistently. The RH level in the ventilated attics reach over 90% in the winter, but quickly decreases in the 
springtime. The natural ventilated attics and the mechanically ventilated attic reach as low as 50% RH by 
June, while the BIPV/T mechanically ventilated attic achieves less than 40% RH as early as April. 


 
Figure 6: Average Monthly Relative Humidity of Attics With Low Air Leakage (0.036 m3/h/m2) 


With medium air leakage, as shown in Figure 7, the RH levels in the unvented attic vary between 88% in 
summer and almost 100% in winter. The attic ventilated with RH control experiences a decrease in RH 
levels more rapidly than most other ventilated attics, which further indicates that outdoor air in the 
springtime is highly suitable for drying the attic. The BIPV/T mechanical ventilated attic exhibits the 
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lowest RH levels, reaching as low as 40% in the spring and as high a 93% in the winter. At high rates of air 
leakage, as shown in Figure 8, similar trends are observed. Almost all attics experience over 95% RH in 
winter, though are able to recover to less than 60% RH by spring.  


 
Figure 7: Average Monthly Relative Humidity of Attics With Medium Air Leakage (0.09 m3/h/m2) 


 
Figure 8: Average Monthly Relative Humidity of Attics With High Air Leakage (0.018 m3/h/m2) 


The BIPV/T mechanically ventilated attic attained the lowest RH levels by far, so it is worthwhile to 
investigate the potential of using only a fraction of the BIPV/T outlet air for attic ventilation. Figure 9 
shows the RH levels for the BIPV/T mechanically ventilated attic, with a high rate of air leakage, where 
100%, 33% and 17% of the outlet air is used for ventilation. These values are equivalent to 9 ACH, 3 ACH, 
and 1.5 ACH respectively. It is clear that even with very low rates of attic ventilation, the RH levels in the 
attic can decrease to less than 60% in the warmer seasons. The main difference is how quickly this decrease 
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happens. At 9 ACH, the RH in the attic reaches less than 60% by April, at 3 ACH by June, and at 1.5 ACH 
by July. The results from the mechanical ventilation case (3 ACH) are also included in Figure 9 for 
comparison. At 33% flow into the attic with BIPV/T case (3 ACH in the daytime), the results are very 
similar to the mechanical ventilation case, which ventilates at 3 ACH continuously. This illustrates the 
benefit of the BIPV/T, where similar results can be attained while ventilating the attic half as much.  


 


 
Figure 9: Average Monthly Relative Humidity of Attic with BIPV/T Mechanical Ventilation and High Air Leakage (0.18 m3/h/m2) 


With attics, the biggest concern is moisture damage by mold growth and decay, so the mold growth index 
is a useful criterion for comparing the attic performance. Table 2 lists the highest mold growth index 
attained by each attic over the course of the three-year simulation. The unvented attic is actually the only 
attic that performed poorly. With no air leakage, the mold growth index exceeds 1, which implies that mold 
growth occurred microscopically. At even low rates of air leakage, the mold growth index exceeds 3, 
indicating visible mold growth and system failure. Figure 10 shows the change in mold growth index over 
time for the unvented attic. All other attics performed exceptionally well as the mold growth index remains 
very low, below 0.04, which is negligible. It is interesting to note that the only two attics where the mold 
growth index does not exceed zero are the BIPV/T mechanically ventilated attic and the RH controlled 
attic. 


Table 2: Highest Mold Index Attained for Attics 


 Highest Mold Growth Index Attained 


Air 


Leakage 


Rate 


Unvented 
Mechanical 


Ventilation 


Natural 


Ventilation 


Mechanical 


BIPV/T 


Ventilation 


Natural 


BIPV/T 


Ventilation 


RH control 


None 1.65 0.00 0.00 0.00 0.00 0.00 
Low 3.84 0.00 0.01 0.00 0.00 0.00 
Medium 4.46 0.01 0.03 0.00 0.01 0.00 
High 4.74 0.02 0.04 0.00 0.02 0.00 







 


 


Paper 90                                                                                                     Page 13 of 18 
 


 


 
Figure 10: Mold Growth Index for the Unvented Attic 


For the case with the BIPV/T mechanically ventilated attic where only a portion of the airflow is used for 
attic ventilation, the mold growth index results are shown in Table 3. When 1/3 of the air is used for attic 
ventilation, the mold growth index reaches only 0.01, which is negligible. When 1/6 of the air is used for 
attic ventilation, the mold growth index reaches 0.12, which is relatively much higher but still significantly 
low and well within the safe range. Of course, these results are for high rates of air leakage, which should 
not be expected in new houses. This shows that there is much potential for the BIPV/T outlet air to be used 
for other purposes. In fact, attic ventilation would likely be the secondary end use. 


Table 3:  Highest Mold Index Attained for Attic with BIPV/T Mechanical Ventilation and High Air Leakage Rate 


Percentage 


flow into attic 


Attic Air 


Changes 


Highest Mold 


Growth Index 


100% 9 0.00 
33% 3 0.08 
17% 1.5 0.32 


The total monthly amount of thermal energy collected by the air passing through the BIPV/T system is 
visualized in Figure 11. In the case of natural ventilation, the heat gains are highest April through June, 
where over 20 kWh of heat are collected each month per meter width of BIPV/T. However, since airflow is 
only wind driven, it cannot really be used for any other means besides attic ventilation. In the case of 
mechanical ventilation, the heat gains are significantly higher since the air speed in the BIPV/T channel is 
much higher. In the late fall and early winter, November through January, the heat gains are below 20 
kWh/m per month. However, from February through September, the heat gains exceed 50 kWh/m per 
month, reaching as high as 112 kWh/m in April. The total heat collected annually is 704 kWh/m; if the 
entire south face of the building was covered in BIPV/T, this would equal almost 8.5 MWh. The advantage 
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with mechanical ventilation is that the heated air can be used for other means. Considering that an energy 
efficient house of similar size in the arctic can require less than 15 MWh of space heating annually 
(Cornick, 2009; Vladykova et al., 2012; CMHC, 2017), the heat collected with the BIPV/T can potentially 
offset the heating requirements by over 50%. Of course, the peak heat generation does not correspond to 
peak heating requirements. Since heating is required almost year round, the heat collected by the BIPV/T 
would be most useful in the spring, summer, and fall. Coupling the BIPV/T system with a heat recovery or 
energy recovery ventilator may be one of the more effective methods of utilizing the heated air in this 
climate 


 
Figure 11: Monthly Thermal Energy Collected by Airflow behind BIPV/T Per Meter Width of BIPV/T Cladding 


Figure 12 shows the total electrical energy produced by the BIPV/T each month. The results for the 
naturally ventilated and mechanically ventilated attics are very similar; mechanical ventilation achieves 
higher airflow rates, cooling the panels more and making them slightly more efficient. Peak energy 
production is in April with almost 108 kWh per meter width of BIPV/T per month. Annually, 683 kWh/m 
are produced with mechanical ventilation, and 668 kWh/m with natural ventilation. If the entire south face 
of the house is covered with BIPV/T, 8,196 kWh can be produced annually. This is equivalent to 68 
kWh/m2 for a 120 m2 house. An energy efficient arctic house of similar size requires less than 40 kWh/m2 
per year for lighting, appliances and plug loads (CMHC, 2016). The power required by the fan to draw air 
through the 12 m wide BIPV/T at 0.5 m/s would be less than 10 watts, and would consume less than 50 
kWh a year, which is not significant. Since electricity in the north is produced using fossil fuels, which also 
need to be delivered by sea from the south, offsetting the electrical loads with solar power would be very 
beneficial to the long term sustainability of northern housing. 
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Figure 12: Monthly Electrical Energy Generation Per Meter Width of BIPV/T Cladding 


CONCLUSION 


Attic ventilation in arctic climates is a unique issue because of the extreme cold and drifting snow. This 
paper examines the performance of attics with several ventilation strategies using hygrothermal simulation. 
Unvented attics are found to be a high-risk design, even at low air leakage rates, since the moisture does not 
diffuse through the roof at a sufficient rate, and the likeliness of mold growth is high. Ventilating attics 
either mechanically or passively are shown to be effective at maintaining low humidity levels in the attics, 
provided that snow infiltration is prevented with filtration media along the ventilation path. The springtime 
is the most crucial and effective time to ventilate, so seasonal ventilation is a strategy worth exploring. 
Allowing the attic ventilation air to pass through a BIPV/T is shown to improve the performance of the 
attic further. BIPV/T mechanical ventilation provides the best results of all cases studied, and benefits from 
having electricity production and useful thermal energy. Only 1/3 or 1/6 of the air passing through the 
BIPV/T can be used for attic ventilation to maintain low humidity levels and avoid mold growth. The 
majority of the preheated air can be used for ventilating the indoor space, ideally with a heat recovery or 
energy recovery ventilator. If the entire south face of the building is clad with BIPV/T, 50% of annual 
heating needs and 150% of annual electrical needs can be produced, offsetting fossil fuel dependency.  
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Attics in Cold Climate
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• To investigate using hygrothermal simulations the 
comparative hygrothermal performance of attics of various 
ventilation strategies, including novel BIPV/T attic 
ventilation, subjected to extreme cold climates.


Background Key Findings Methodology Results Conclusion







Simulation Setup
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• Hygrothermal model 
developed in WUFI Plus.


• 12 x 10 m house with 6 attics:
– No ventilation
– Mechanical ventilation
– Natural ventilation
– BIPV/T mechanical ventilation
– BIPV/T natural ventilation
– RH controlled ventilation
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Iqaluit Weather


17-11-06 CCBST 2017 – Paper #90  - Ahmad Kayello 11


• TMY weather file 
provides hourly data on 
temperature, relative 
humidity, solar radiation, 
and wind conditions.
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Simulation Methodology
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• Various levels of air leakage
• CFD simulations used to determine ventilation rate by Kayello et al. 


(2016)
• Simplified BIPV/T heat transfer model developed by Athienitis et al. 


(2004)
• Mold Growth Index by Hukka & Viitanen (1999) to evaluate attics 


   Attic Ventilation Strategy 


Parameter Unvented Mechanical 


Ventilation 


Natural 


Ventilation 


BIPV/T 


Mechanical 
Ventilation 


BIPV/T 


Natural 
Ventilation 


RH Controlled 


Ventilation 


Attic Volume 10 m3 
Ventilation 


0.05 ACH 
(0.5 m3/h) 


3 ACH 
(30 m3/h) 


Wind 
Dependent 


9 ACH 
(90 m3/h) 


Active only in 
the day 


Wind 
Dependent 


3 ACH 
Active when 


humidity difference > 
0.5 g/m3 


Air Leakage 
Rates 


None: 0 m3/h/m2, Low: 0.036 m3/h/m2, Medium: 0.09 m3/h/m2, High: 0.18 m3/h/m2 


Ceiling 


Assembly 
203 mm of cellulose insulation and 38 mm PIR (equivalent to 7 RSI) 


Roof Assembly Plywood, Spun-bonded Polyolefin, Air Space, Metal Roofing 
Indoor 
Environment 


22 ºC, 40% RH 


Outdoor 


Environment Iqaluit, Nunavut Typical Meteorological Year (TMY2) weather file 


Initial Attic 


Conditions 
-20 ºC, 80% RH 


Simulation 
Duration 3 years starting January 1st 
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WUFI Plus Attic Simulation


Weather Data


Natural Attic 
Ventilation BIPV/T 


Calculation


Control Parameters  


Building 
Geometry


Materials 
Hygrothermal 


Properties


Outdoor RH, T


Wind Speed, 
Direction


Solar 
Radiation


Other Inputs


Indoor RH, T


Ceiling Air 
Leakage Rate


Calculation
Flow 
Rate


BIPV/T 
Properties


Outlet 
RH, T


Initial T, RH


Ventilation 
Rates


Analysis


Hourly 
Hygrothermal 


Conditions


Mold Index


Degrees 
Condensation


Other Graphical 
& Numerical 


Analyses


Conclusions & 
Recommendations
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• No air leakage
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• Low air leakage
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• High air leakage


Background Key Findings Methodology Results Conclusion
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 Highest Mold Growth Index Attained 


Air 


Leakage 
Rate 


Unvented 
Mechanical 


Ventilation 


Natural 


Ventilation 


Mechanical 


BIPV/T 
Ventilation 


Natural 


BIPV/T 
Ventilation 


RH control 


None 1.65 0.00 0.00 0.00 0.00 0.00 
Low 3.84 0.00 0.01 0.00 0.00 0.00 
Medium 4.46 0.01 0.03 0.00 0.01 0.00 
High 4.74 0.02 0.04 0.00 0.02 0.00 


 
High Air Leakage


Medium Air Leakage


Low Air Leakage


No Air Leakage


Mold growth


commences


Failure


M
o
ld


 I
n


d
e


x


0


1


2


3


4


5


Time


Jan Jul Jan Jul Jan Jul Jan
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• High air leakage, partial BIPV/T flow to attic


Background Key Findings Methodology Results Conclusion


Percentage 
flow into attic 


Attic Air 
Changes 


Highest Mold 
Growth Index 


100% 9 0.00 
33% 3 0.08 
17% 1.5 0.32 
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Background Key Findings Methodology Results Conclusion


• 150% of 
annual 
electricity 
consumption 
of energy 
efficient 
house







Results
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Background Key Findings Methodology Results Conclusion


• 50% of annual 
space heating 
of energy 
efficient 
house







Conclusion
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Background Key Findings Methodology Results Conclusion


• Attic ventilation in arctic climates is a unique issue.
• Unvented attics are found to be a high-risk design.
• Ventilating attics either mechanically or passively 


shown to be effective.
• The springtime is the most crucial and effective 


time to ventilate.
• Allowing the attic ventilation air to pass through a 


BIPV/T is shown to improve the performance of the 
attic further.


• Only a fraction of the BIPV/T air would need to be 
used for attic ventilation.


• 50% of annual heating needs and 150% of annual 
electrical needs can be produced.







Thank you!
Questions?
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NBC 2015 SUBSECTION 5.9.3 OTHER FENESTRATION ASSEMBLIES: 


THE INTENT BEHIND THE NEW CODE PROVISIONS  


D.G. Kayll1, G.R. Torok2, and R. Jutras3 


 


ABSTRACT 


In Canada, the design, construction and installation of glazing systems has been partially regulated through 
standards and building Codes for decades.  Most Code-referenced standards addressed factory assembled 
windows, doors or skylights installed singly or ganged in openings in exterior walls and roofs.  As punch 
windows evolved into floor-to-ceiling, window wall systems, they moved beyond the scope of the referenced 
window standards.  Canadian standards for glazing systems intended for non-residential construction, such 
as curtain wall, sloped glazing, and storefront were never codified, and the new glazed architectural structures 
systems being introduced from other countries are not strictly covered by standards or Codes.  Prescriptive 
or performance requirements in CNBC that were meant to regulate other exterior wall assemblies weren’t 
sufficient to address some aspects of these systems and more sophisticated structural glass, cable supported 
and other modern systems.   


Architects, designers, commissioning authorities and agents, and authorities having jurisdiction have 
haphazardly turned to standards developed in other countries in an attempt to standardize use, but with limited 
success, and often inconsistent results. The building science industry has had to rely on evolving, unregulated 
“reasonable engineering practice” for adequate performance. 


This shortcoming in regulation has been addressed in the 2015 National Building Code of Canada.  A new 
category of “Other Fenestration Assembly” has been introduced into Division B, Part 5 Environmental 
Separation to address window wall, curtain wall, storefront, and glazed architectural structures.  
Requirements are included to address resistance to structural and environmental loads, air leakage, water 
penetration, heat transfer, and condensation resistance.  Guidance notes in Appendix A describe background, 
intent and definitions.   


This paper presents a summary of the new requirements and supporting guidance, identify departures from 
standards commonly used and give useful background information.  This paper will be of interest to architects 
and engineers, manufacturers and installers, and authorities having jurisdiction. 


NBC 2015 AND OTHER FENESTRATION ASSEMBLIES 


What is this about? 


The National Building Code of Canada (“NBC”) is a model code that identifies expected minimum standards 
of performance for all functions that are to occur within a base building design.  This includes life safety, 
occupant health, and resistance to deterioration that would endanger life.  As part of the NBC’s format, 
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guidelines identified as “Objectives” have been developed, coupled with Functional Statements.  The 
combination of Objective and Functional Statement is used to justify the identified minimum performance 
expectation. No provision within the NBC can exist without an accompanying Objective and Functional 
Statement from the collection that are identified within Division A. 


Prior to the 2015 National Building Code’s (NBC) release the expected minimum performance requirements 
for glazing systems was covered under the Code in one of two ways; 


1) Under 2010 NBC Division B 5.10 for windows and doors covered under the scope of 
AAMA/WDMA/CSA 101/I.S.2/A440 North American Fenestration Standard (“NAFS”), or 


2) Under 2010 NBC Sub-sections 5.1 through 5.5, with performance requirements that we 
effectively left to the expertise of the designer to determine suitability for the design. 


The North American Fenestration Standard scope only includes for windows (all type of operators and fixed), 
doors (sliding and hinged), skylights (modular manufactured units or roof windows) and tubular daylight 
devices. 


Systems outside the NAFS scope, like curtain wall and window wall, defaulted to the second approach above. 
Each of Sub-Sections 5.1 to 5.5 provide high level instruction on performance but have little guidance on 
what was considered acceptable minimum performance, as related to specific Objectives and Functional 
Statements for these systems. These Sub-Sections also have no specific reference to the appropriate standards 
for assessing consistent performance identified within the regulation. 


At the same time the Code was vague on specific guidance, the design and construction of new residential, 
institutional, and commercial facilities under the auspices of NBC, Division B, Part 3 (and therefore Part 5) 
was going through a significant and sustained period of growth.  New glazing assembly designs and systems 
were being introduced and incorporated into the design landscape without clear understanding of how they 
should perform in the various climate zones within Canada. 


 


 


 


 


 


Figure 1: Photos of example buildings with special glazing systems     


Designers were left to interpret the intent of 2010 NBC Sub-sections 5.1 to 5.5 and create performance criteria 
for these systems. In some cases, specialized technical design support was brought in to contribute towards 
these decisions on performance, but often the designers left the decisions on performance to the 
manufacturer’s sales and internal testing reports.  Depending upon the source of the systems, data may have 
been reported in any number of formats, from DIN, to ISO, to various consensus and non-consensus industry 
organizations test methodologies, e.g., AAMA, ASTM, CGSB, CSA, and other agencies.  It was not unusual 
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to find incorrect performance criterial references for these systems relating back to standards that were not 
written for these systems, e.g., A440 air, water and structural performance criteria applied to curtain wall or 
window wall systems. 


Experience shows, that there has been an increasing rate of large-scale failures for these systems with 
corresponding increased concerns in the design, construction and insurance industries. With the increased 
use of these systems, in both residential (e.g. mid. to high rise condominium) and commercial buildings, the 
Standing Committee on Environmental Separation felt that these products need to be reviewed and possibly 
addressed in Part 5 of the code. 


It was recognized that the primary missing guidance in the Code related to; 


1) Curtain wall systems 


2) Window wall systems 


3) Storefront systems 


What the Code Commission did 


In 2010 the Canadian Commission on Building and Fire Codes struck a Task Group under the Standing 
Committee for Environmental Separation (NBC Division B Part 5) to tackle the missing guidance on these 
glazing systems.  The Mandate for this Task Group was: 


1) Mandate 


A Task Group of the Standing Committee on Environmental Separation will: 


a) develop a preliminary description of the term window wall for reference for other 
activities under this Task and for possible inclusion in Appendix A of Part 5. 


b) review relevant window wall and/or curtain wall requirements as well as related 
industry documents on their design, manufacture, use and installation, 


c) determine whether the current building code requirements properly address window 
walls and/or curtain walls and, 


i) if changes to the current requirements (criteria) are not considered 
necessary, report to the responsible Standing Committee 


ii) if changes to the current requirements (criteria) are considered appropriate 
but there is insufficient information to support requests for changes, identify 
the areas where information is needed and report to the responsible Standing 
Committee 


iii) if changes to the current requirements are considered appropriate and there 
is sufficient information to support changes, develop proposed changes and 
recommend those changes to the responsible Standing Committee. 
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Task Group First Undertaking 


One of the first tasks undertaken was the identification and development of specific terminology of each of; 
window wall, curtain wall, storefront fenestration, glazed architectural structures. Research on existing 
definitions of each of these systems was conducted and then adjustments were made to capture the essence 
of each system as it is typically used in Canadian construction. From NBC A.5.9.5.1.(1) Terminology for 
Other Fenestration Assemblies stands as follows; 


Curtain Wall 


A curtain wall is considered to be a continuous wall cladding assembly (which may include fenestration and 
opaque portions) that is hung away from the edge of the primary floor structure. Curtain wall assemblies do 
not generally support vertical loads other than their own weight. Anchorage is typically provided by anchors 
that connect back to the floor structure. Curtain wall assemblies can be either “stick built” meaning each 
main unit is assembled on-site, or a “unitized” system, meaning factory-assembled main units are installed 
and connected together on-site. 


 


 


 


 


 


 


Figure 2: Curtain wall   


Window Wall 


A window wall is considered to be a wall cladding assembly (which may include fenestration and opaque 
portions) that spans from the top of a primary floor structure to the underside of the next higher primary floor 
structure. Window wall assemblies do not generally support vertical loads other than their own weight. 
Primary provision for anchorage occurs at head and sill connections with the adjoining floor structure. 
Window wall assemblies may include separate or integral floor edge covers. 
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https://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj3htTCoqjWAhXo4IMKHR4BClsQjRwIBw&url=https://www.pinterest.com/pin/56858014015715165/&psig=AFQjCNFUM0mV5iN3MKC8wZD5aUD__OBqLg&ust=1505601872774273
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Figure 3 Window wall 


Storefront 


A storefront is considered to be a non-residential assembly (which may include fenestration and opaque 
portions) consisting of one or more elements that could include doors, windows and curtain wall framing. 
Storefronts do not generally support vertical loads other than their own weight. Storefront profiles are 
typically narrow, rectilinear framing members that hold a combination of pocket glazing and applied glazing 
stops to securely retain the infills. Vertical framing members typically span the height of one floor or are 
retained within a structural punched opening. 


Storefront assemblies are designed/selected to take into account the anticipated service and exposure 
conditions, which may be different than those for other portions of the building. 


 
Figure 4 Storefront 


Glazed Architectural Structures 


Glazed architectural structures are considered glazing assemblies that are supported in a non-traditional 
manner, such as corner-clamped, point-supported, linear-supported, and edge-clamped glazing. Structural 
support systems can include, but are not limited to, tension cables, tension rods, steel and glass. Glazed 
architectural structures do not generally support vertical loads other than their own weight. These assemblies 
are designed/selected to take into account the anticipated service and exposure conditions, which may be 
different than those for other portions of the building. 


 


Skylights that are not covered by AAMA/WDMA/CSA 101/I.S.2/A440, “NAFS — North American 
Fenestration Standard/Specification for Windows, Doors, and Skylights,” are considered glazed architectural 
structures. 
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Figure 5: Glazed Architectural Structures 


These systems are common across Canada in all building types and occupancies. 


The Code Requirements 


NBC 2015 performance and testing requirements for ‘other fenestration systems” are set out in Division B, 
Part 5 Environmental Separation, Subsection 5.9.3.  These requirements are described following with 
commentary, to provide to potential users of such systems in Canada some insight regarding current design 
capabilities of Canadian industry and how designs may change in the next few years as the NBC 2015 is 
adopted or adapted across Canada. 


1) Structural and Environmental Loads 


Article 5.9.3.2.:  no specific requirements are included for structural design.  Instead, reference 
is made to Article 5.1.4.1 which sets out generic requirements for all building envelope materials, 
components and assemblies.  However, in the non-mandatory Appendix A for Article 5.9.3.2, 
ASTM E330 is identified as the ‘applicable’ test method.  That is the same test method required 
by previous Canadian window standards and currently by NAFS for windows, doors and 
skylights.  Canadian manufacturers of Other Fenestration Assemblies systems should be able to 
furnish test reports to this standard.  Appendix A also identifies AAMA 501 Methods of Tests 
for Exterior Walls, AAMA 501.4 Recommended Static Testing Method for Evaluating Curtain 
Wall and Storefront Systems Subjected to Wind Induced Interstory Drift and AAMA 501.6 
Recommended Dynamic Test Method for Determining the Seismic Drift Causing Glass Fallout 
from a Wall System as other test methods that can be used to assess structural performance.  It 
is important to note that currently, many Canadian window wall systems are not tested to these 
AAMA standards comparatively to the large number of curtain wall systems that have been 
tested to these AAMA standards.  


2) Heat Transfer 


Article 5.9.3.3:  reference is made to Section 5.3. which sets out generic requirements for heat 
transfer for all building envelope materials, components and assemblies (Sentence 5.9.3.3.(1))  
Metal-framed fenestration assemblies are also required to incorporate a thermal break to 
minimize condensation (Sentence 5.9.3.3.(2)).  The accompanying discussion in Appendix A 
recommends compliance to CSA-A440.2, Fenestration Energy Performance which in turn 
references procedures developed by the National Fenestration Rating Council (NFRC) for 
simulation or physical testing to determine U-factor (NFRC 100 Procedure for Determining 
Fenestration U-Factors and NFRC 200 Procedure for Determining Fenestration Product Solar 
Heat Gain Coefficient and Visible Transmittance at Normal Incidence, respectively).  Two 
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physical test methods are identified for assessing condensation resistance:  the “Temperature 
Index” method in CSA-A440.2 or measuring room-side surface temperatures during one of the 
cold cycles of AAMA 501.5 Test Method for Thermal Cycling of Exterior Walls.  The 
‘Temperature Index’ method is unique to the Canadian window industry with fixed indoor 
ambient air temperature of +20 +/- 1°C (68 +/- 2°F, approximately) and an outdoor ambient air 
temperature of -30 +/- 1°C (-22 +/- 2°F, approximately).  Results are not directly comparable to 
methods for measuring condensation resistance in the USA, such as NFRC 500 Procedure for 
Determining Fenestration Product Condensation Resistance Values.   


Therefore, results for condensation tests for Canadian fenestration systems should be reviewed 
carefully to ensure they are using an acceptable method suitable for the Canadian climate and 
specific to the performance expectation. 


3) Air Leakage 


Article 5.9.3.4: reference is made to Section 5.4. for generic requirements that apply to all 
building envelope materials, components and assemblies (Sentence 5.9.3.4. (1)).  A specific 
requirement is made for testing to ASTM E 283 Standard Test Method for Determining Rate of 
Air Leakage Through Exterior Windows, Curtain Walls, and Doors Under Specified Pressure 
Differences Across the Specimen with specified maximum allowable air leakage rates (Sentence 
5.9.3.4.(2)).  For fixed glazed and opaque portions the maximum allowable air leakage rate is 
0.2 l/s/m2 (0.039 cfm/ft2) at a pressure difference of 75 Pa (1.57 psf) which is consistent with 
Canadian minimum requirements for air leakage rate in AAMA/WDMA/CSA 101/I.S.2/A440, 
NAFS — “North American Fenestration Standard/Specification for windows, doors, and 
skylights”, for fixed windows.  For operable portions the maximum allowable air leakage rate is 
1.5 l/s/m2 (0.30 cfm/ft2) at 75 Pa (1.57 psf) which is the same as required under NAFS for R, LC 
and CW performance classes.  There is no requirement in the NBC 2015 for testing at a 300 Pa 
(6.27 psf) air pressure differential as required by NAFS for the AW performance class or under 
AAMA 501 in buildings in which greater control of indoor air quality and/or humidity is 
required.  However, the authors are aware of Canadian manufacturers who test their products to 
such levels. 


Furthermore, in the non-mandatory Appendix A for Article 5.9.3.4. (2), ASTM E783 “Field 
Measurement of Air Leakage Through Installed Window and Doors” is identified as the 
“applicable” test method when in-situ air leakage tests are to be performed.   


4) Water Penetration 


Article 5.9.3.5:  reference is made to Section 5.6. for generic requirements applicable to all 
envelope systems of buildings.  Lab testing is also required to ASTM E 331 Standard Test 
Method for Water Penetration of Exterior Windows, Skylights, Doors, and Curtain Walls by 
Uniform Static Air Pressure Difference as in the USA for fenestration systems, or to ASTM E 
547 Standard Test Method for Water Penetration of Exterior Windows, Skylights, Doors, and 
Curtain Walls by Cyclic Static Air Pressure Difference which is required in Canada for window 
systems.  Regardless of the test method, the test pressure is determined in accordance with CSA-
A440S1, the Canadian Supplement to NAFS, using the Driving Rain Wind Pressure (DRWP).  
Water penetration resistance of windows in Canada is not based on a fraction of the wind load 
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(Design Pressure) as in the USA but instead on wind pressures measured during rainfall at 
specific locations across Canada (typically airports), for a 1/10 return period probability, 
modified for terrain condition (open or rough) and building height.  The authors have worked 
with Canadian fenestration systems manufacturers who have tested systems to AAMA 501 at 
300 Pa and 600 Pa (6.24 psf and 720 psf) pressure differentials so such systems are available. 


Appendix A also identifies AAMA 501.1 Standard Test Method for Water Penetration of 
Windows, Curtain Walls and Doors Using Dynamic Pressure as a test method that can be used 
to evaluate the performance of “other fenestration assemblies”.  The reference to AAMA 501.1 
is significant because it recognizes that Canadian window walls systems are similar in some 
respects to unitized curtain wall systems, often installed at similar building heights (50 stories or 
more) and therefore, subjected to dynamic wind forces.  Typically, in the past Canadian window 
walls were tested to static cyclic pressure differentials only (ASTM E 331 and E 547) which may 
not adequately duplicate service conditions when installed on very tall buildings.  The authors 
have worked with several manufacturers of Canadian window wall and curtain wall systems who 
have tested to AAMA 501.1. 


Furthermore, in the non-mandatory Appendix A for Article 5.9.3.5. 2), ASTM E1105 “Field 
Determination of Water Penetration of Installed Exterior Window, Skylights, Doors and Curtain 
Walls by Uniform or Cyclic Static Air Pressure Difference” is identified as the “applicable” test 
method when in-situ water penetration resistance tests are to be performed. 


CONCLUSION 


Expected Impacts of the Changes and Discussion 


These new requirements and recommendations in the NBC 2015 will be used as a basis for professionals to 
specify Other Fenestration Assemblies and Products minimum performance requirements, which will 
improve the uniformity of the available test results and performance expectations. 


As previously mentioned, the application of these new requirements aims at reducing system failures related 
to criteria such as condensation, air leakages, water penetration, structural load, etc. It will also help design 
professionals reduce the occurrence of incorrect and/or non-applicable standards and their specification. 


In addition, the Appendix A clearly identifies and differentiates the standard procedures to be followed for 
both laboratory testing and in-situ testing. This improvement will reduce the confusion with regards to the 
proper procedure applicable to each situation. 
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CONTEXT


Prior to the 2015 National Building Code:


Minimum performance requirements for glazing systems:


1) Under 2010 NBC Division B 5.10 for windows 
and doors covered under the scope of 
AAMA/WDMA/CSA 101/I.S.2/A440 North 
American Fenestration Standard (“NAFS”), or


2) Under 2010 NBC Sub-sections 5.1 through 5.5, 
with performance requirements that we 
effectively left to the expertise of the designer to 
determine suitability for the design.







CONTEXT


Products covered by NAFS:


• windows (all type of operators and fixed);
• doors (sliding and hinged);
• skylights (modular manufactured units or roof windows) 


and tubular daylight devices.


Systems outside the NAFS scope:


• curtain walls;
• window walls;
• storefronts;
• commercial skylights.







CONTEXT


This products are defaulted to the second approach.


What is provided by Sub-Sections 5.1 to 5.5 or not:


• high level instruction on performance;
• little guidance on acceptable minimum performance;
• no specific reference to the appropriate standards for 


assessing consistent performance.


Although, new glazing assembly designs and systems were 
being introduced and incorporated into the design landscape 
without clear understanding of how they should perform in 
the various climate zones within Canada.







CONTEXT


Designers were left to interpret the intent of 2010 NBC Sub-
sections 5.1 to 5.5 and create performance criteria for these 
systems. 







CONSEQUENCES


• designers left the decisions on performance to the 
manufacturer’s sales and internal testing reports;


• data may have been reported in many number of 
formats, e.g., AAMA, ASTM, CGSB, CSA etc.;


• not unusual to find incorrect performance criterial 
references for these systems relating back to standards 
that were not written for these systems, e.g., A440 air, 
water and structural performance criteria applied to 
curtain wall or window wall systems;


• or reference to outdated standards.







WHAT THE EXPERIENCE HAS SHOWN


• increasing rate of large-scale failures for these 
systems;


• increased concerns in the design, construction and 
insurance industries;


• increased use of these systems, in both residential 
(e.g. mid. to high rise condominium) and commercial 
buildings. 


Therefore, the Standing Committee on Environmental 
Separation felt that these products need to be reviewed and 
possibly addressed in Part 5 of the code.







STANDING COMMITTEE FINDINGS


It was recognized that the primary missing guidance in the 
Code related to:


• Curtain wall systems
• Window wall systems
• Storefront systems











WHAT THE CODE COMMISSION DID IN 2010


The commission struck a Task Group under the Standing 
Committee for Environmental Separation (NBC Division B 
Part 5) to tackle the missing guidance on these glazing 
systems







MANDATE


a) develop a preliminary description of the term 
window wall for reference for other activities under 
this Task and for possible inclusion in Appendix A 
of Part 5;


b) review relevant window wall and/or curtain wall 
requirements as well as related industry documents on 
their design, manufacture, use and installation;







MANDATE


c) determine whether the current building code 
requirements properly address window walls and/or 
curtain walls and;
i) if changes to the current requirements (criteria) 


are not considered necessary, report;
ii) if changes to the current requirements (criteria) 


are considered appropriate but there is 
insufficient information to support requests for 
changes, identify the areas where information is 
needed and report;


iii) if changes to the current requirements are 
considered appropriate and there is sufficient 
information to support changes, develop 
proposed changes and recommend those 
changes.







TASK GROUP FIRST UNDERTAKING


Establish specific terminology of each of:


• window wall;
• curtain wall;
• storefront fenestration;
• glazed architectural structures. 







CURTAIN WALL


A curtain wall is considered to be a continuous wall cladding
assembly (which may include fenestration and opaque
portions) that is hung away from the edge of the primary
floor structure. Curtain wall assemblies do not generally
support vertical loads other than their own weight.
Anchorage is typically provided by anchors that connect
back to the floor structure. Curtain wall assemblies can be
either “stick built” meaning each main unit is assembled on-
site, or a “unitized” system, meaning factory-assembled
main units are installed and connected together on-site.











WINDOW WALL


A window wall is considered to be a wall cladding assembly
(which may include fenestration and opaque portions) that
spans from the top of a primary floor structure to the
underside of the next higher primary floor structure. Window
wall assemblies do not generally support vertical loads other
than their own weight. Primary provision for anchorage
occurs at head and sill connections with the adjoining floor
structure. Window wall assemblies may include separate or
integral floor edge covers.











STOREFRONT


A storefront is considered to be a non-residential assembly
(which may include fenestration and opaque portions)
consisting of one or more elements that could include doors,
windows and curtain wall framing. Storefronts do not
generally support vertical loads other than their own weight.
Storefront profiles are typically narrow, rectilinear framing
members that hold a combination of pocket glazing and
applied glazing stops to securely retain the infills. Vertical
framing members typically span the height of one floor or
are retained within a structural punched opening.


Storefront assemblies are designed/selected to take into
account the anticipated service and exposure conditions,
which may be different than those for other portions of the
building.











GLAZED ARCHITECTURAL STRUCTURES


Glazed architectural structures are considered glazing
assemblies that are supported in a non-traditional manner,
such as corner-clamped, point-supported, linear-supported,
and edge-clamped glazing. Structural support systems can
include, but are not limited to, tension cables, tension rods,
steel and glass. Glazed architectural structures do not
generally support vertical loads other than their own weight.
These assemblies are designed/selected to take into
account the anticipated service and exposure conditions,
which may be different than those for other portions of the
building.


Skylights that are not covered by NAFS are considered
glazed architectural structures.











THE CODE REQUIREMENTS


NBC 2015 performance and testing requirements for ‘other
fenestration systems”:


• Division B, Part 5 Environmental Separation,
Subsection 5.9.3;


• with commentary, to provide insight regarding current
design capabilities of Canadian industry and how
designs may change in the next few years as the NBC
2015 is adopted or adapted across Canada.







THE CODE REQUIREMENTS


Structural and Environmental Loads:


• Article 5.9.3.2.: no specific requirements are included
for structural design;


• reference to Article 5.1.4.1.


Appendix A, Article 5.9.3.2:


• ASTM E330 is identified as the ‘applicable’ test
method;


• AAMA 501 Methods of Tests for Exterior Walls;
• AAMA 501.4 Recommended Static Testing Method for


Evaluating Curtain Wall and Storefront Systems
Subjected to Wind Induced Interstory Drift;







THE CODE REQUIREMENTS


Appendix A, Article 5.9.3.2:


• AAMA 501.6 Recommended Dynamic Test Method for
Determining the Seismic Drift Causing Glass Fallout
from a Wall System.







THE CODE REQUIREMENTS


Heat Transfer:


• Article 5.9.3.3: reference is made to Section 5.3.


Appendix A, Article 5.9.3.3:


• CSA-A440.2, Fenestration Energy Performance for
simulation or physical testing to determine U-factor;


• Two physical test methods are identified for assessing
condensation resistance:
• the “Temperature Index” method in CSA-A440.2;
• AAMA 501.5 Test Method for Thermal Cycling of


Exterior Walls.
• Limitation of simulations for condensation evaluation,


e.g. NFRC500.







THE CODE REQUIREMENTS


Air Leakage:


• Article 5.9.3.4: reference is made to Section 5.4;
• Specific requirement as per ASTM E 283:


• fixed glazed and opaque portions the maximum
allowable air leakage rate is 0.2 l/s/m2 (0.039
cfm/ft2) at a pressure difference of 75 Pa (1.57
psf);


• For operable portions the maximum allowable air
leakage rate is 1.5 l/s/m2 (0.30 cfm/ft2) at 75 Pa
(1.57 psf).


• no requirement for testing at a 300 Pa (6.27 psf) air
pressure differential.







THE CODE REQUIREMENTS


Air Leakage:


Appendix A for Article 5.9.3.4. (2):


• ASTM E783 “Field Measurement of Air Leakage
Through Installed Window and Doors” is identified as
the “applicable” test method when in-situ air leakage
tests are to be performed.







THE CODE REQUIREMENTS


Water Penetration:


• Article 5.9.3.5: reference is made to Section 5.6;
• Specific requirement as per ASTM E 331 or


ASTM E 547:
• test pressure is determined in accordance with


CSA-A440S1, the Canadian Supplement to NAFS,
using the Driving Rain Wind Pressure (DRWP) for
specific locations across Canada (typically
airports), for a 1/10 return period probability,
modified for terrain condition (open or rough) and
building height.







THE CODE REQUIREMENTS


Water Penetration:


Appendix A for Article 5.9.3.5:


• AAMA 501.1 Standard Test Method for Water
Penetration of Windows, Curtain Walls and Doors
Using Dynamic Pressure as a test method that can be
used to evaluate the performance of “other
fenestration assemblies”;


• ASTM E1105 “Field Determination of Water
Penetration of Installed Exterior Window, Skylights,
Doors and Curtain Walls by Uniform or Cyclic Static
Air Pressure Difference” is identified as the
“applicable” test method when in-situ water
penetration resistance tests are to be performed.







CONCLUSION


Expected Impacts:


• will improve the uniformity of the available test results and
performance expectations;


• aim at reducing system failures related to criteria such as
condensation, air leakages, water penetration, structural
load, etc.;


• help design professionals reduce the occurrence of
incorrect and/or non-applicable standards and their
specification;


• In addition, the Appendix A clearly identifies and
differentiates the standard procedures to be followed for
both laboratory testing and in-situ testing.







THANK YOU!


?
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DETERMINING TOTAL ASSEMBLY R-VALUES 


Alex McGowan, P.Eng. 


 


 


ABSTRACT 


Standards such as ASHRAE 90.1 (ASHRAE, 2010-2016) and NECB (NRCC, 2011) are referenced in 
national Building Codes, and both require total-assembly R-values. ASHRAE 90.1 prescribes specific 
calculation methods for specific types of assemblies, and the NECB requires a hybrid of parallel-path and 
isothermal-planes methods; but both approaches are, strictly speaking, incorrect.  Separate from the 
requirement to use the calculation methods stipulated in these standards, practitioners may wish to 
determine the thermal performance of assemblies for their own interest, or for use in projects where the 
national codes and standards are not applied. 


This presentation explains how and why various calculation methods work, and describes some ground-
breaking (but historical) research comparing hot-box tests, computer simulation, and various hand 
calculation methods, and the recommendations coming out of that research. 


Methods discussed include physical testing, 2D and 3D computer simulation, parallel-path and isothermal-
planes methods, zone method, modified zone method, ISO/DIS 6946, BRANZ method, and the methods 
required by ASHRAE 90.1 and NECB. These approaches will be assessed for accuracy, ease of use, and 
repeatability of results (which would ensure consistent answers and remove operator expertise as a 
variable).  


R-VALUE REQUIREMENTS 


Table 1 presents prescriptive requirements for the most recent versions of ASHRAE 90.1 and NECB 
standards for steel-framed walls, expressed as R-values.  In the ASHRAE standard, insulation levels are 
presented as the minimum amount of insulation required to be placed in the stud cavity, plus the amount 
required to be placed as “continuous insulation”, or “ci”, defined as insulation that is only breached by 
fasteners or by intentional service penetrations such as electrical conduit, plumbing, or mechanical ducts.  
Both ASHRAE and NECB also define prescriptive requirements for total-assembly U-value, here presented 
as the equivalent R-values for direct comparison (and because the focus of this paper is R-values).  One can 
see the intent of the standard by examining Table 1: in Climate Zone 5, for example (i.e., the site of the 
2017 CCBST conference), the requirement for R13 in the stud cavity and an additional R10 continuous is 
considered to be the same as a total-assembly R18.2, because the latter includes thermal bridging effects. 


Proving that a design contains appropriate insulation levels only requires documenting the thermal 
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resistance printed on the insulation package.  Proving a total-assembly U-value (or R-value) is a little more 
involved, and is the reason for this paper.  Acceptable methods for determining total-assembly R-values 
include physical testing, computer simulation, or a variety of calculation methods, but some expertise is 
required for any of these methods.  


 


Table 1: Thermal Resistance Requirements for ASHRAE or NECB 
Standard  Climate 


Zone 
Non-Residential Residential 


Insulation R Value, 
h·ft2·°F/Btu (m2·K/W) 


Assembly R Value, 
h·ft2·°F/ Btu (m2·K/W) 


Insulation R Value, 
h·ft2·°F/Btu (m2·K/W) 


Assembly R Value, 
h·ft2·°F/ Btu (m2·K/W) 


ANSI/ASHRAE/IES 


90.1- 2013 or 2016 


(requirements 
unchanged in 2016)  


4  R13+7.5 ci  (2.3 + 1.3 ci) R15.6 (RSI 2.7)  R13+7.5 ci (2.3 + 1.3 ci) R15.6 (RSI 2.7)  
5  R13+10 ci   (2.3 + 1.8 ci) R18.2 (RSI 3.3)  R13+10 ci  (2.3 + 1.8 ci) R18.2 (RSI 3.3)  
6  R13+R12.5 ci (2.3 + 2.2 ci) R20.4 (RSI 3.6)  R13+R12.5 ci (2.3 + 2.2 ci) R20.4 (RSI 3.6)  
7  R13+R12.5 ci  (2.3 + 2.2 ci) R20.4 (RSI 3.6)  R13+15.6 ci (2.3 + 2.7 ci) R23.8 (RSI 4.2)  
8  R13+18.8 ci   (2.3 + 3.3 ci) R27.0 (RSI 4.75)  R13+18.8 ci (2.3 + 3.3 ci) R27.0 (RSI 4.75)  


ANSI/ASHRAE/IES 


90.1- 2010  
4  R13+7.5 ci (2.3 + 1.3 ci) R15.6 (RSI 2.7)  R13+7.5 ci (2.3 + 1.3 ci)  R15.6 (RSI 2.7)  
5  R13+7.5 ci (2.3 + 1.3 ci) R15.6 (RSI 2.7)  R13+7.5 ci (2.3 + 1.3 ci) R15.6 (RSI 2.7)  
6  R13+7.5 ci (2.3 + 1.3 ci) R15.6 (RSI 2.7)  R13+7.5 ci (2.3 + 1.3 ci) R15.6 (RSI 2.7)  
7  R13+7.5 ci (2.3 + 1.3 ci) R15.6 (RSI 2.7)  R13+15.6 ci (2.3 + 2.7 ci)  R23.8 (RSI 4.2)  
8  R13+7.5 ci (2.3 + 1.3 ci) R15.6 (RSI 2.7)  R13+18.8 ci (2.3 + 3.3 ci) R27.0 (RSI 4.75)  


National Energy 


Code of Canada For 


Buildings (NECB) 


2011 or 2015 


4  Not Applicable  R18 (RSI 3.2)  Not Applicable 
5  R20.4 (RSI 3.6)  
6  R23 (RSI 4.1)  
7  R27 (RSI 4.75)  
8  R31 (RSI 5.46)  


EVALUATION METHODS 


Physical measurement 


Physical testing has long been considered the gold standard for evaluating the thermal performance of 
assemblies.  The process is complex, and requires specialized equipment (e.g., a calibrated hot box), 
thoroughly trained technicians, and rigorous adherence to appropriate standards (e.g., ASTM, 2011).  
Testing laboratories are supposed to conduct precision and bias exercises to determine the accuracy of their 
facilities: typical accuracy is in the order of ±5%.  Figure 1 shows a test specimen (in this case, a steel-skin 
emergency exit door) in the test chamber with thermocouple leads and thermocouples taped in specified 
locations.  In this case, the resulting temperature readings have been superimposed on the image.  Figure 2 
shows a more complex specimen, indicating the range of assemblies that can be tested (see also Table 2). 


The test procedure is generally limited to specimens of a testable size.  For most test facilities, this means 
assemblies that are not much larger than 3m x 3m (10 feet x 10 feet).  Also, the results are tested at steady-
state, and great pains are taken to ensure that the as-tested conditions remain constant and controlled, and 
that humidity is controlled so that it does not affect temperature measurements – especially on the cold side 
of the specimen, which is typically held at -18 °C. 


Computer-based Simulation 


Since 1988, computer simulation has been a popular adjunct (or some cases, a substitute) for physical testing 
of fenestration (e.g., ASHRAE, 1993) or opaque assemblies (ASHRAE, 1996).  This approach provides a 
relatively quick and inexpensive way to evaluate the thermal performance (i.e., U-factors or R-values) of 
assemblies, and forms the basis of international standards for evaluating the thermal performance of 
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windows (ANSI/NFRC 2013; CSA 2014).  Guides have been developed (e.g., Enermodal, 1996) to show 
how to create three-dimensional results using two-dimensional models, and these have proven to be 
reasonably accurate.  The fact that the results are generated by computer has, unfortunately, led to some 
confusion due to the misunderstanding of the difference between accuracy and precision: computers can 
provide results that are precise to many decimal places, but are only as accurate as the input data, which is 
typically limited by the thermal conductivity of the materials (known, at best, to two decimal places).  The 
accuracy of the model is also limited by the expertise of the modeler, which is not always reliable – and 
may not even be known, depending on the source of the simulation report or the reported result. 
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Figure 1:  Test specimen instrumented for ASTM C1363 hot-box test (temperature results superimposed) 
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Figure 2: Revolving door in a calibrated hot-box test facility, showing complex specimens can be tested 


More recently, three-dimensional computer models have been promoted as “state-of-the-art”.  While such 
models can provide more accuracy and can capture some thermal effects that are truly three-dimensional 
and significant, they are not always justifiable in providing additional accuracy in terms of the additional 
cost.  Three-dimensional computer models are purported to accurately predict interstitial temperatures in 
complex assemblies; but such models would have to include explicit models for air movement (if such 
movement were suspected to bridge thermal barriers), and would have to model variable room-side film 
coefficient and transient effects to be truly representative.  Guidance for the latter is provided in the 
literature (e.g., McGowan 1995), but this approach has not been widely used.  Figure 3 presents a 
comparison of physical test results and two-dimensional computer simulation for a range of window 
assemblies. 
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Two-dimensional models have been developed for very complex assemblies, including pyramidal and hip-
ridge skylights, barrel vault skylights, revolving glazed doors, and aircraft hangar doors.  In all cases 
evaluated in the technical literature, the simulation results were within the stated error margin of the test 
facility (ASHRAE, 1993; ASHRAE, 1996; ASHRAE, 1988). 


Hand Calculation Methods 


Over 20 years ago, a ground-breaking research project compared computer simulation and simplified 
calculation methods against test results for a range of steel-framed and masonry wall assemblies (ASHRAE, 
1996).  This section of the paper summarizes the simplified calculation methods evaluated in that study, 
and provides recommendations for best use in the context of modern standards.   


ASHRAE 90.1 requires testing or using the parallel path calculation method for steel- or wood-framed 
walls, and testing or the isothermal planes method for mass walls.  The parallel path method (PPM) assumes 
that heat flows from the warm side to the cold side of the assembly in parallel paths, with no lateral 
conduction between the paths (hence the name of the method).  Thus, each path is separated into its 
constituent layers, and the resistances of those layers are added to produce an overall resistance for each 
path, which is then area-weighted to produce a total-assembly value.   
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Figure 3: Comparison of Test and Simulated U-factors (after Carpenter, 1992) 
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The method of isothermal planes (IPM), which some sources call the “series-parallel method”, first splits 
the assembly into layers and determines an area-weighted resistance for each layer.  The underlying 
assumption is that each layer experiences complete lateral conduction, and is therefore at a common 
uniform temperature (in other words, each layer or “plane” of the assembly is at the same temperature: 
hence the name “method of isothermal planes”). 


The actual thermal characteristics of any real assembly will lie somewhere between these two methods, 
because real heat transfer exhibits some amount lateral conduction (but not as much as IPM implies).  
Therefore, IPM will always produce a lower R-value than the truth – but the R-value determined with PPM 
will always be too high.  The engineering judgment required to predict an accurate value is based on 
evaluating the degree of lateral conduction that is likely to occur in a given assembly.  As the ASHRAE 
Handbook of Fundamentals (ASHRAE, 2017) puts it, “The actual resistance generally is some value 
between the two calculated values. In the absence of test values, examination of the construction usually 
reveals whether a value closer to the higher or lower calculated R-value should be used.” 


ISO 6946 (ISO, 2007) recommends using the arithmetic mean of both methods, and the ASHRAE research 
project (ASHRAE, 1993) recommended this approach, in the absence of any other information. 


The Zone method used a geometric approach to determining the split between PPM and IPM, in considering 
the “shape” of the heat flow associated with a thermal anomaly (or thermal bridging element).  The 
imposition of parallel heat flow paths implicit in PPM suggests that the effective area of a thermal anomaly 
is the projected area of the anomaly itself, whereas the IPM “smears” the effect of a thermal anomaly over 
the entire assembly.  The Zone method suggested that the effective area of a thermal anomaly could be 
projected on a 45° line on either side of the anomaly until the inner or outer surface of the assembly was 
encountered: the resulting area would be the effective area of the anomaly, and the IPM and PPM results 
could be combined accordingly.   


A modified zone method (Barbour et al., 1994; Kosny and Christian, 1995) was developed, that adjusted 
the effective area of the thermal anomaly according to the relative conductivity of the sheathing layer.  This 
was a reasonable approach, as a more conductive sheathing layer would exhibit more lateral conduction, 
and thus look more like an IPM result.  This method was distributed online by Oak Ridge National 
Laboratories (ORNL), in the form of correlations for various types of sheathing and assemblies, but ORNL 
determined that users were applying the modified zone method to assemblies far beyond the scope and 
intent of the online application, so they pulled down the tool rather than see it being continually misapplied. 


The Building Research Association of New Zealand developed a method to analyze steel-stud framing, in 
which the C-channel stud is replaced with an equivalent conductivity using IPM, and the assembly then 
analyzed with PPM.  This is similar to the method required by the NECB, in which the layer of a wall 
assembly that includes the framing is converted to an equivalent resistance with IPM, and then PPM is used 
to finish the calculation.  A refinement of the BRANZ method (Trethowen, 1995) included the contact 
resistance between the steel stud and the sheathing, which produced more accurate results.  The contact 
resistance concept was shown (ASHRAE, 1993) to improve the accuracy of the calculation (when compared 
to test results), and was used in more recent research (ASHRAE, 2011) involving two- and three-
dimensional computer models. 
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CONCLUSION 


Ultimately, the most cost-effective result remains simplified computer models or hand calculation methods 
that incorporate a combination of PPM and IPM, especially the ISO method.  The methods stipulated in 
ASHRAE 90.1 (either PPM or IPM, depending on the assembly type) or NECB (a hybrid of IPM and PPM) 
should only be used when it is necessary to demonstrate that the calculation procedure has met the 
requirements of those standards for code compliance.  For more accurate and representative results, ISO 
6946 provides a more consistent methodology that is easily adaptable to a spreadsheet application. 
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Determining Total-Assembly R-Values


ASHRAE 90.1 for walls (Clause A9.2)


• Mass walls: testing, IPM, 2D method*, but NOT PPM


• Metal walls: testing, or A9.4.6 calculation method


• Steel-framed walls: testing, PPM, or Mod Zone


• Wood-framed walls: testing or PPM


• Other walls: testing or 2D method*


NECB


• IPM, then PPM


* 2D method is not defined anywhere in ASHRAE 90.1







WWR / Whole-wall R-Value







Determining Total-Assembly R-values


Standard Climate 
Zone


Non-Residential Residential
Insulation R
h·ft2·°F/Btu (m2·K/W)


Assembly R, 
h·ft2·°F/ Btu 
(m2·K/W)


Insulation R
h·ft2·°F/Btu (m2·K/W)


Assembly R, 
h·ft2·°F/ Btu 
(m2·K/W)


ASHRAE 
90.1 2013 or 
90.1-2016


4 R13+7.5 ci  (2.3+1.3 ci) R15.6 (RSI 2.7) R13+7.5 ci  (2.3+1.3 ci) R15.6 (RSI 2.7) 


5 R13+10 ci   (2.3+1.8 ci) R18.2 (RSI 3.3) R13+10 ci  (2.3+1.8 ci) R18.2 (RSI 3.3) 
6 R13+R12.5 ci (2.3+2.2 ci) R20.4 (RSI 3.6) R13+R12.5 ci  (2.3+2.2 ci) R20.4 (RSI 3.6) 
7 R13+R12.5 ci  (2.3+2.2 ci) R20.4 (RSI 3.6) R13+15.6 ci (2.3+2.7 ci) R23.8 (RSI 4.2) 
8 R13+18.8 ci   (2.3+3.3 ci) R27.0 (RSI 4.8) R13+18.8 ci  (2.3+3.3 ci) R27.0 (RSI 4.75) 


ASHRAE 
90.1 2010 


4 R13+7.5 ci (2.3+1.3 ci) R15.6 (RSI 2.7) R13+7.5 ci (2.3+1.3 ci) R15.6 (RSI 2.7) 
5 R13+7.5 ci  (2.3+1.3 ci) R15.6 (RSI 2.7) R13+7.5 ci  (2.3+1.3 ci) R15.6 (RSI 2.7) 
6 R13+7.5 ci (2.3+1.3 ci) R15.6 (RSI 2.7) R13+7.5 ci (2.3+1.3 ci) R15.6 (RSI 2.7) 
7 R13+7.5 ci  (2.3+1.3 ci) R15.6 (RSI 2.7) R13+15.6 ci  (2.3+2.7 ci) R23.8 (RSI 4.2) 
8 R13+7.5 ci (2.3+1.3 ci) R15.6 (RSI 2.7) R13+18.8 ci (2.3+3.3 ci) R27.0 (RSI 4.75) 


(NECB) 2011 
or 2015


4 Not Applicable R18 (RSI 3.2) Not Applicable
5 R20.4 (RSI 3.6) 
6 R23 (RSI 4.1) 
7 R27 (RSI 4.75) 
8 R31 (RSI 5.46) 







Evaluation Methods


• Physical Measurement


• Computer Simulation


• “Hand Calculation”


o Parallel-Path


o Isothermal Planes


o EN/ISO 6946


o Zone


o Modified Zone


o BRANZ







Physical Testing (ASTM C1363)







Computer Simulation







Computer Simulation







Computer Simulation


R² = 0.9856
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Comparison of Tested and Simulated U-factors







ASHRAE Research


ASHRAE 877-RP 
(1998)


Total-assembly U-factor BTU/h·ft2·F (W/m2·K) % 
diff


Test Simulation 


Pyramid (winter) 1.02 (5.79) ±5.9% 1.05 (5.97) +2.3


Pyramid (summer) 1.11 (6.3) ±3.4% 1.17 (6.64) +5.4


Barrel (winter) 1.26 (7.15) ±5.1% 1.34 (7.61) +6.6


Barrel (summer) 1.30 (7.38) ±3.6% 1.34 (7.61) +2.7


3-wing Revolving 
Door from 
ASHRAE 1236-RP 
(2006)


0.82 (4.66) 0.80 (4.53) +2.9







“Hand Calculation” – Parallel-Path Method (PPM)







“Hand Calculation” – Isothermal Planes Method (IPM)







Computer Simulation







“Hand Calculation” – Zone Method







ASHRAE 785-RP (1996)







ASHRAE 785-RP (1996)







ASHRAE 785-RP (1996)







ASHRAE 785-RP (1996)







Implementing ASHRAE 785-RP (ISO 6946)
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Introduction
Why is this project being completed?


 Venting cited to be a benefit to control 
heat buildup in spandrel glass
 Benefit of venting not well quantified


 Several recent instances of glass 
breakage in IGUs in spandrel 
applications
 Breakage due to excessive thermal stress
 In both sealed and vented configurations
 Is venting effective when using IGUs?


 Practical design implication
Objective #1: validate and quantify 


the effectiveness of venting 







Introduction
What are we doing?


 Field study


Objective #2: Feasibility of using advanced computer simulations


 Computer modelling







Thermal Stress and Glass Breakage
What causes thermal stress in spandrel glass?


 Temperature difference between center of glass and edge of glass


What factors impact thermal stress?
 Glass type, Coating type and location
 Shadowing
 Framing system
 Venting


Range of maximum allowable temperature differences
 Annealed glass: 28°C to 40°C
 Heat strengthened glass: 56°C to 100°C
 Tempered glass: 111°C to 250°C







Approach
1. Instrument experimental setup


 Single glazed and double glazed units
 Clear and opacified glass
 3 different ventilation strategies


2. Develop detailed computer models
3. Calibrate/cross-validate models using measured data 
4. Use calibrated model to evaluate different designs and assess 


the impact of various parameters







Experimental Setup







Three Venting Strategies







Experimental Setup with Opacified Glass







Instrumentation







Field monitoring results
Maximum temperature difference 


Glass 
Type 


Venting 


Strategy 


Maximum Glass Temperature Difference, Centre of Glass – Specified Location 


Double-Glazed Module Single-Glazed Module 


Max ΔT Location Max ΔT Location 


Clear 


Sealed 34.3 Top Edge 24.7 Top Edge 


Drained 38.5 Bottom Edge 22.5 Top Edge 


Vented 30.4 Top Edge 21 Bottom Edge 


Opacified 


Sealed 42.6 Top Edge 34.5 Top Edge 


Drained 46.9 Top Edge 35.3 Bottom Edge 


Vented 53.3 Bottom Edge 39.5 Bottom Edge 


 







Field monitoring results
 Temperature difference and frequency of occurrence 


Glass 
Type 


Venting 


Strategy 


Glass Temperature Difference, Centre of Glass – Top Edge of Glass, % of Total Observed Time 


Double-Glazed Module Single-Glazed Module 


Above 
 40°C 


Between 
30 - 


 40°C 


Between 
20 - 


 30°C 


Between 
 10 - 


 20°C 


Below 
 10°C 


Above 
 40°C 


Between 
30 - 


 40°C 


Between 
20 - 


 30°C 


Between 
 10 - 


 20°C 


Below 
 10°C 


Clear 


Sealed 0% 0% 44% 27% 29% 0% 0% 32% 45% 24% 


Drained 0% 2% 41% 27% 29% 0% 0% 14% 61% 25% 


Vented 0% 2% 41% 27% 29% 0% 0% 0% 54% 46% 


Opacified 


Sealed 4% 14% 13% 19% 50% 0% 12% 23% 15% 50% 


Drained 7% 13% 14% 18% 49% 0% 4% 26% 19% 51% 


Vented 6% 14% 13% 18% 49% 0% 0% 28% 18% 54% 


 







Field monitoring results







Field monitoring results







Modelling Glazed Spandrels
Detailed geometry
Complete physics
 Time-varying environmental conditions


Cross-validation process involves 
several steps
 1-D WINDOW software
 Steady-state
 Simplified “equivalent” geometry model
 Full transient model







Simulations results
Measured
 ISO 10077-2
Rad. + Conv. 


correlations
Convection 


correlation only
Radiation 


correlation only
Explicit Rad. + 


Conv. 
calculations







Simulations results
Measured
 ISO 10077-2
Rad. + Conv. 


correlations
Convection 


correlation only
Radiation 


correlation only
Explicit Rad. + 


Conv. 
calculations







Simulations results
Measured
 ISO 10077-2
Rad. + Conv. 


correlations
Convection 


correlation only
Radiation 


correlation only
Explicit Rad. + 


Conv. 
calculations







Simulations results
Measured
 ISO 10077-2
Rad. + Conv. 


correlations
Convection 


correlation only
Radiation 


correlation only
Explicit Rad. + 


Conv. 
calculations







Simulations results
Measured
 ISO 10077-2
Rad. + Conv. 


correlations
Convection 


correlation only
Radiation 


correlation only
Explicit Rad. + 


Conv. 
calculations







Simulations results
Measured
 ISO 10077-2
Rad. + Conv. 


correlations
Convection 


correlation only
Radiation 


correlation only
Explicit Rad. + 


Conv. 
calculations







Conclusion and future work
 Double-glazed assemblies can be exposed to significantly higher 


temperature differences that may approach the lower range where 
there is a risk of breakage with heat-strengthened glass


 While there is some benefit of venting single-glazed spandrel 
assemblies, these benefits do not extend to double-glazed spandrels


 With more solar-absorbing glass in IGUs, venting shows even less 
impact on reducing thermal stress


 Explicit 3-D radiation and flow calculations (CFD) are necessary to 
closely simulate spandrel assemblies exposed to natural conditions


 Next steps consist in using the validated model to broaden the 
relevance of the findings through the investigation of other conditions 
including different spandrel designs, venting scenarios, and climates.







Thank you


Contact information:
Julien Schwartz, M.Eng.
Building Energy Consultant
jschwartz@morrisonhershfield.com
604.454.0402



mailto:jschwartz@morrisonhershfield.com
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QUANTIFYING THE BENEFIT OF VENTING GLAZED SPANDRELS TO 
REDUCE GLASS BREAKAGE AND CONTROL MOISTURE 


Julien Schwartz, Patrick Roppel, Stephane Hoffman, Neil Norris 


 


ABSTRACT 


While venting glazed spandrels is cited to be a benefit to control heat buildup, several instances of 
spontaneous glass breakage in spandrel insulated glazing units, attributed to thermal stress, have been 
reported in vented spandrel cavities used with an opacifier on the inside glass surface. The implication is that 
if venting is not an effective solution to reduce thermal stress and the associated need for higher strength 
glass, then it is desirable not to vent to avoid dirt buildup on the inside glass surface as it cannot be cleaned. 
The benefit of venting or weep holes must also be evaluated in terms of condensation risk and damage. 


The objective of this paper is to address questions related to the real need to vent spandrel sections to control 
heat buildup. This paper covers a field study that includes monitoring spandrel sections with a combination 
of single- and double-glazing, three different venting scenarios, and both clear- and opacified-glass scenarios. 
The data collected will be used to calibrate 3-D thermal and CFD simulations. The computer simulations will 
allow for cross-validation of the field monitoring data and broaden the relevance of the findings through the 
investigation of other conditions including different spandrel designs, venting scenarios, and climates. 


The field monitoring suggests that venting the spandrel cavity has little to no impact on reducing thermal 
stress in clear-glass double-glazed spandrel sections, and a limited impact in clear-glass single-glazed 
spandrel sections. With the higher solar absorption associated with an opacifier coating, venting shows even 
less impact on reducing thermal stress, with some data suggesting an adverse effect. Also, in the temperate 
climate of this field study, the condensation risk was found to be very low regardless of the venting 
configuration. Based on these preliminary results, there is reason to question the need to vent double-glazed 
spandrel sections. The 3-D thermal and CFD model is currently being calibrated and findings will be 
presented in a subsequent paper. Preliminary simulations results show good agreement with the field 
monitoring data. 


INTRODUCTION 


Insulated glazing units are increasingly being used in spandrel assemblies either in shadow box installations 
or with an opacifier on the 4th surface to provide some depth in appearance. There have been several recent 
instances of glass breakage in insulated glazing units in spandrel applications in the USA and Canada on the 
west and east coasts as well as in Russia and Germany (Arztmann 2016). Breakage has been attributed to 
excessive thermal stress, in both sealed and vented cavities. An example of such glazing failures in spandrel 
insulated glazing units is shown in Figure 1 below. 
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Figure 1: Example of Glazing Failures Attributed to Thermal Stress in Spandrels Insulating Glazing Units  


Anecdotal information and some research are available to support the theory that the glass is breaking in 
relation to thermal stress due to strength reduction in the heat-strengthened glass resulting from the 
application of ceramic frit to opacify the glass (Maniatis and Elstner 2016, Vockler et al. 2017) especially 
when compared to silicone opacifiers. This raises a question about the effectiveness of venting the spandrel 
cavity to control heat build-up and control moisture when using an insulated glazing unit in spandrel 
applications. The benefit of providing venting to control thermal stresses is not easily quantified nor is its 
viability as a practical solution that does not require higher strength glass for the inner lite for this type of 
spandrel design. 


The implication for shadow-box designs is that if venting does not reduce the risk of glass breakage, then it 
is desirable not to vent to avoid dirt buildup on the inner surface of the clear glass that cannot be cleaned. 
Nonetheless, the risk of condensation on the inner surface and possible streaking must also be assessed when 
evaluating the benefit of venting spandrels. 


This paper presents the findings of a field study that explored the impact of venting glazing spandrels sections 
to control heat build-up and moisture. The field study consists of monitoring spandrel sections exposed to 
natural conditions that will be used to calibrate 3-D thermal and computational fluid dynamics (CFD) 
simulations.   


The field monitoring includes spandrels with a combination of single- and double-glazing, three different 
venting scenarios, and both clear- and opacified-glass scenarios. The field monitoring will provide data to 
calibrate computer simulations that will provide further insight into the impact of discrete parameters that are 
part of the experimental data. The simulations will be undertaken to broaden the relevance of the findings to 
other conditions, such as different spandrel designs, venting scenarios, climates, and shadowing of the glass. 


Thermal Stress in Spandrel Glass 


The main focus of this field study is to validate the benefit of venting the spandrel cavity behind an insulated 
glazing unit as a way to prevent excessive thermal stress from occurring in the glass. A number of factors 
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affect thermal stress in spandrel glass including various environmental factors and the quality and properties 
of the glass (PPG 2008, AGGA Glass and Glazing Association of Australia 2011). 


Thermal stress in glass is due to a temperature difference between one part of the glass compared to another 
part. In the case of spandrel glass as installed in a spandrel section of a building, this temperature difference 
is caused by solar energy heating the field of the glass, while the glass edges shadowed by the frame remain 
cooler. The expansion of the heated glass center then results in tensile stress at the edge of the glass, 
potentially leading to breakage if the thermal stress exceeds the ultimate strength of the glass. These effects 
are intensified in the closed cavity of spandrel assemblies. 


As the speed and magnitude of the temperature increase in the glass are directly related to the solar radiation 
absorption properties of the glass, coating types, such as low-e and reflective, coating location, as well as 
glass tint, will contribute to increasing thermal stress whenever their application result in a glass unit that is 
more absorbing to solar radiation. 


Different glass types can accommodate different maximum temperature differences and, depending on the 
calculation method and source (Haldimann et al. 2008, European Window Film Association 2012, Saint-
Gobain 2013), values can be found ranging from 28°C up to 40°C for annealed glass, from 56°C up to 100°C 
for heat strengthened glass, and from 111°C up to 250°C for tempered glass. 


FIELD MONITORING 


In order to test the effectiveness of venting spandrel sections to control heat build-up, an experimental setup 
was designed such that three different spandrel installation configurations corresponding to three different 
venting strategies are exposed to natural conditions in the temperate marine climate of Burnaby, BC. The 
three venting strategies considered are as follows: 


1) "Sealed” or unvented configuration 


2) “Drained” configuration corresponding to drainage weep holes at the bottom of the spandrel cavity 


3) “Vented” configuration corresponding to top and bottom venting of the spandrel cavity 


The hypothesis is that if venting is an effective approach to reducing thermal stress in spandrel sections, then 
the magnitude of glass temperature differences observed for the vented configuration would be expected to 
be significantly less than that of the sealed configuration, with the drained configuration falling somewhat in 
between as less airflow in the cavity is expected when compared to the vented configuration. 


The experimental setup consists of two modules positioned side-by-side, one module being equipped with 
single glazing while the other module is with double-glazed insulated units, each module comprising three 
spandrel sections corresponding to the three venting strategies previously mentioned. Two smaller, standard 
opacified spandrel sections were added on each side of the two modules, as well as a small roof, to shield the 
tested sections from possible edge effects.  


For each single and double glazing unit installed, two types of glass were considered and tested sequentially: 
clear glass, and an opacified glass with a dark-blue Opaci-coat-300 on the inner pane. The opacified glass 
having a higher solar absorptivity as compared to the clear glass, it is expected that larger glass temperature 
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differences would be observed. All glass panes are 778 millimeter tall by 540 millimeter wide, 6 millimeter 
thick, and heat-strengthened, with a 13.4 millimeter air space for the double-glazed insulated units. A dry 
glazed captured system was used, except for the single-glazed sections that relied on a wet seal on the inside. 


The spandrel mockup was installed facing 16° west of south. It was instrumented and monitoring started on 
April 2016 and is ongoing as of September 2017. Readings have been recorded every 20 minutes for each 
sensor. The following measurements have been made: 


1) Inner glass surface temperature at several locations inside each spandrel cavity including at the 
center of glass, top and bottom edges, side edges, and bottom corner edge 


2) Glass surface temperature on the outside at the center of glass 


3) Backpan temperature 


4) Air temperature inside each spandrel cavity including at the top, bottom, and center of glass 


5) Relative humidity inside each double glazed spandrel cavity at the center of glass 


6) Outdoor air temperature and relative humidity 


7) Outdoor solar irradiance 


Figure 2 below shows the experimental setup with the sensors locations for the double glazed module as well 
as the curtain wall profile used in all spandrel sections. 


 
Figure 2: Experimental Setup Showing Sensors Locations 


Figure 3 below shows the installed mockup with southern exposure. The 4.5 inches of mineral wool backpan 
insulation can be seen along with the various sensors, including the solar sensor that was installed vertically 
with the intent of directly capturing the magnitude of the solar fluxes that hit the spandrel sections. 
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Figure 3: Installed Mockup with Southern Exposure 


In Figure 4 below, the spandrel mockup is shown with the dark-blue Opaci-coat-300 installed on the inner 
pane of glass. 


 


 
Figure 4: Installed Mockup with Opacified Glass Installed 


With the pressure plates removed in order to display the gaskets, the air pathways through the 1-inch gaps in 
the gaskets can be seen in Figure 5 below: no gaps for the sealed configuration as shown in Figure 5a, two 
gaps at the bottom for the drained configuration as shown in Figure 5b, and two gaps at the top and two gaps 
at the bottom for the vented configuration as shown in Figure 5c. 
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(a) (b) (c) 


Figure 5: Air Pathways for the Three Tested Configurations (a) Sealed, (b) Drained, and (c) Vented 


RESULTS 


This section describes the results, analysis, and discussion of the monitoring data gathered between April 17, 
2016 and June 15, 2017. Monitoring of the spandrel mockup started on April 17, 2016 with clear glass 
installed. On September 24, 2016 both the single- and double-glazed modules were re-glazed with opacified 
glass with a dark-blue Opaci-coat-300 on the inner pane. Monitoring is ongoing as of September 2017. 


Glass Temperature Difference, Magnitude and Frequency of Occurrence 


To assess the impact of venting strategies on glass thermal stress and therefore on glass temperature 
difference, the recorded data was processed such that the differences between the temperature at the center 
of glass and the temperature at each monitored location on the edge of glass were computed for all points in 
time over the total monitoring period, for all three venting configurations, for both single- and double-glazed 
modules, and for both clear and opacified glass scenarios. 


Table 1 below presents the largest glass temperature differences found from the aforementioned calculation 
and their corresponding locations. 
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Table 1: Location and Magnitude of Maximum Glass Temperature Difference with respect to Center of Glass 


Glass 
Type 


Venting 
Strategy 


Maximum Glass Temperature Difference, Centre of Glass – Specified Location 


Double-Glazed Module Single-Glazed Module 


Max ΔT Location Max ΔT Location 


Clear 


Sealed 34.3 Top Edge 24.7 Top Edge 


Drained 38.5 Bottom Edge 22.5 Top Edge 


Vented 30.4 Top Edge 21 Bottom Edge 


Opacified 


Sealed 42.6 Top Edge 34.5 Top Edge 


Drained 46.9 Top Edge 35.3 Bottom Edge 


Vented 53.3 Bottom Edge 39.5 Bottom Edge 


 


For both the clear- and opacified-glass scenarios, the maximum glass temperature difference was 
significantly higher in double-glazed configurations confirming that these applications can be expected to 
result in higher thermal stress than in the traditional single glazed spandrels. 


For the clear double-glazed module, the maximum glass temperature difference for the vented configuration 
was found to be about 11% less than for the sealed configuration, while for the drained configuration the 
maximum glass temperature difference was found to be about 12% more than for the sealed configuration. 
For the clear single-glazed module, the maximum glass temperature difference for both drained and vented 
configurations were found to be less than for the sealed configuration, at about 9% and 15%, respectively. 


For the opacified-glass scenario, as expected from switching from clear glass to one with a dark blue 
opacifier, larger glass temperature differences were recorded, for both double- and single-glazed modules. 
However, contrary to what was found for the clear glass scenario, both double- and single-glazed modules 
exhibited larger glass temperature differences for the drained and vented configuration than for the sealed 
configuration. Specifically, for the opacified double-glazed module, the maximum glass temperature 
difference for the drained and vented configurations were found to be more than for the sealed configuration 
by about 10% and 25%, respectively, while for the opacified single-glazed module, the maximum glass 
temperature difference for the drained and vented configurations were found to be more than for the sealed 
configuration by about 2% and 14%, respectively.  


Moreover, some of these maximum temperature differences between center and edge of glass, in particular 
what was observed for the opacified double-glazed vented configuration, approach the low end of the range 
of temperature differences where the risk of glass breakage can occur. 


Next, glass temperature differences between the center of glass and top edge of glass were plotted for one 
sunny day and one day with a mix of sun and clouds for all three venting strategies for both the single- and 
double-glazed modules, as shown in Figure 6 below. The selected days are representative of the patterns 
generally observed and were chosen so that data was available for both the clear and opacified-glass 
scenarios, and exterior ambient conditions were comparable in terms of solar irradiance and air temperature.  
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(a) (b) 


  
(c) (d) 


Figure 6: Sample Data Plot Showing Glass Temperature Difference between the Centre of Glass and Edge of Glass for (a) Double 
Glazed Module with Clear Glass, (b) Single Glazed Module with Clear Glass, (c) Double Glazed Module with Opacified Glass, 
and (d) Single Glazed Module with Opacified Glass 


Again, overall, larger glass temperature differences can be seen for the opacified-glass scenario compared to 
the clear-glass scenario, as expected.  


For the clear-glass double-glazed scenario, contrary to the trend observed when analyzing maximum glass 
temperature differences, no reduction in amplitude can be seen between the vented, drained, and sealed 
configurations. For the opacified-glass double-glazed scenario, however, a similar trend to what was 
observed when analyzing maximum glass temperature differences can be seen, whereby the vented 
configuration sees a larger amplitude than the drained configuration, and the drained configuration sees a 
larger amplitude than the sealed configuration. 


Now focusing on the clear-glass single-glazed scenario, a similar trend to what was observed when analyzing 
maximum glass temperature differences can be seen, such that there is a reduction in amplitude between the 
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drained and sealed configuration, and a further reduction for the vented configuration. For the opacified-glass 
single-glazed scenario, a similar albeit attenuated behavior can be observed, contrary to the trend observed 
when analyzing maximum glass temperature differences where the drained and vented configurations 
maximum glass temperature differences were found to be more than for the sealed configuration. 


This would indicate that the typical benefits of venting single-glazed spandrel do not extend to double-glazed 
spandrel assemblies, which could impact the design of these insulated glazing units. 


Next, the temperature differences between the center of glass and top edge of glass were computed for all 
points in time over the total monitoring period and divided by the total number of days observed, for all 
venting configurations, for both single- and double-glazed modules, and for both clear and opacified-glass 
scenarios. Table 2 below presents the aggregated results from the aforementioned calculation such that the 
frequency at which a given spandrel section experienced a glass temperature difference within a certain range 
can be evaluated. 


Table 2: Glass Temperature Difference between the Center of Glass and Top Edge of Glass and Frequency of Occurrence 


Glass 
Type 


Venting 
Strategy 


Glass Temperature Difference, Centre of Glass – Top Edge of Glass, % of Total Observed Time 


Double-Glazed Module Single-Glazed Module 


Above 
 40°C 


Between 
30 - 


 40°C 


Between 
20 - 


 30°C 


Between 
 10 - 


 20°C 


Below 
 10°C 


Above 
 40°C 


Between 
30 - 


 40°C 


Between 
20 - 


 30°C 


Between 
 10 - 


 20°C 


Below 
 10°C 


Clear 


Sealed 0% 0% 44% 27% 29% 0% 0% 32% 45% 24% 


Drained 0% 2% 41% 27% 29% 0% 0% 14% 61% 25% 


Vented 0% 2% 41% 27% 29% 0% 0% 0% 54% 46% 


Opacified 


Sealed 4% 14% 13% 19% 50% 0% 12% 23% 15% 50% 


Drained 7% 13% 14% 18% 49% 0% 4% 26% 19% 51% 


Vented 6% 14% 13% 18% 49% 0% 0% 28% 18% 54% 


Again, overall, larger glass temperature differences can be seen for the opacified-glass scenario compared to 
the clear-glass scenario, confirming the impact of the more solar-absorbing assembly on thermal stress. 


For the clear-glass double-glazed scenario, the data shows that both the drained and vented strategy had little 
to no impact on reducing either the amplitude or frequency of glass temperature difference compared to the 
sealed configuration, with some data even suggesting an adverse effect. The data shows that a similar 
conclusion can be drawn for the opacified-glass double-glazed scenario. 


For the clear-glass single-glazed scenario, the data shows a significant reduction in both amplitude and 
frequency for the drained strategy compared to the sealed configuration, with further reduction for the vented 
strategy. Switching to the opacified-glass single-glazed scenario, similar trends can be seen, although to a 
lesser extent than the clear-glass scenario. The drained strategy reduced both the amplitude and frequency of 
glass temperature difference compared to the sealed configuration, with the vented strategy seeing slightly 
further reduction in both amplitude and frequency. 


This would confirm that there is benefit in venting single-glazed spandrel assemblies but that these benefits 
do not extend to spandrel assemblies with insulated glazing. 
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Glass Temperature Difference, Solar Irradiance, and Exterior Ambient Temperature 


Besides comparing the impact of the three venting strategies, the recorded data also allows for the analysis 
of the impact of environmental factors on glass temperature difference and therefore thermal stress. Figure 7 
shows recorded data of exterior ambient temperature, solar irradiance, and glass temperature difference 
between the center of glass and top edge of glass for the clear-glass double-glazed sealed configuration, 
plotted for a period range between August 10 and September 24, 2016. 


 
Figure 7: Glass Temperature Difference, Solar Irradiance, and Outdoor Temperature from Aug. 10 to Sept. 24 2016 


One observation from this graph is that there is no heat build-up overnight. Moreover, the glass temperature 
difference curve and peaks follow closely the solar irradiance, whether on a sunny clear day or on a cloudy 
or rainy day. Also, higher glass temperature difference can be seen in the month of September compared to 
August, with slightly higher solar irradiance (around 600 W/m2 compared to around 580 W/m2) and lower 
exterior ambient temperature (between 25°C and 30°C compared to around 35°C). Similar behavior can be 
observed for the drained and vented configurations, as well as for the single-glazed module. With the more 
solar-absorbing assembly, this behavior is amplified. It should be noted that the highest glass temperature 
differences were recorded in late September for the clear-glass scenario – recall that the monitoring period 
for the clear-glass scenario ran from April to September – and in February and March for the opacified-glass 
scenario, on clear sunny days with relatively low exterior ambient temperatures. In both cases, the time of 
the year is when the sun is lower than in summer, so the angle of incidence relative to the spandrel sections 
is lower and therefore more direct solar radiation reaches the glass.   


Condensation Risk 


Condensation occurs on a surface when its temperature is lower than the dew-point temperature of the 
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surrounding air. For the double-glazed module, the relative humidity and air cavity temperature were tracked 
at the center of glass, therefore the air dew-point temperature can be derived. To assess the risk of 
condensation, for all points in time over the total monitoring period and for all three venting configurations, 
the air-cavity dew-point was compared to all inside surface temperature measurements. For all three venting 
configurations, as the inside surface temperatures remained above the inside dew-point temperatures at all 
times, it can be inferred that no condensation occurred. The recorded data will be used to calibrate computer 
simulations that will allow to further explore moisture-related issues, as mentioned in the next section below. 


Condensation was observed on several occasions on the exterior glass surfaces, so the condensation potential 
on the exterior glass surfaces was subsequently checked by following the method described above, by 
comparing the measured exterior glass surface temperatures to the exterior ambient dew-point temperatures 
calculated from the exterior ambient temperatures and relative humidity data. The results of this calculation 
were found to agree with the visual observations. 


SIMULATIONS 


To test the experimental setup and validate to real world conditions, modeling of the glazed spandrel sections 
involves capturing the effects of the mockup characteristics: 


1) Complex geometry with intricate material connections 


2) Complete physics with heat transfer processes including conduction through materials, radiation, 
and explicit flow and solar  


3) Time-varying environmental conditions including air temperature, wind speed and direction, and 
solar flux intensity and direction 


The 3-D thermal and CFD model is currently being calibrated using data from the field monitoring, and the 
findings from the 3-D finite element analysis will be discussed in a subsequent paper. 


The preliminary results presented below relate to cross-validation of the field monitoring and were obtained 
using a 3-D model of one spandrel section with simplified geometry. As transient 3-D thermal and CFD 
simulations of one complete spandrel module are computationally very heavy, the intent with using a 
simplified geometry was to lower computation time while still capturing the physics and time-varying 
environmental conditions of the spandrel section. Figure 8 below shows recorded temperature data for the 
center of glass and top edge of glass, as well as temperature difference between the center of glass and edge 
of glass, for the sealed clear-glass double-glazed scenario on May 10, 2016, plotted versus simulated results 
obtained from the simplified model.  







 
 


Paper 94                                                                                                     Page 12 of 13 
 


 
Figure 8: Measured versus Simulated Glass Temperatures for Sealed Clear-Glass Double-Glazed Scenario on May 10 2016 


Overall, the simulated results show good agreement with the field monitoring data. Misalignment between 
the simulated results and the field monitoring data can be mostly attributed to geometry simplification, 
calculation time step and averaging, and uncertainty with local wind data as the glass convective heat transfer 
coefficient to the exterior is directly derived from wind speed and direction with respect to the system. For 
the deviation observed between 11:00am and 12:00pm, for instance, too large of a time step caused a dip in 
solar flux intensity not to be taken into account in the calculation due to averaging out with the subsequent 
higher value. 


Better correlation is expected to be achieved using more detailed geometry and a complete spandrel module, 
as well as shorter time steps that more closely follow the fluctuations in environmental boundary conditions 
of the system. Then, questions related to the impact of different spandrel designs, glass types, venting 
scenarios, climates, shadowing of the glass, and condensation will be explored. 


CONCLUSION 


The findings from the field monitoring suggest that, while there is some benefit of venting single-glazed 
spandrel assemblies, these benefits do not extend to double-glazed spandrels. Venting the spandrel cavity 
appears to have little to no benefit on reducing thermal stress in clear-glass double-glazed spandrel sections. 
With more solar-absorbing assemblies, venting shows even less impact on reducing thermal stress, with some 
data suggesting an adverse effect. Also, the condensation risk for double-glazed spandrel assemblies was 
assessed and found to be very low regardless of the venting configuration. Moisture-related issues will be 
further explored using computer simulations. 
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The initial findings demonstrate that double-glazed spandrel assemblies perform differently from traditional 
single-glazed spandrels. Double-glazed assemblies can be exposed to significantly higher temperatures that 
may approach the lower range of temperatures where there is a risk of breakage with heat-strengthened glass. 


Limitations of this study include some inconsistency in the measurements due to some sensors malfunctions, 
the inherent uncertainty linked to the exposure of variable and dynamic outdoor conditions, at grade exposure 
as opposed to exposure at high elevations on a building, and potential edge effects from the spandrel sections 
being positioned side-by-side and from having the top and bottom of the frame being exposed to outdoor 
conditions.  


Preliminary results from simulations using simplified geometry show good agreement with the field 
monitoring data. Next steps consist in 3-D thermal and CFD modeling of the full spandrel mockup to cross-
validate the field monitoring data. The simulations will also provide insight into the factors impacting 
spandrel glass thermal stress, as well as broaden the relevance of the findings through the investigation of 
other conditions including different spandrel designs, venting scenarios, climates and shadowing of the glass. 
The findings from the 3-D finite element analysis will be presented in a subsequent paper. 
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Review of Theories


Pinholes in thin membrane Hydrostatic head from details


Vapour diffusion from inside Diffusion & capillary from outside
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The Osmosis Mechanism


 Requirements for osmosis to occur:


1. Semi-permeable membrane 


(impermeable to Total Dissolved Solids)


2. TDS concentration differential


(higher osmotic flow rate with higher 


differential) Colligative Property
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TDS and Equivalent Osmotic Pressure


Sample A Sample B Sample C


Rain water 


pooled on 


membrane


Total Dissolved 


Salts (TDS), mg/L
17,500 13,056 3,650 7


Osmotic 


Pressure, kPa
1,488 1,089 326 ~3


 Extracted from water blisters 


under blistered membranes


 TDS and equivalent osmotic 


pressure are elevated!
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Research Objectives


1) Determine the susceptibility of various waterproofing 


membrane types to osmotic blistering


 Find true “zero” osmotic flow 


2) Set test parameters and recommendations for low-risk 


membranes 


 e.g. osmotic flow rate, vapour permeance, absorption


3) Understand the aging effects of membranes in contact with 


liquid water for long periods of time


 Changes in material properties (e.g. vapour permeance)


 Degradation of the membrane
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Project Methodology


 Osmotic flow rate testing


 Method developed by RDH
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Project Methodology


 Osmotic flow rate testing


 Method developed by RDH


 Vapour permeance testing per ASTM E-96


 Wet cup


 Inverted wet cup
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Project Methodology


 Osmotic flow rate testing


 Method developed by RDH


 Vapour permeance testing per ASTM E-96


 Wet cup


 Inverted wet cup


 Water absorption testing


 Method adapted from ASTM D-570 for prolonged time


 Water analysis


 3
rd


-party analytical lab


 Measure TDS concentrations and specific solutes
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Previous Osmosis Results
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Current Osmosis Results
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TDS Dilution from Osmotic Flow
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Osmosis Results


Membrane Type


(name or material)


Membrane 


Thickness (mil)


Osmotic Flow Rate 


(g/m²/day)


Asphalt-modified 


polyurethane*
30 – 90 1.4 – 26.2


Asphalt emulsion 110 4.6 ±1.6


Polyurea 30 – 100 2.1 ±1.6


SBS (1-ply) 100 0.3 ±0.8


TPO 58 0.8 ±0.9


Hot rubberized asphalt (2-ply) 244 0.0 ±0.7


HDPE 52 0.0 ±0.7


PMMA 70 – 80 -0.2 ±0.8


2-Component cold-applied 40 – 90 -0.3 ±0.8


EPDM 47 -0.3 ±0.7


*Large range of membrane thicknesses and osmotic flow rates for asphalt-


modified polyurethane samples (macroscopic variations in the samples) 
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Colligative Property of Osmosis, Demonstrated
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Recall, osmosis 


requires semi-
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 Higher TDS = higher osmotic flow rate 


 But only for semi-permeable membranes
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How Does Vapour Permeance Affect Osmosis?


 Osmotic flow rate is higher for high vapour permeance


 How does aging affect membrane permeance?
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Effects of Aging Membranes


 Aged asphalt-modified polyurethane = higher permeance


 Can prolonged water absorption help us understand aging?
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Water Absorption Results


 Some membranes do not reach equilibrium 


 Unknown effects over longer time: 1 year? 5 years? 10 years?


 Asphalt-modified polyurethane absorbs the most


 Decease in mass points to membrane degradation
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What is Coming Off the Membranes?


 Total Organic Carbon (TOC) points to membrane degradation


 Degrading membranes:


 Change membrane properties (vapour permeance, rigidity, etc.)


 Increase the TDS in the water blister


› Self-propagation of osmosis in susceptible membranes
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What are the Solutions? 


 Rules of thumb for selecting waterproofing membranes:


1. Measured osmotic flow rate near 0 g/m²/day (+/- 1)


2. Inverted wet cup vapour


permeance lower than 


substrate


3. Minimal long-term water


absorption or membrane


degradation
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Questions


CONTACT THE PRESENTER 


 ehenderson@rdh.com


 1-604-873-1181
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SOLUTIONS TO ADDRESS OSMOSIS AND THE BLISTERING OF 
LIQUID APPLIED WATERPROOFING MEMBRANES 


Elyse Henderson, MSc, Graham Finch, MASc, P,Eng and Brian Hubbs, P.Eng 


 


ABSTRACT 


Waterproofing membranes are widely used in the building industry as a barrier for water entry into a 
building enclosure. Over the past two decades, waterproofing system failure due to osmotic blistering has 
occurred in some protected membrane/inverted roofing assemblies. Not all waterproofing membrane 
assemblies are at risk for this process and the authors have developed a test protocol to establish the relative 
risk level of waterproofing membranes to osmosis. Using this protocol, the osmotic flow rate of SBS, hot 
rubberized asphalt, PMMA, EPDM, TPO, HDPE, polyurea, asphalt emulsion, asphalt-modified 
polyurethane, and various other 2-component cold applied membranes was measured to determine a 
threshold osmotic flow rate for low risk waterproofing membrane systems. 


In this research, a wide range of osmotic flow rates were obtained for the various membrane types. Most 
asphalt-modified polyurethane membranes consistently exhibit osmotic flow rates significantly higher than 
the low-risk threshold of ~0.0 g/m²/day (typically 1.4 to over 20 g/m²/day) after data corrections, which 
results in osmotic blistering and premature membrane failures. Some polyurea and asphalt emulsion 
membranes have flow rates above 2.0 g/m²/day with unknown long-term performance, while most other 
membranes that were tested have flow rates around 0.0 g/m²/day after data corrections from control 
samples. To reduce the potential for osmotic blistering over concrete, it is recommended that waterproofing 
membranes used in inverted roofing assemblies should have an osmotic flow rate near 0.0 g/m²/day when 
tested using the methodology herein, an inverted wet cup vapour permeance less than that of the substrate 
(i.e. <0.1 US Perms on a concrete substrate), and minimal long-term water absorption. 


To study the effects of aging, water that was in contact with three membrane types for seven months was 
analyzed and chemical components from the degradation of membranes were identified. The dissolution of 
membrane components into the blister side water serves to self-propagate the osmotic blistering by 
increasing the solute concentration, and thus the osmotic potential, and by increasing the vapour permeance 
of the material. Future work will further analyze the degradation components of waterproofing membranes 
to understand how their properties and susceptibility to osmotic blistering may change throughout their 
lifespan.  


INTRODUCTION 


Over the past two decades, failures due to osmotic blistering have been noted to occur in some protected 
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membrane/inverted roofing assemblies. The authors have been researching the systematic failure of asphalt-
modified polyurethane waterproofing membranes in the Pacific Northwest for over a decade. Dozens of 
sites have been reviewed after water-filled blisters formed and caused issues with the buildings 5 to 15 
years after membrane application. The waterproofing membranes studied are generally applied to low-
sloped concrete slabs in both insulated inverted roof and podium deck assemblies, as well as water features. 
Water-filled blisters were observed to form between the membrane and the concrete deck and are often 
under considerable pressure. These self-contained, pressurized water blisters have no identifiable leakage 
path through or around the membrane. Early work by others on roofs, planters, and water features 
(Farahmandpour, 2001; Depuis, 1994) has suggested that the source of water may be from drying of the 
concrete or perlite board substrate, although the quantity of water within many blisters is too large to be 
explained solely from drying of the substrate.  


Blisters have ranged from millimeters to an entire roof deck area and contain significant quantities of water 
under pressure. Due to the hidden nature of an inverted roofing assembly, the issue can go unnoticed for 
some time until other, more visible problems result from the large quantities of water held by the blisters. 
For example, large blisters have displaced concrete pavers, creating hazardous walking conditions, and 
water leaks have occurred as the blisters expand over cracks and joints in the concrete substrate. The issue 
is not exclusive to horizontal surfaces; blisters have also been observed on vertical applications in planter 
boxes and water features. 


 


 Concrete pavers, ballast or soil overburden 
 Pedestals (optional) 
 Filter fabric (optional though good practice) 
 Extruded polystyrene insulation (over living spaces, 


not-present in many podium decks/planters over 
unconditioned spaces) 


 Geotextile drainage mat (optional) 
 Waterproofing membrane 
 Concrete slab (6”) 


Figure 1: Typical protected membrane/inverted roofing assembly when blistering of membranes has been observed. Due to the 
local climate is it not uncommon in the Pacific Northwest for water to remain at the membrane surface for much of the fall, 
winter, and spring.  


Several years ago, the authors set out to understand the cause of this phenomenon. Hygrothermal analysis 
shows that vapour diffusion can transport water through membranes with relatively high vapour permeance 
such as asphalt-modified polyurethane (Finch et al. 2010). However, the quantity of water found in the 
blisters is orders of magnitude higher than what one would expect from vapour permeance alone. 
Additionally, the water vapour pressure differences on either side of the membrane is not great enough to 
explain the high hydrostatic pressure that exists inside the blisters. The hypothesis that was later confirmed 
with further research (Finch et al. 2009) was that osmosis was drawing water through the semi-permeable 
waterproofing membrane. The solute concentration under the membrane (e.g. from the concrete) was 
measured and confirmed to be high enough to generate extremely high osmotic pressure within the blisters. 


In previous research by the authors as well as by other consultants, contractors and roofers across North 
America, osmotic blistering has been found to occur with cold applied asphalt-modified polyurethane 
membranes used in inverted roofing assemblies and not with liquid applied rubberized asphalt or sheet 
applied SBS modified bitumen. Observations have also noted that blisters are almost always larger and 
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more frequent in older membranes, which leads to questions of how membrane characteristics change over 
time. Ongoing research by the authors is being conducted to assess the susceptibility of various other 
membranes to this phenomenon as well as the link between degradation of older membranes and increase 
in osmotic flow and are presented in this paper.  


Osmosis 


The process of osmosis can be described as the flow of a solvent, usually water, across a semi-permeable 
membrane from a solution of low solute concentration to a solution of high solute concentration. This is 
possible when the membrane separating the two solutions is slightly permeable to water yet impermeable 
to the solutes. Thus, the water flows across the membrane to balance out the solute concentrations on either 
side of the membrane.  


Figure 2 depicts this process.  


  
Figure 2: The process of osmosis, including its equilibrium state and reverse osmosis in a system with a semi-permeable 
membrane separating fresh water from a solute with high solute concentration. 


If the vessel is open such as in the diagram above, the water level on one side rises until the hydrostatic 
pressure equals that of the osmotic pressure, defined by the following equation: 


𝜋 = 𝜑 ∙ 𝐶 ∙ 𝑅 ∙ 𝑇  


Equation 1 


Where π = osmotic pressure (bar, SI unit of pressure) 
𝜑 = osmotic coefficient (unitless, value which characterizes the dissolution of the individual salts 
in solution.) 
C = concentration of all dissociated solutes (mol/L where mol is the standard unit of measurement 
for an amount of substance) 
R = universal gas constant (0.083145 L·bar/mol·K) 
T = temperature (Kelvin, absolute measure of SI temperature equal to °C+273) 


Osmotic pressure is a colligative property, meaning that the property depends on the concentration of the 
solutes and not on their identity. In other words, the osmotic flow across a system with 1.0 M sodium 
chloride (NaCl) as the solute is the same as an identical system with 1.0 M potassium iodide or a 1.0 M 
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mixture of dissolved solids that come off a concrete slab when water is trapped within a blister below a 
waterproof membrane. Total dissolved solids (TDS) in water extracted from beneath in situ waterproofing 
membrane blisters was measured to be great enough to exhibit osmotic pressure up to 15 bar. The salts 
found within these blisters comprise mostly of organic compounds and various inorganic compounds 
including calcium, magnesium, potassium, sulfur, and silicon. 


Table 1: Total dissolved solids measured from blister water extracted from two sites in 2016 (sites A and B) and one site in 2009 
(site C), as well as the rainwater on top of the blistered membrane. 
TDS and equivalent 


osmotic pressure 


Blister water 


sample from 


site A 


Blister water 


sample from 


site B 


Blister water 


sample from 


site C 


Rain water 


pooled above 


membrane 


Total Dissolved Salts 


(TDS), mg/L 
17,500 13,056 3,650 7 


Osmotic Pressure, kPa 


[bar] 


1,488 


[15] 


1,089 


[11] 


326 


[3] 


~3 


[0] 


Forward osmosis occurs naturally in biological systems, for example osmotic pressure is the main cause of 
support for plants. Osmosis can be opposed by applying pressure greater than the osmotic pressure to the 
side with high solute concentration. This process is called reverse osmosis and is widely used in water 
purification technology.  


Objectives 


Although the process of osmosis has been thoroughly studied as it pertains to other industries such as water 
purification, traffic and bridge decking, and marine infrastructure, there is still very little research related 
to the process of osmosis in the roofing industry. There is a need to further understand of the susceptibility 
of different waterproofing membranes to this phenomenon. The main objectives of the ongoing research 
and this paper are to: 


1) Determine the susceptibility of various waterproofing membrane types to osmotic blistering 


2) Set recommendations for low-risk membranes (e.g. vapour permeance, osmotic flow rate) 


3) Understand the aging effects of membranes in contact with liquid water for long periods of time 


METHODOLOGY 


There is currently no industry standard to test waterproofing membranes for osmosis.  In previous research, 
it has been shown that wet/inverted wet cup vapour permeance and water absorption are often related to the 
osmotic flow potential of waterproofing membranes (Finch et al. 2009). Based on this past research the 
following osmotic testing protocol was developed and used: 


1) Vapour permeance testing (by wet cup and inverted wet cup per ASTM E-96) 


2) Osmotic flow rate testing (method developed by the authors) 


3) Water absorption testing (method adapted from ASTM D-570 for prolonged periods of time) 
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Additional water analysis testing by an analytical laboratory supplements the test protocol and provides 
insight into the long-term degradation of membranes in contact with water for long periods of time.  


Vapour Permeance – Wet Cup and Inverted Wet Cup 


Samples were tested in general conformance with ASTM E-96 for both wet cup and inverted wet cup vapour 
permeance measurements. Distilled water is placed within a glass container and the material being tested 
is sealed on top such that it separates the interior of the cup to the controlled relative humidity (RH) 
conditions of a climate chamber. The vapour pressure gradient created between the water in the cup (100% 
RH) and climate chamber conditions (50% RH) results in the moisture leaving the cup through the test 
material. Wet cup measurements are typically recommended over dry cup for describing the in-service 
properties of water resisting barrier sheathing membranes as they are exposed to high RH levels for most 
the year.   


The inverted wet cup test is different from the regular wet cup method in that it inverts the standard wet 
cup apparatus in the climate chamber and exposes the top side of the membrane to liquid water (see diagram, 
below). The average RH the material sees in this case is the same as the wet cup however liquid water, and 
capillary flow, is present. Inverted wet cup measurements are recommended for the in-service properties of 
waterproofing membranes that are in contact with liquid water for significant periods of time, especially 
those used in protected membrane/inverted roofing assemblies.  


 
Figure 3: Wet cup (left) and inverted wet cup (right) vapour permeance test procedures per ASTM E-96.  


The change in mass of the apparatus is measured using a laboratory scale and the resulting vapour 
permeance is calculated from the loss of mass over time per unit area of material. The preparation of the 
samples for the wet cup and inverted wet cup tests follows the same steps as sample preparation for the 
osmosis measurements, although the water inside the containers is distilled water instead of salt water as in 
the case of the osmosis test samples. 


Osmotic Flow Rate 


To measure osmotic flow through the membranes a solution of 1.0 M NaCl with a TDS of 58,500 ppm is 
placed in a glass container, the top of the container is sealed to the test membrane to separate the salt water 
from the distilled water. The apparatus is designed so the osmotic flow of water from the fresh side to the 
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salty side is easily measured by the mass increase within the container. Gravimetric measurements were 
taken at regular intervals and the osmotic flow of water into the container (g/m²/day) was calculated after 
subtracting the water absorption of the membranes that was measured concurrently. Control samples with 
impermeable metal lids sealed with the same epoxy were also tested and their small weight gain throughout 
the experiments was also subtracted from the sample osmotic measurements. 


 
Figure 4: The osmosis testing apparatus at the beginning of the experiment (left) and once osmotic flow into the container has 
occurred (right). 


The following procedure was used to measure the osmotic flow rate through waterproofing membranes: 


1) The samples of membrane are cut into circular discs to fit within a powder-coated corrosion 
resistant, screw-top lid fitting of glass containers. Each membrane sample is initially weighed and 
the thickness is measured at a minimum of 5 points to determine an average.  


2) Two component fast-set epoxy is applied to the perimeter of both sides of the membrane to create 
a sealed gasket between the lid and membrane and the lid and glass container and close off any 
gaps between the lid and container to improve the measurement procedure.  


3) A known volume (~80 mL) of salt water is placed into the glass containers. The salt water is usually 
1.0 M NaCl, but other salts and varying concentrations are also tested. When enough membrane 
was available, one blank sample is produced for each membrane, where distilled water is used 
instead of salt water within the container.  


 


Figure 5: Example of one osmosis sample container. The membrane 
(black) is sealed between the powder-coated lid (green) and the glass 
container (clear) with epoxy. Salt water is inside the container. Samples 
were given code numbers, which can be seen on the bottom of this 
container (3.11).  
 


4) After the epoxy has cured and the container is leak tested, the initial mass of the container, 
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membrane, and salt water together is measured.  


5) A fresh water bath is prepared using distilled water and the samples are placed on a rack in the bath 
(to allow water circulation). The bath is filled to a height so that the water line is equal with the 
internal water line of the inverted sample containers to eliminate the effect of hydrostatic water 
head on the samples.  


6) At regular intervals, the containers and blank samples are removed from the fresh water bath, dried 
thoroughly, and weighed. This process is repeated approximately once a week for several months. 
The TDS levels in the water bath are monitored regularly and water is changed approximately every 
two weeks to maintain TDS close to 0 ppm outside the sample containers.  


7) The flow of water through the membrane is measured by subtracting the incremental mass from 
the initial container, water, and sample mass. Measurements from control samples are also 
subtracted from the osmotic flow rate calculations. 


Most membranes in the osmosis experiments go through a wetting process during which they absorb water, 
although this does not necessarily contribute to water permeating through the material. The standard 
osmosis test procedure developed decouples these two processes by carrying out simultaneous absorption 
testing and control samples to subtract this effect.  


Absorption 


Water absorption measurements were taken for two main reasons: 


1) To understand the long-term effects of contact with liquid water 


The absorption of water by waterproofing membranes can change their properties over time. 
Water absorption can dissolve some components of the material over time, as well as loosen the 
adhesion of layers including fibre reinforcement. These changes to the chemical and physical 
properties of membranes can lead to decreased performance and failures in the field. Very high 
moisture absorption rates have been shown to fail waterproofing membranes on their own without 
osmosis occurring due to swelling, re-emulsification, softening, or material degradation (Yang 
2001, Howard 2002). 


2) To calibrate the osmosis results 


Most membranes in the osmosis experiments go through a wetting process during which they 
absorb water, although this does not necessarily contribute to water permeating through the 
material. The osmosis test procedure developed decouples these two processes. 


The absorption testing procedure generally follows industry standard water absorption tests (immersion of 
sample in room temperature water), but for a longer time than most tests procedures specify. The 24-hour 
moisture absorption specified in various ASTM standards (including ASTM D-570 for plastics) is 
insufficient to accurately assess the long-term moisture uptake of a waterproofing membrane in an inverted 
roofing application. This is important as long-term water absorption into a waterproofing membrane will 
affect its durability and material properties (i.e. susceptibility to osmosis and material strength etc.). As part 
of the standard test, the water uptake and moisture content of a membrane is measured until saturation of 







 
 


Paper 95                                                                                                    Page 8 of 17 
 


the membrane is reached. For some membranes, this may take several months to occur.  


Water Analysis 


As a complementary analysis to the osmosis testing protocol, water samples from the osmosis containers 
were sent to a third-party analytical lab to measure what compounds dissolved off the membranes 
throughout the course of the experiments. The water sample analysis provides insight into how the 
membranes may change by losing small amounts of material over time when in direct contact with water. 
The third-party lab reported the following: 


1) Anions, by ion chromatography with chemical suppression of eluent conductivity 


2) Total organic carbon, by high temperature combustion – infrared CO2 detection 


3) Hardness (as CaCO3), by calculation of total Ca and total Mg 


4) Total dissolved solids, by gravimetry (dried at 103-105 °C) 


5) Total metals, by HNO3+HCl hot block digestion – ICP-MS detection 


RESULTS 


The authors have been researching the phenomenon of osmotic blistering in waterproofing membranes for 
over a decade (Finch 2009, Finch 2010, Finch 2014). The results presented here build off past research by 
further investigating a wider range of membrane types and including more experiments to elucidate 
membrane degradation over time throughout osmosis experiments as a proxy for in situ aging.  


Osmosis Results 


Osmotic flow rate experiments were performed on a series of traditional waterproofing membranes, 
including SBS modified bitumen (single ply sheet), 2-ply hot rubberized asphalt, two brands of reinforced 
PMMA, as well as an EPDM, a TPO, and an HDPE sheet (Figure 6). The gravimetric analysis of mass 
increase over time shown in Figure 6 was corrected for contributions from water absorption of the 
membranes. An earlier set of experiments, uncorrected for absorption, is shown in Figure 7 with additional 
asphalt-modified polyurethane samples, an asphalt emulsion, the average of several different polyurea 
membranes, and the average of several different 2-component cold-applied membranes. In these 
experiments, the osmotic flow rates were measured only after the samples had stopped absorbing water and 
the rate of osmotic flow became relatively constant.  


Asphalt-modified polyurethanes are known to exhibit osmotic blistering in the field (Finch 2009). A large 
range of observed membrane thicknesses and osmotic flow rates was measured for asphalt-modified 
polyurethane samples due to the macroscopic variations in the samples retrieved from sites. All other 
membranes that were tested show relatively small osmotic flow in comparison and in fact are approximately 
0.0 g/m²/day after data corrections from the control samples. 
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Figure 6: Osmotic flow of some membranes that were recently tested using the standard protocol. All samples here were tested 
with a 1.0 M NaCl salt solution in the containers.  
 


 


Figure 7: Osmotic flow of select membranes that were tested previously, including two asphalt-modified polyurethane 
membranes (green), an asphalt emulsion membrane (mustard), a polyurea membrane (orange), and a 2-component cold-applied 
membrane (blue). All samples were tested with a 1.0 NaCl salt solution in the containers.  
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Table 2: Membrane thicknesses and measured osmotic flow rates. 


Membrane Type 
(name or material) Membrane Thickness (mil) Osmotic Flow Rate (g/m²/day) 
Asphalt-modified polyurethane* 30 – 90 1.4 – 26.2 
Asphalt emulsion 110 4.6 ±1.6 
Polyurea 30 – 100  2.1 ±1.6 
SBS (1-ply) 100 0.3 ±0.8 
TPO 58 0.8 ±0.9 
Hot rubberized asphalt (2-ply) 244 0.0 ±0.7 
HDPE 52 0.0 ±0.7 
PMMA 70 – 80 -0.2 ±0.8 
2-Component cold-applied 40 – 90  -0.3 ±0.8 
EPDM 47 -0.3 ±0.7 


*There is a large range of observed membrane thicknesses and osmotic flow rates for asphalt-modified polyurethane samples due 
to the macroscopic variations in the samples retrieved from sites. 


To understand the effect of solute concentration on the osmosis process, additional experiments were 
carried out using asphalt-modified polyurethane and hot rubberized asphalt membranes. The NaCl salt 
concentration was varied from 0.0 M (distilled water, negligible osmotic pressure) to 1.0 M (TDS of 58,500 
ppm, equivalent to 49 bar of osmotic pressure). Since the osmotic pressure is a colligative property, one 
may expect higher salt concentrations to increase the osmotic flow through a semi-permeable membrane. 
This effect can be seen with the asphalt-modified polyurethane in Figure 8. Even at 0.0 M and 0.1 M salt 
concentration, osmotic flow into the jar may be propagated by the dissolution of membrane material into 
the container, increasing the equivalent osmotic pressure. In contrast, all concentrations of salt in the hot 
rubberized asphalt samples show very similar, low osmotic flow. These results show that even at high salt 
concentrations (1.0 M, 49 bar of osmotic pressure), low risk membranes do not exhibit significant osmotic 
flow. Note, the osmotic flow rate is calculated from the slope of the graph after subtracting the effects of 
water absorption by the membrane. The 0.0 M samples with negligible osmotic potential still exhibit very 
slight increase in mass over the course of the experiments. This can be attributed to the minor absorption 
of water by the epoxy that seals the membrane and lid to each sample container. This effect is minor and 
consistent for all samples. Control jars with impermeable metal lids sealed with the same epoxy were 
concurrently tested and the small amount of weight gain from these controls was subtracted from the end 
results of all test samples. 
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Figure 8: Osmotic flow of asphalt-modified polyurethane (green) and hot rubberized asphalt (red) with varying salt 
concentrations. Osmotic flow rate is calculated from the slope of the data. 


The osmotic flow rate and inverted wet cup vapour permeance was measured for new and aged asphalt-
modified polyurethane samples from sites that experienced osmotic blistering and is shown in Figure 9. 


New asphalt-modified polyurethane membranes have significantly lower vapour permeance (68-77 ng/Pa-
s-m²) than the aged samples (up to 529 ng/Pa-s-m²). The osmotic flow rate of the new samples is over 1.0 
g/m²/day, whereas the aged samples have osmotic flow up to 26 g/m²/day. There is also a very large range 
in performance of aged membranes, likely due to different chemistry, thickness, primer, application 
conditions, and substrate conditions. In Figure 9, aged membranes were obtained from sites with osmotic 
blistering. Aged asphalt-modified polyurethane samples from roofs that had experienced osmotic blistering 
had laboratory osmotic flow rates as low as 1.8 g/m²/day.   


  
Figure 9: Correlation between osmotic flow rate and vapour permeance for asphalt-modified polyurethane samples, aged (red) 
and new (blue). Aged samples were obtained from sites with osmotic blistering. 
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These results suggest that the properties of asphalt-modified polyurethane membranes may change over 
time as the membranes age in service. The laboratory osmosis experiments revealed visible signs of aging 
of the membranes over the course of 7 months. The changes included stiffening and discoloration, as well 
as a yellowing of the water within some sample containers. To explore the potential dissolution of 
membrane samples into the water, supplementary water analysis was carried out after the osmosis testing 
protocol. 


Absorption and Water Analysis Results 


Absorption measurements are carried out in conjunction with the osmosis experiment as part of the 
developed protocol for osmotic flow analysis. The change in mass of the membranes throughout the 
absorption measurements is subtracted from the gravimetric measurements and calculation of osmotic flow 
rate. The change in mass for the membranes in the absorption test is shown below. All membranes have an 
initial uptake of water.  After the initial uptake, some membranes show a decrease in mass for the remainder 
of the measurements. The decrease in mass, coupled with an increase in TDS in the absorption water is an 
indicator of membrane degradation over time (Strong 2004). This effect is most notable for the asphalt-
modified polyurethane membrane.  The HDPE sheet membrane, a proprietary below grade waterproofing 
product also exhibits a decrease in mass, which is likely due to compounds from the adhesive layer 
dissolving into the water bath and not the membrane itself. Other membranes may be losing fillers or may 
be slowly dissolving into the water bath. This effect can increase the TDS in the water blisters (Table 1) 
and self-propagate osmosis in waterproofing applications.  


 
Figure 10: Absorption experiment results for the membranes. Note the high % change in mass from asphalt-modified 
polyurethane and the slight decrease in % change in mass for some of the samples. 


The water inside the osmosis containers was analyzed after the gravimetric analysis was complete to test 
for compounds that were released from the membranes into the water over the test period. The following 
samples were tested: 


1) 1.0 M NaCl solution before osmosis experiment 
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2) 1.0 M NaCl from the hot rubberized asphalt containers after 30 weeks in the osmosis experiment 


3) 1.0 M NaCl from the asphalt-modified polyurethane containers after 30 weeks in the osmosis 
experiment 


4) 1.0 M NaCl from the PMMA containers after 30 weeks in the osmosis experiment 


Solute concentrations were compared to the reference solution of 1.0 M NaCl before the osmosis 
experiments, within which only sodium (Na) and chloride (Cl) were present. The post-experiment solute 
concentrations are shown below, in Figure 11, for water from the containers with hot rubberized asphalt, 
asphalt-modified polyurethane, and PMMA membranes. A real, in-situ blister water sample is also shown 
for reference. 


The total dissolved solids (TDS) decreases over the course of the experiments due to osmotic flow of water 
into the containers and the resulting dilution of initial TDS. This effect is most pronounced the asphalt-
modified polyurethane as these samples exhibited the highest rates of osmotic flow. In addition to the 
gravimetric analysis, this confirms that water is flowing through some membranes into the containers. The 
amount of water required for the dilution noted in the asphalt-modified polyurethane case is approximately 
6 mL, equivalent to 6 g of water. The total amount of weight increase measured in the osmosis experiment 
is 8 g of water. Approximately 2 g of water is absorbed by the membrane (as measured during the absorption 
experiment), which leaves approximately 6 g of weight increase that can be accounted for by osmotic flow 
into the jar. 


 
Figure 11: Change in concentration of total dissolved solids (TDS) in the 1.0 M NaCl solution over the course of experiments in 
contact with hot rubberized asphalt (red), PMMA (blue, and asphalt-modified polyurethane (green) membranes. Decrease in TDS 
points to water influx into the containers (i.e. osmotic flow). 


In addition to TDS, individual solutes were measured in real in-situ blister water as well as the water from 
lab sample containers after over 30 weeks in the osmosis experiments (shown in Figure 12). In contrast to 
the TDS measurement, these solutes were not present in the initial 1.0 M NaCl solution in the hot rubber, 
PMMA, or asphalt-modified polyurethane samples and must have come from the membrane or sample 
container throughout the osmosis experiment. In the case of the in-situ blister water extracted from blisters 
after 10 years in service, these solutes may have originated from the asphalt-modified polyurethane 
membrane or the concrete substrate.  
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Significant amounts of total organic carbon (TOC), calcium, potassium, silicon, and sulfur can be seen in 
the water extracted from the osmosis experiment sample containers. The TOC measurement is particularly 
interesting since it points to degradation of the carbon-containing structural components of the different 
membranes. Sulfur is present in bitumen-based materials as well as some plasticizers, which may be used 
to obtain certain texture characteristics. Past research by the authors has identified silicon and magnesium 
as inorganic filler components in some waterproofing membranes. Calcium is also used as a filler in many 
membranes and is likely also present from the concrete substrate for the membranes that were extracted 
from sites. The high concentration of potassium in the blister water is likely from potash admixtures in the 
concrete substrate. 


 
Figure 12: The solute concentrations from water extracted from a real osmotic blister (light purple), as well as from water inside 
osmosis experiment containers: hot rubberized asphalt (red), PMMA (blue), and asphalt-modified polyurethane (green). Note, for 
the lab experiments, the starting 1.0 M salt solution has 0 mg/L of all these solutes. 


DISCUSSION 


Past, current, and future work by the authors aims to establish thresholds for vapour permeance, water 
absorption, and osmotic flow rate utilizing a developed test method to predict the risk level for membrane 
failure in the field. Utilizing osmotic flow measurements of low-risk reference membranes such as SBS and 
hot rubberized asphalt, a low-risk threshold level of osmotic blistering can be identified. Membranes that 
exhibit osmotic flow rates near 0.0 g/m²/day when tested with a 1.0 M salt solution and corrected for 
background absorption using control samples, an inverted wet cup vapour permeance of <0.1 US Perms, 
and minimal long-term absorption that stops after a few months should have a low risk of osmotic blistering 
provided they are properly installed to an acceptable substrate. 


The authors have found some membrane chemistries that demonstrate low osmotic flow and relatively low 
vapour permeance values, but these materials have long-sustained absorption during the several month test 
procedure. Long-term absorption is potentially a concern for other degradation mechanisms in 
waterproofing applications. Further long-term study of the behavior of these membranes is warranted in the 
field.  


Osmotic flow rate, vapour permeance, and water absorption are interrelated with respect to membrane 
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durability and risk of osmosis. There is a visible correlation between inverted wet cup vapour permeance 
and osmotic flow rate, as shown in Figure 13 for many membrane types tested by the authors over the past 
decade.  


    
Figure 13: Osmotic flow rate measured by the RDH method versus vapour permeance measured by inverted wet cup. Note the 
positive correlation. The asphalt-modified polyurethane samples are aged and were extracted from sites that had experienced 
blistering. 


To minimize the risk of osmotic blistering in inverted roofing assemblies, it is suggested that the 
waterproofing membrane has a vapour permeance (tested using the inverted wet cup ASTM E-96 
procedure) lower than the vapour permeance of the substrate on which it is applied. This should prevent the 
accumulation of moisture and the resulting saturated concrete surface that is required to start the osmosis 
cell. The wet cup vapour permeance of a 6” concrete slab is generally reported to be in the range of 0.1 to 
0.5 US Perms. Thus, the aged membrane vapour permeance should conservatively be lower than 0.1 US 
Perms (or <6 ng/Pa-s-m²) in this application. This guidance is summarized in Figure 14.  


 
Figure 14: Diagram of vapour drive within concrete substrate. When the membrane (shown in brown) has higher vapour 
permeance than the substrate (concrete) this can lead to water accumulation and an osmotic cell. 


The vapour permeance and osmotic flow rate thresholds that are set based on the results in current and past 
work correspond mostly to new membranes. The behaviour of aged membranes is still relatively unknown 
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and even the aged asphalt-modified polyurethane membranes tested in these experiments continue to 
change over the course of the experiments. The concentration of degradation byproducts from the sample 
membranes detected in the water after seven months is quite significant considering that the lifespan of 
waterproofing membranes is 20-30+ years.  


The effect of membranes releasing solutes into the blister water has even greater implications than changing 
the texture and material properties. Since osmotic pressure is a colligative property, the release of solutes 
into the osmotic cell can increase the osmotic flow rate. Thus, the aging of membranes can self-propagate 
higher osmosis rates via two mechanisms: 


1) As membranes age and release more solutes into the blister water, the osmotic potential of the 
blister increases, encouraging more water to flow into the blister. This increases the pressure within 
the blister and it delaminates more membrane from the concrete substrate, exposing even more salts 
from the concrete to dissolve into the blister water. This positive feedback cycle self-propagates 
the blistering process. 


2) The aging of membranes changes their physical properties. One effect of aging is the increase in 
vapour permeance, which contributes to osmotic flow rate. Another effect of aging is the loss of 
certain components such as fillers and plasticizers, which can result in a more porous or brittle 
membrane and can lead to other, non-osmosis-related failures. 


CONCLUSION 


The osmosis testing protocol was used to determine the osmotic blistering potential of a sub-set of 
waterproofing membranes including SBS modified bitumen, hot rubberized asphalt, PMMA, EPDM, TPO, 
HDPE, polyurea, asphalt emulsion, asphalt-modified polyurethane, and various other 2-component cold 
applied membranes. Tested asphalt-modified polyurethane membranes consistently exhibit an osmotic flow 
rate significantly higher than the other membranes, typically 1.4 to over 20 g/m²/day which in our 
experience results in osmotic blistering over concrete. Some polyurea and asphalt emulsion membranes 
tend to have flow rates above 2.0 g/m²/day, while most of the other traditional waterproofing membranes 
that were tested have flow rates around 0.0 g/m²/day after data corrections using controls. It is recommended 
that waterproofing membranes using in inverted roofing assemblies should have an osmotic flow rate 
around 0.0 g/m²/day and an inverted wet cup vapour permeance less than that of the substrate is 
recommended (i.e. <0.1 US Perms on a concrete substrate). In addition, the long-term absorption should be 
minimal and should stop after a few months with no apparent negative consequences on the integrity of the 
membrane. Water that was in contact with three membrane types tested was analyzed and chemical 
components from the degradation of membranes were detected in the water. 


The following research is ongoing: 


1) More detailed chemical analysis of membrane solutes released into water to understand what 
components are being degraded and how this may affect membrane performance. 


2) Perform more osmotic testing of aged membranes to compare to the new membranes that have already 
been tested. 
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MONITORING OF VARIOUS NON-VENTED AND VENTED VAULTED 


ROOFING SYSTEMS IN A VANCOUVER HOME 


Jason Teetaert, P.Eng, SMT Research Ltd.  


 


EXTENDED ABSTRACT 


Current residential re-shingling projects are often completed through shingle removal and concurrent 
replacement with similar shingle products, without improvement in air tightness or insulation value.   This is 
because the driving force of shingle replacement amongst homeowners is 
low cost. Adding further insulation or airtightness may add to the cost, as 
the activity may require roofing contractors to acquire additional permits, 
coordinate with additional sub-trades, and further extend the install time on 
most project sites.  


In receiving four quotations for roof re-shingling, not one roofing company 
suggested adding additional external or internal insulation, or improving the 
air barrier while shingling the single family home.   The added insulation 
would involve additional contractors and possible design services, or delay 
the project delivery, resulting in the roofing contractor being higher priced 
than others.   


This project will serve as a showcase of insulation methods to re-roof vaulted 
ceiling spaces in marine climates, with limited to no ventilation, in 
comparison to a ventilated roof on the same building.   Moisture content and 
temperature sensors have been installed for analysis of the comparison 
between the various insulation and ventilation methods, and also for early 
detection of conditions that may lead to long-term mold and wood rot of the 
sheathing and roof trusses.  


The objective was to re-shingle a Vancouver, BC home, while adding 
airtightness and insulation to the vaulted ceilings.   The home is typical of 
other historical Vancouver neighbourhood homes, with the attic areas having 
been renovated to include a living space, with dormers added to increase the 
overall living space.   The full height dormer roofs constructed in 2006 
shown as (decks 4 & 5) shall remain a conventional control study vented 
cold attic roof with poly vapour retarder and fibreglass batt insulation.   


1 


2 3 


4 
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7a 


Figure 1: Sample Shingles only re -
Roof Project Vancouver 2017 


Figure 2:  Existing Assemblies  
  Area 1, 2, 3 & 6: Unvented Vaulted Ceilings    
Area 4 & 5 :  2006 Dormer Extension:   Area 7:– 
Open to below – no insulation  
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In the late 1970s, the attic space was insulated to become living space.  The existing vaulted ceiling roof 
decks is comprised of a non-intact poly vapour retarder, fibreglass batt insulation, and air leakage around the 
knee wall access door as well as along the wall to roof interfaces.  


 


The spray foam that was added to the truss space was applied only to roof deck 6.   Installation of the closed 
cell spray foam occurred from the outside –without disruption to the occupants or the gypsum to the interior 
of the building.   


Figure 3:  Roof Area 4 & 5 - Vented Dormer Extensions with cold attic space 


Figure 4:  Existing vaulted ceiling assembly remains in Roof 


Areas 2 & 3 
Figure 5:  Closed Cell Spray Foam added from the exterior in 


Roof Area 6 
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The presentation at CCBST 2017 shall contain video content of this installation process.  


The installation consisted of three (3) types of shingle products for long-term evaluation with various 
insulation venting types below them, and the various strategies for algae mitigation and aging qualities. The 
three various architectural shingles provided by the same manufacturer were color matched to blend with 
each other.  


Table 1: Shingle Type and Color Index for Figure 7 & 8 
Shingle Brand / Color Shingle Type Cover Protection Warranty 


Malarkey Legacy XL Flexor™ asphalt:  polymer modified asphalt Scotchgard™ Protector 15 year 
Malarkey Vista AR Nexgen™ asphalt: utilizes a blend of Flexor™ 


asphalt with post-consumer recycled polymers 
 


Security against algae staining 12 year 


Malarkey Highlander Traditional asphalt Security against algae staining 10 year 


The various life span of the shingles will be evaluated yearly by photographic comparison and inspection.    
The shingles were installed in October 2016, and therefore this presentation will not cover these aging factors 
– looking for more of this continued research in the future.   


Figure 6:  Screenshots of Installation Video 
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Sensor placement was chosen to minimize the disruption to the re-roofing schedule, and also provide valuable 
data for the moisture and temperature profile of the various assemblies.  


 


Figure 7:  South perspective of roof with sensor location and shingle type Figure 8:  North perspective of roof with sensor locations and shingle type 
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Moisture Content Results  


The moisture content measurements taken from the Point Moisture Monitoring sensor includes the un-
insulated screws of the sheathing and truss below the insulation layer.   All moisture content readings are in 
wood moisture % and temperature compensated.  


 


 


The moisture content of the ventilated attic space sheathing at the lower eve vent areas are well over the 
desired 25% moisture content for wood products to remain healthy long term.     The roof sheathing on the 
2006 vented dormer expansion did show signs of minimal mould growth, which was only on the underside 
of the sheathing.  The top side of the sheathing was in pristine condition.      For the Nov 2017 CCBST 
presentation, there shall be further analysis of the moisture and temperature data in comparison to 
condensation related events to night sky radiation, external weather sources, and related information.  
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Heritage Homes


• Re-shingling Quotations
Not one came back with increasing airtightness or 
adding insulation. 


• Methods of Insulation to Existing Structure
Can you spray foam a sloped roof from Exterior?


• Types of Shingles 
What is the between 10, 12 and 15 year shingle? 


• Do you really need attic ventilation?
Previous monitored attic spaces lead to questions.  







Typical Vancouver Re-Shingle Project 







Existing Vaulted Ceiling and Attic Space







Vaulted Ceiling and Attic Space







Remove some sheathing….







Install Temperature and Moisture Content Sensors







Install Temperature and Moisture Content Sensors







Install Temperature and Moisture Content Sensors







Spray Foam Installation 







Spray Foam Installation







Various Shingle Types







Various Shingle Types







Shingle Types


Malarkey Legacy XL
Flexor™ asphalt


Malarkey Vista AR Nexgen™ asphalt:
blend of Flexor™ 


asphalt


Malarkey Highlander 


polymer modified asphalt
Scotchgard™ Protector


with post-consumer recycled polymers
Security against algae staining


Traditional asphalt 
Security against algae staining 


15 year 12 year 10 year 







Shingles







Results – Non-Vented Unchanged Insulation Vaulted Ceiling







Results – Closed Cell Spray Foam Assembly







Results – Vented Dormer Roof – South Face







Results – Vented Dormer – North Face







Results – Vented Dormer – North Face







Any questions?







Relative Humidity versus moisture content


MC Wood1 4.5%        7.7%       11%      16%     24%    30%     35%   >40%


MC Gypsum       0.1%        0.5%    0.75%    1%      2%       4%    >6%


MC Sandstone     <0.5%   <0.75%       <1%    1.75%      2%    


RH Air        20%         40%       60%      80%      95%    H20  







Linear Moisture Sensor


316 Stainless
steel 


Copper


WALL ROOF FLOOD
^ ^ ^


Detects the presence of moisture
Has a wide coverage area
Has limited accuracy








Sound Transmission of Wood-Frame Rain 


Screen Cavity Wall Assemblies
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Agenda


Context


Building Science Community and Advisory Committee


Review  of existing data of wood-frame assemblies


Process for candidate selection


Method


Drainage and ventilation’s gaps on test sample


Selected Results


Proposed Candidates for ASTM E-90 measurements
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Recent increase in thermal performance requirements in BC (HPO, 2011; 
MH, 2014;    BCBC, 2012; CVBBL, 2014) has promoted new wall 
assemblies which have not been  acoustical evaluated.  Modelling of split 
insulation and rain screen cavities can not be validated.


Context


CCBST 2017







Acoustic investigation -objective 


Sound Transmission Loss - Acoustical Principles for Consideration


Rain Screen Cavity Width


Mechanical decoupling of external layers


Mass-air-mass resonance 


Absorption of sound by exterior insulation
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Combination of all possible variations in each layer provides an 
unfeasible amount of possible variations


Principles for selecting assemblies / candidate selection process:


 - alignment w/ thermal performance codes


- no repeats of previous studies


- field-lab screen for critical variables


June 23, 2016 Advisory Committee


# Options


Material 3


RC 2


Cavity Insulation Material 4


Size 2


Spacing 2


Staggered 2


Sheathing Material 2


Material 5


Thickness 3


Material 4


Attachment 4


Cavity Width 4


Cladding Material 6


Interior Board


Wood Studs


Exterior Insulation


Strapping
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Sheathing                             Stud (size, spacing, staggered) Cladding types 


Wall Insulation                            Resilient channels                                                Interior Drywall
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NRC –CNRC IRC IR-818 
J.S.Bradley and 
J.A. Birta (2000)


Extended data field







29a


106a


Limited data on a Rain screen walls


Bradley and Birta (2000)
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Bradley and Birta (2000)


Limited data on exterior insulation


Rigid glass fibre board – 1.3 Kg/m2
XPS – 0.6 Kg/m2
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Establish base wall onto which the exterior layers to be tested:


Interior board,12.7 mm  gypsum board 


Wood studs 38 x 140 mm, 400 mm o.c.


Interior insulation, glass fibre batt


Sheathing, 19 mm plywood 


Inclusive of a polyethylene film vapour barrier


And spun-bonded polyolefin water resistive barrier


Advisory Committee June 23, 2016 
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Advisory Committee June 23, 2016 
Outboard of sheathing variables to establish:


• Cavity width
• Building code minimum 
• Acoustical decoupling recommendation


• Cladding attachment
• Bridged
• Un-bridged


• Exterior insulation type
• Thickness


• Cladding
10CCBST 2017







57 Rainscreen Cavity wall assemblies


CBST 2017







Line connection: Continuous wood strapping over insulation
Point connection: Bracket with horizontal aluminum slats
Hybrid connection: Horizontal Z-girts w/ steel furring hat track 


Advisory Committee June 23,  2016


CCBST 2017


Cladding attachments  







S1                                     S2                                   S3
Bridged S1 : Continuous wood strapping without insulation


S2 : Z-girts w/ steel furring hat track 


Un-bridge S1:  Continuous wood strapping with insulation
S3: Clips and furring S-track


Lab translation
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Cladding attachments







Research methods


CANDIDATE SCANS at BCIT
ASTM E966 Field Measurements of Airborne Sound Insulation of Building 
Facades and 
Facade Elements /ISO 15186 Measurement of sound insulation in buildings and of 
building elements using sound intensity


Exterior


Image: IRC/NRC


FINAL TEST at NRC Direct Transmission Loss suite
ASTM E90 Laboratory Measurement of Airborne Sound Transmission of 
Building Partitions and Element 
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2.44 x 2.13 m opening 







BCIT Field lab for scanning candidates
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BCIT Field lab for scanning candidates
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BCIT Field lab for scanning candidates
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BCIT Field lab for scanning candidates
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BCIT Hybrid Test vs IRC/NRC ASTM E-90
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Critical specimen detail


What are the effect of rain screen cavity width and ventilation’s gaps 
on the acoustical measurements of exterior wall assembly?


Sealed in previous test


Vented and ventilated have air gaps which were not accounted for
In previous evaluations…………need to establish standard


29a


106a
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Investigate cavity width and gap
cladding with sealed cavity.
cladding with vented cavity, one equivalent width gap
cladding with ventilated cavity, two equivalent width gaps
Dimensions for cavity width and gap: 9.5 mm, 19 mm, 25 mm
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Analysis: drainage & ventilation detail


Cavity & gap 
widths


Average 
deviation
<1000 Hz


Average 
deviation
>1000 Hz


Maximum 
deviation


dB ( Hz band)


9.5 mm (3/8”) 1.3 1.3 2.5 (1K Hz)


19 mm (3/4”) 1.7 1.3 4.0  (2 K Hz)


25 mm (1” ) 2.7 2.9 5.3 (500 - 2 K Hz)


Sealed specimens (over all widths)


Average 4 dB 
Over-estimate
8 dB (250 Hz)             


3 dB 
Under-estimate


6 (2500 Hz)


Direction provide: single drainage gap for all specimens
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57 Rainscreen Cavity wall assemblies


Addition of the rainscreen cavity


Base wall vs Reference cavity wall
direct attachment of cladding (Bridge S1, wood strapping)


#33 Vinyl Base wall [28/39] to 
#36 Vinyl REF - 3/8” cavity [28/39], #37 Vinyl REF - 1” cavity [28/38]


#34 FCB Base wall [29/40] to 
#35 FCB REF - 3/8” cavity [29/40], #37 FCB REF - 1” cavity [28/40]


Observation: The vinyl clad base and reference specimens measured 
equally, likewise the FBC clad base and reference specimens measured 
equally. Indicating that the rainscreen cavity itself did not increase 
transmission loss. 
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Selected results


Addition of exterior (split) insulation


Reference cavity walls vs 1-1/2” mineral wool 


#36 Vinyl REF - 3/8” cavity [28/39], #37 Vinyl REF 1” cavity [28/38]


ADD  1½” MW   #1       S1[26/37]             #4 S1 [27/38]


#7 S2 [29/40] #6 S2 [29/40]


#39 S3 [27/39] #41 S3 [28/40]


Observations: Pattern not strong to argue in favour of the added insulation, 
something about S2 as a connector is emerging: see 3” insulation.
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Selected results


Addition of exterior (split) insulation


Reference cavity walls vs 3” mineral wool 


#36 Vinyl REF - 3/8” cavity [28/39], #37 Vinyl REF 1” cavity [28/38]


ADD  3 ” MW   #22   S1[28/39]             #24 S1 [28/39]


#20 S2 [29/43] #18 S2 [29/43]


#47 S3 [28/42] #49 S3 [28/42]


Observation: Increase cavity with insulation can provide an increase in TL, 
with resiliently in attachment, again a nominal increase TL


(pattern for further E90 test)
CCBST 2017







Emerging pattern  - Vinyl FSTC
1 Vinyl S1 -Strapping 3/8" Min. Wool 1 1/2" 26 37


29 Vinyl S1 -Strapping 1" XPS 3" 28 37
4 Vinyl S1 -Strapping 1" Min. Wool 1 1/2" 27 38


37 Vinyl S1 -Strapping 1" 28 38
43 Vinyl S3 - Clips 1" XPS 1 1/2" 29 38
52 Vinyl S3 - Clips 1" XPS 3" 29 38
39 Vinyl S3 - Clips 3/8" Min. Wool 1 1/2" 27 39
22 Vinyl S1 -Strapping 3/8" Min. Wool 3" 28 39
24 Vinyl S1 -Strapping 1" Min. Wool 3" 28 39
25 Vinyl S1 -Strapping 1" XPS 1 1/2" 28 39
28 Vinyl S1 -Strapping 3/8" XPS 1 1/2" 28 39
33 Vinyl Base Wall 28 39
36 Vinyl S1 -Strapping 3/8" 28 39
41 Vinyl S3 - Clips 1" Min. Wool 1 1/2" 28 40
6 Vinyl S2 - Z-Girt 1" Min. Wool 1 1/2" 29 40
7 Vinyl S2 - Z-Girt 3/8" Min. Wool 1 1/2" 29 40
9 Vinyl S2 - Z-Girt 1" XPS 1 1/2" 29 40


12 Vinyl S2 - Z-Girt 3/8" XPS 1 1/2" 29 40
14 Vinyl S2 - Z-Girt 3/8" XPS 3" 29 40
15 Vinyl S2 - Z-Girt 1" XPS 3" 29 40
32 Vinyl S1 -Strapping 3/8" XPS 3" 29 40
45 Vinyl S3 - Clips 3/8" XPS 1 1/2" 29 40
53 Vinyl S3 - Clips 3/8" XPS 3" 30 41
47 Vinyl S3 - Clips 3/8" Min. Wool 3" 28 42
49 Vinyl S3 - Clips 1" Min. Wool 3" 28 42
18 Vinyl S2 - Z-Girt 1" Min. Wool 3" 29 43
20 Vinyl S2 - Z-Girt 3/8" Min. Wool 3" 29 43







Emerging pattern  - FCB FSTC
10 FCB S2 - Z-Girt 1" XPS 1 1/2" 28 38
3 FCB S1 -Strapping 1" Min. Wool 1 1/2" 27 39
5 FCB S2 - Z-Girt 1" Min. Wool 1 1/2" 27 40
8 FCB S2 - Z-Girt 3/8" Min. Wool 1 1/2" 28 40


11 FCB S2 - Z-Girt 3/8" XPS 1 1/2" 29 40
13 FCB S2 - Z-Girt 3/8" XPS 3" 29 40
16 FCB S2 - Z-Girt 1" XPS 3" 28 40
26 FCB S1 -Strapping 1" XPS 1 1/2" 28 40
27 FCB S1 -Strapping 3/8" XPS 1 1/2" 29 40
34 FCB Base Wall 29 40
35 FCB S1 -Strapping 3/8" 29 40
38 FCB S1 -Strapping 1" 28 40
2 FCB S1 -Strapping 3/8" Min. Wool 1 1/2" 29 41


30 FCB S1 -Strapping 1" XPS 3" 29 41
44 FCB S3 - Clips 1" XPS 1 1/2" 28 41
46 FCB S3 - Clips 3/8" XPS 1 1/2" 30 41
31 FCB S1 -Strapping 3/8" XPS 3" 30 42
51 FCB S3 - Clips 1" XPS 3" 29 42
17 FCB S2 - Z-Girt 1" Min. Wool 3" 29 43
21 FCB S1 -Strapping 1" Min. Wool 3" 30 43
23 FCB S1 -Strapping 3/8" Min. Wool 3" 30 43
40 FCB S3 - Clips 3/8" Min. Wool 1 1/2" 28 43
42 FCB S3 - Clips 1" Min. Wool 1 1/2" 28 43
54 FCB S3 - Clips 3/8" XPS 3" 30 43
19 FCB S2 - Z-Girt 3/8" Min. Wool 3" 29 44
48 FCB S3 - Clips 3/8" Min. Wool 3" 30 47
50 FCB S3 - Clips 1" Min. Wool 3" 30 47







Emerging Patterns – Stucco FSTC


28 Vinyl S1 -Strapping 3/8" XPS 1 1/2" 28 39


27 FCB S1 -Strapping 3/8" XPS 1 1/2" 29 40


57 Stucco S1 -Strapping 3/8" XPS 1 1/2" 37 49


1 Vinyl S1 -Strapping 3/8" Min. Wool 1 1/2" 26 37


2 FCB S1 -Strapping 3/8" Min. Wool 1 1/2" 29 41


56 Stucco S1 -Strapping 3/8" Min. Wool 1 1/2" 37 51


22 Vinyl S1 -Strapping 3/8" Min. Wool 3" 28 39


23 FCB S1 -Strapping 3/8" Min. Wool 3" 30 43


55 Stucco S1 -Strapping 3/8" Min. Wool 3" 36 52


57 Stucco S1 -Strapping 3/8" XPS 1 1/2" 37 49


56 Stucco S1 -Strapping 3/8" Min. Wool 1 1/2" 37 51


55 Stucco S1 -Strapping 3/8" Min. Wool 3" 36 52
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Given VINYL Cladding


Top: Resilient attachments and 3” mineral wool 


Then:  Resilient and 3” XPS or 1-1/2” mineral wool


Then:  Wood strapping and either insulation or thickness
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Given FCB Cladding


Top performer: S3 attachment and 3” mineral wool insulation


Then: S2/S3  resilient attachment and  3” XPS


Then: 1-1/2” insulation







Given Stucco Cladding


If Stucco (where only S1 wood strapping was evaluated)


Most important: type of exterior insulation or thickness 
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Proposed candidates for E-90 Evaluation


Reconstruct wall at IRC/NRC for E90 evaluation: higher level of accuracy 
and consistency in patterns, so we can draw acoustical reason.


Cladding and insulation thickness are reasonably understood, cavity width 
does not seem to be dominate


Relationship between type of insulation and type of cladding attachment is 
of interest, in association with cladding


1, 1.1 Vinyl S1 3/8" Min. Wool 1 ½”  and 3”


2 Vinyl S2/3 Min. Wool 3”


3 Vinyl S1 XPS 3”


4 Vinyl S2/3 XPS 3” 


5, 5.1 FCB S1 3/8" Min. Wool 1 ½”  and 3” 


6 FCB S2/3 Min. Wool 3”


7 FCB S1 XPS 3”


8 FCB S2/3 XPS 3”
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SOUND TRANSMISSION LOSS OF WOOD-FRAME WALL ASSEMBLIES 


WITH RAINSCREEN CAVITY AND OPTIONAL SPLIT INSULATION 


E. Stehling, O. Tamanna and M. Connelly 


 


 


INTRODUCTION 


The sound transmission loss of wood-frame wall assemblies with rainscreen cavity and optional split 
insulation was investigated. New BC building codes and provincial guidelines (Homeowner Protection 
Office, 2011) require high performance exterior wall assemblies to be designed with the incorporation of 
rainscreen principles and to meet superior performance targets with regards to thermal and moisture 
performance; however, the sound isolation performance of these wall assemblies was not addressed. 
Evidence from previously reported test results (Bradley et al., 2000) suggested an improved overall STC 
rating is expected for rainscreen wall assemblies; however, the limited data is not sufficient to predict the 
transmission loss of the mandated assemblies. In addition, during the previous evaluations of rainscreen 
wall assemblies the specimen under test was fully sealed. This represents a face-sealed wall assembly, and 
does not account for cladding gaps which are required for drainage and ventilation in a rainscreen assembly. 
Therefore, the prerequisite to the acoustic evaluation of rainscreen assemblies was a specific investigation 
of the cavity and gap details of the test specimens installed for measurements. 


Performance data of current assemblies is required for the validation of predictive modelling to 
accommodate the diversity of wall assembly solutions. The addition of the rainscreen cavity changes the 
approach in acoustic modelling from the use of double panel to triple panel sound transmission theory 
(Sharp, 1973). The data is also required for modelling of transportation noise through the building envelope 
to meet adopted criteria from Canadian Mortgage Housing Corporation and the World Health Organization.  


The outcome of the prerequisite investigation was to include a drainage gap for the evaluation of rainscreen 
wall assemblies with variation in exterior insulation material, exterior insulation thickness, rainscreen 
cavity width, cladding attachment, and cladding material. This paper presents the impact of the cladding 
type and insulation type from the 57 rainscreen walls assemblies evaluated. 


METHODOLOGY 


At a field lab a sound intensity method was used to measure transmitted sound levels, this scanning 
approach provides accurate comparative results while being less demanding on infrastructure as per the 
ASTM E-90. In this hybrid method an outdoor source was provided as per ASTM E966 – 2010 and the 
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indoor sound levels were measured using a sound intensity probe as per ISO 15186 – 2003. The tests were 
completed with a noise source (directional loud speaker) positioned at mid-height of wall specimen at a 45º 
angle, at distant 2.30 m from the wall specimen. Inside a semi-anechoic measuring room, an intensity probe 
was used to measure sound intensity radiated normal from the wall specimen. Results were analyzed at one-
third octave frequency bands to derive comparative transmission loss data and FOITC and FSTC data. 


Each specimen wall was built into a framed opening of a mass wall isolated with a resilient interface to 
minimize flanking to the mass wall. The wall standard was comprised of: 12.7 mm (1/2”) gypsum board, 6 
mil poly membrane, 38 x 140 mm (2”x 6”) wood studs at 406 mm (16”) on center, 152 mm (6”) fiber glass 
batt insulation filling stud cavities, plywood sheathing, and a spun bonded polyolefin membrane. All 
subsequent layers which comprised the wall assembly specimens were installed to the outboard of the 
membrane.  


The prerequisite investigation on nine test assemblies utilized the wall standard with 7.5 mm (5/16”) cement 
panel board cladding on wood strapping. The rainscreen cavity widths evaluated were 9.5 mm (3/8”), 19 
mm (3/4”) and 25.4 mm (1”). At each cavity width assemblies were evaluated as face sealed, with a drainage 
gap and with both drainage & top ventilation gaps. All gaps heights were the same dimension as the cavity 
width.  


The 57 rainscreen wall assemblies evaluated were permutations of three claddings: vinyl siding, 7.5 mm 
(5/16”) fiber cement board panel (FCB) siding and stucco; three cladding attachments: wood strapping, Z-
Girts, and clips (custom-made for generic compatibility); two exterior insulation types: rigid mineral wool 
and XPS, at both 38 mm (1 1/2”) and 76 mm (3”) widths. FCB and Vinyl siding Base walls without a 
rainscreen cavity and without exterior insulation, and FCB and Vinyl siding Reference walls with rainscreen 
cavities - without split insulation were also evaluated.  


RESULTS AND DISCUSSION 


Results of the prerequisite investigation indicated that as the cavity width and gap heights increases from 
9.5 mm to 19 mm to 25.4 mm transmitted sound intensity of vented & ventilated test specimens deviate 
from a face-sealed test specimen up to 2.8 dB, as averaged across the range of frequencies. The deviations 
are frequency dependent with a maximum deviation 5.3 dB at the 500 and 2K Hz. The result of this study 
indicated that use of a face-sealed wall test samples to evaluate rainscreen assemblies will results in 
measurements underestimating transmission loss at high frequencies and critically overestimate the 
measurement of transmission loss in low frequency. The outcome of the prerequisite investigation was to 
include a drainage gap for the evaluation of the 57 rainscreen wall assemblies. 


The FOITC and FSTC ranges over the 57 tested assemblies were 26 to 37 and 37 to 52, respectively. The 
major contribution to increase the sound transmission loss of rainscreen cavity walls can be linked to using 
both an exterior insulation material that presents sound absorptive characteristics and heavier cladding 
materials.  


The vinyl clad base and reference specimens measured equally, likewise the FCB base and reference 
specimens measured equally. Indicating that the rainscreen cavity itself did not increase transmission loss.  
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A vinyl rainscreen cavity wall with mineral wool exterior insulation can increase the FOITC by 1 point, 
and the FSTC by up to 4 points. With an XPS exterior insulation the increases are 2 points and 2 points, 
respectively. The range is attributed to insulation thickness, where 3” performed higher than 1-1/2”, and 
cladding attachments.  


The FCB rainscreen cavity wall with mineral wool exterior insulation can increase the FOITC by 1 point, 
and the FSTC by up to 7 points. With an XPS exterior insulation the increases are 1 point and 3 points, 
respectively. The range is attributed to insulation thickness, where 3” performed higher than 1-1/2”, and 
cladding attachments. With both cladding types the highest performing walls have 3” of insulation and 
resilient attachment systems.  


Due to restraints Stucco Base and Reference walls were not evaluated. In comparison of a rainscreen wall 
with 3” of mineral wool the stucco cladding increased the FOITC and the FSTC by 7 points and 8 points 
respectively over vinyl and 6 points and 5 points over FCB cladding (See Table 1). 


Table 1: List of walls and single-number ratings. 
Wall 


# 
Cladding 


Type 
Cladding 


Attachment 
Rainscreen 


Cavity Width 
Exterior 


Insulation 
Ext. Insul. 
Thickness FOITC FSTC 


33 Vinyl Base Wall -- -- -- 28 39 
34 FCB Base Wall -- -- -- 29 40 
35 FCB Reference 3/8" -- -- 29 40 
36 Vinyl Reference  3/8" -- -- 28 39 
20 Vinyl S2 - Z-girt 3/8" Min. Wool 3" 29 43 
53 Vinyl S3 - Clips 3/8" XPS 3" 30 41 
48 FCB S3 - Clips 3/8" Min. Wool 3" 30 47 
54 FCB S3 - Clips 3/8" XPS 3" 30 43 
55 Stucco Wood Strap. 3/8" Min. Wool 3" 36 52 


Single-number ratings are still largely used by the industry to be a watershed when selecting a wall, a 
window, or other building material. FSTC and FOITC must be carefully used due to lack of frequency 
dependent data according to study findings. FOITC tended to better express sound transmission loss than 
FSTC, because of its broader frequency calculation range. FOITC had narrower range (11 points) versus 
FSTC (15 points). A further observation and analysis of the frequency dependent TL data of a wall is 
required in order to verify a satisfactory sound attenuation at a particular frequency range of interest and to 
begin to understand the acoustical principles which apply to the overall performance. Results for cladding 
indicated that TL increased around 7 dB at 250 Hz and on average was higher than 2 dB from 200 to 800 
Hz when for FCB walls compared to vinyl cladding walls (See Figure 1(a)). 


As for the exterior insulation, results indicated that material type does influence the amount of sound 
absorption consequently reducing sound transmission. Most significant results were found for mineral wool 
causing an increase in TL greater than 4 dB between 200 and 1250 Hz and a maximum value of 10 dB over 
XPS. In this study, mineral wool presented higher results than XPS across the frequency spectrum hence 
aligning results with hypothesis. Results for insulation types were in agreement with Sharp (1973), Quirt et 
al. (1995), and Cambridge (2012) (See Figure 1(b)). Stucco cladding brought about a substantial impact for 
the tested walls. Results indicated that this much denser material was capable of significantly change the 
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low frequency sound levels and consequently the single-number ratings FSTC and FOITC. The change in 
TL for stucco walls reached nearly 17 dB at 250 Hz whereas there was consistent improvement between 63 
and 400 Hz. Results for denser cladding aligned with Bradley and Birta (2000, 2001), Nightingale and Quirt 
(1999), Quirt and Warnock (1993), and Quirt et al., (1995). 


Figure 1: Averaged transmission loss of differences between: (a) FCB and vinyl claddings; (b) mineral wool and XPS   exterior 
insulation   


 ONGOING RESEARCH 


The impact of rainscreen cavity width, cladding to sheathing depth, and cladding attachment types on sound 
transmission loss from the 57 wall measurements are currently under investigation. 
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ABSTRACT 


Building-integrated photovoltaic/thermal (BIPV/T) technologies are becoming a competitive alternative to 
traditional claddings by producing electrical and thermal energy in addition to comprising the external skin 
of the building. The heat generated by the photovoltaic (PV) panels and collected by the air flowing in open 
loop air-based BIPV/T systems can be used in various low temperature applications. However, due to a 
lack of constructability and performance standardization, these technologies have yet to become part of the 
mainstream building envelope design and construction. 


This paper provides an overview of recent advancements in air-based BIPV/T systems, in order to assess 
architectural, structural and performance considerations for systems intended for full envelope integration 
and large scale applications. A BIPV/T prototype design was developed and built based on these 
considerations, adopting a conventional high-performance curtain wall framing system. Several design 
variables were investigated for thermal enhancement, such as variable flow rates, the use of multiple inlets 
for lower and more uniform PV temperatures, and different transparencies of PV modules for increased 
solar absorption. 


A series of preliminary tests was conducted to assess the BIPV/T prototype’s electrical and thermal 
performance, as well as its function as a building envelope assembly. Issues of constructability, material 
compatibility, maintenance and accessibility were addressed, and finally, guidelines for a BIPV/T 
performance standard have been proposed. Results from the preliminary testing showed that the use of 
multiple inlets may increase the thermal output by up to 18%, decrease the peak PV temperatures by up 
3°C, and marginally increase the electrical output. 


INTRODUCTION 


PV Integration with Buildings 


The building sector is currently responsible for more than 30% of the global energy consumption. 
Approximately half of this consumption is dedicated for space heating and is provided primarily by fossil 
fuels (Energy & Transformations, 2017). To meet an emissions trajectory that would limit the global 
temperature increase to 2°C by 2025, also known as the 2°C Scenario or 2DS, the International Energy 
Agency (IEA) suggests a 32% increase in heat generation from renewable sources, which can be largely 
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achieved with solar thermal heating. 


Direct implementation of renewable energy generation technologies in buildings is increasing as the 
building sector moves away from fossil fuel use (Energy & Transformations, 2017). Systems that convert 
energy from the sun into electricity (photovoltaics, or PV) as well as heat (solar thermal technologies) may 
have widespread applications on buildings. Current practices for PV technologies on buildings include 
primarily racked systems, as well as integration with the building itself (BIPV). Solar thermal technologies 
include collectors on roofs and unglazed transpired collector (UTC) walls. 


One concept combining the generation of electricity and useful heat is the photovoltaic/thermal system 
(PV/T), which is similar to a flat plate solar collector, the difference being is that the absorber is either 
replaced by or enhanced with PV cells. PV/T systems were originally developed in the 1970s (Wolf, 1976: 
Florshuetz, 1979), the focus being on the thermal part, since the efficiency of the PV cells was still 
considerably low (~6%) and these systems were intended for small scale residential applications. 


In the following decades, there has been a lot of research on ways to enhance the thermal output of PV/T 
systems including studies on optimal geometric features and flow rates (Bambrook & Sproul, 2012; Kaiser, 
Zamora, Mazo´n, Garci´a, & Vera, 2014), the use of added glazing and double pass channels (Baljit, Chan, 
& Sopian, 2016; Hegazy, 2000; Tiwari, Sodha, Chandra, & Joshi, 2006), as well as the use of added 
elements inside the coolant channel to enhance heat transfer to the coolant (Hussain et al., 2015; Kumar & 
Rosen, 2011; Tonui & Tripanagnostopoulos, 2006; T. Yang & Athienitis, 2014) among others. 


Among the various types of PV/T systems, the most common are as follows: 


1) Water-based systems: These systems use water as the fluid medium to transfer heat from the PVs. 
They have higher heat exchange efficiencies due to the thermal properties of water, and are best 
suited for climates with high solar irradiation levels and ambient temperatures. 


2) Concentrator systems: Reflectors are used to increase the radiation intensity on the PV cells. 
While less area is needed for PV coverage, the high temperatures with the collector reduce PV 
efficiency. These systems are intended for high temperature (more than 100oC) applications and 
usually require a tracking system. 


3) Air-based systems: Using air as the fluid medium, these systems are better suited for cold 
climates where ambient temperatures can be quite low. There are two types of air-bases systems: 


a) Passive air systems, which utilize buoyancy or stack effect for natural air flow 


b) Active air systems, which include mechanically assisted air flow, can be open-loop or closed-
loop 


A development of the PV/T system is the building integrated photovoltaic/thermal (BIPV/T) system. The 
benefits of integrating a BIPV/T system with the building envelope include increased cost-effectiveness of 
the installation, replacement of common building materials and an overall better architectural result (T. 
Yang & Athienitis, 2016). When a PV receives energy from the sun in the form of radiation, it converts 5 
– 23% of it directly to electricity and reflects another portion of it, while the remaining 50% or so turns into 
heat. This excess heat leads to degradation of the PV module, decreasing cell efficiency and imposing 
thermal stresses (Chow 2010). PV panels should maintain low operating temperatures, prioritizing the high 
quality energy generation of electricity (Tripanagnostopoulos, 2006). PV/T systems collect the heat 
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generated by the PV cells, maintaining them at relatively low temperatures. Using a fluid medium, the heat 
can then be transferred as energy for various applications.  


For large-scale building applications, air-based systems are advantageous for multiple reasons. They are 
lightweight, do not have the risk of leakage, and thus require less maintenance. The downside to using air 
is its low heat exchange efficiency. Natural convection is often not sufficient for the cooling of integrated 
PV panels. For BIPV/T, fan-assisted flow may provide adequate PV cooling, as well as the option to collect 
part of the excess heat for further use. Thermal enhancements may further reduce the PV temperatures and 
increase the systems thermal performance, with the exception of techniques that reduce thermal losses to 
the ambient, i.e. the use of a glazing over the PV. Figure 1 shows the concept of an air-based, multiple-inlet 
BIPV/T façade. 


 


Figure 1: BIPV/T concept with multiple air inlets 


Two recently built projects showcase the air-based BIPV/T system (Figure 2). The BIPV/T façade at the 
penthouse level of the John Molson School of Business is a custom design in response to architectural 
requirements for visible uniformity (Athienitis et al, 2010). The PV panels have black framing and were 
dimensioned to conform to the existing curtain wall configuration. This system includes UTC panels behind 
the PVs, but is not a full integration of technologies and envelope. In the Varennes Library, designed as a 
net-zero energy building, the BIPV/T cavity is created by adding the BIPV over a fully functional roof.  
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Figure 2: BIPV/T facade on the JMSB building at Concordia (left) and BIPV/T roof on the Varennes Public Library (right) 


Despite development of various system improvements and a handful of physical demonstrations, there are 
many current barriers which prevent widespread industry application of BIPV/Ts. Such barriers include 
inconsistent integration into building design, unclear performance assessment & predictions, cost-benefit 
analysis, a lack of BIPV/T-specific standards and codes, and constructability issues (R. J. Yang, 2015). 


The objective of this paper is to present the design and development of a BIPV/T cladding system based on 
an optimal design for electrical and thermal performance while also fulfilling requirements for a complete 
and modular building envelope system. A prototype was fabricated, based on a holistic approach for a 
BIPV/T system, and was tested at the Solar Simulator and Environmental Chamber (SSEC) testing facility 
at Concordia University. The system was designed to facilitate integration and assembly as a curtain wall, 
a very common and often preferred choice for commercial building enclosures. Performance enhancements 
for the BIPV/T cladding, construction limitations, and aesthetic effects were key drivers throughout the 
design iterations. Collaboration with a regional curtain wall fabricator allowed for adjustments throughout 
the design and production processes as improvements and constraints were discovered. Finally, a set of 
characterization tests were carried out. Future goals are to extract patterns from the results for predictive 
modeling and construct a set of base typologies for various façade applications. 


BIPV/T DESIGN REQUIREMENTS 


BIPV/T Design 


There are several considerations for designing a BIPV/T system, which are derived from requirements both 
from energy production and façade design point of view. The structural, architectural, constructability and 
durability requirements affect the PV system layout, sizing and connections while PV system creates 
limitations for the façade as well. Listed below are the main factors that should be considered in the BIPV/T 
design process. 


Electrical and Thermal Performance 


For a BIPV/T system, the electrical efficiency of the system is of primary importance. This is because 
electrical output produces a higher quality energy than the thermal output. Thermal efficiency is also 
important and can be enhanced and optimized with methods to increase thermal extraction. Parameters such 
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as building orientation and wall area geometries are less flexible and will affect BIPV/T layout and sizing 
and system shading, determining the electrical output. Various PV technologies, such as mono-crystalline 
silicon or poly-crystalline silicon, will also have an impact on electrical efficiency.  


Cooling of the PV through natural ventilation is typically inefficient as it only occurs through buoyancy or 
wind, while mechanical cooling with the use of a fan to draw air in must consider the net electrical efficiency 
after fan energy use is considered. For this, fan optimizations which involve calculating the fan speed and 
air pressure drop can be employed.  


The thermal performance of the system can be further enhanced by various techniques, such as double 
glazing, use of fins, and other methods discussed in the introduction. However, these optimization and 
enhancement techniques should be chosen based on the acceptable upper threshold for PV surface 
temperatures, system durability and taking into account the intended purpose of the system, which may be 
a heat exchanger, a heat pump, direct integration of the pre-heated air to the air conditioning system in the 
winter months, or for domestic hot water heating during warm summer months. 


Envelope Functionality 


Common building typologies and established building envelope techniques guide the BIPV/T design from 
an architectural standpoint. It is important to consider that as a building material, the PV system must be 
considered for primary functions of the building envelope including dead, live and other loads, 
compatibility with other façade materials, thermal insulation performance, air and water resistance, fire 
safety characteristics, and soundproofing. The insulation of the air cavity of the BIPV/T system should be 
adjusted to meet thermal and code requirements such as assembly test NFPA 285. Due to the size and 
continuity of the air cavity of this type of system, non-combustible insulation such as stone wool or mineral 
wool can be used, as well as fire stops at floor edges. Other aspects, such as water management, drainage, 
and insect and bird protection which are especially important to a rainscreen façade, must work in parallel 
with any electrical/thermal optimizations designed for the air channel.  


For the purpose of conventional façade constructability, the installation sequencing and accessibility for 
maintenance after the system is in place are important. In terms of constraints from the industry, the design 
is susceptible to PV and PV framing technology limitations, manufacturing availability, and architectural 
as well as aesthetic aspects (color, texture, finish, visual conformance to other façade appearances) that 
come to the forefront during design development phases of projects. 


Façades 


A curtain wall (CW) framing assembly is one of the better solutions for designing large scale, air-based 
BIPV/T systems, but it is important to consider the types of CW systems, depending on the uniqueness of 
the project. The two types of systems discussed are stick-built and unitized. 


The stick-built system is a common method for CW assembly, in which assembly occurs in the field. Parts 
can be individually packaged and delivered, and resulting in a lower shipping cost. Less specialized training 
is required, since parts are not custom and the installers are more familiar with generic systems. Material 
distribution on site is easier, and construction sequencing is more flexible. However, there are also several 
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downsides to this type of installation. There is less quality control, since field installation of sealants and 
other materials is subject to outdoor conditions, also limiting timeframe of construction throughout the year. 
There is generally a longer installation time and some costs are associated with an increase of labor 
intensity. There is less chance for custom shape integration in the design, limiting designers’ choices. In-
plane movement of joints is more likely to occur during and after installation.  


Figure 3 shows a basic stick-built installation sequence for a curtain wall. The sequence starts with the 
placement of the vertical framing, followed by the horizontal framing to complete the structural 
components. The profile of the horizontal framing would have to be more shallow than the vertical to ensure 
an uninterrupted air channel. Following, the back-pan and insulation would be installed, creating a 
continuous inner surface for the air channel. Finally, the glazing is placed at the outer face of the system. 
For a BIPV/T system, PV panels would replace the glazing layer, and the interior channel would be 
dimensioned for sufficient air flow behind the PV panels. 


 
Figure 3: Curtain wall facade installation sequence 


For a BIPV/T system, the transition from a stick-built design to a unitized design can be relatively easy. 
Unitized systems are generally considered more expensive and therefore less common applications than 
stick-built systems, but they have their own advantages. Most of the assembly occurs in the shop, which 
increases quality control while decreasing the chance of defective parts. Once these panels are shipped to 
the site, there is a much faster erection and enclosure phase. The design allows for more customizable 
extrusions as well as accommodation of in-plane movements. The disadvantages to this type of system 
include higher shipping costs, a much more rigid construction sequence, extra training of the installers for 
the custom parts, and a larger error in tolerance during the final assembly due to the design. Although the 
particular BIPV/T design mentioned in this paper was constructed using the stick-built approach, it is just 
as easy to incorporate the PV panels and insulation into a unitized system as most of the components are 
interchangeable (Figure 4). 
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Figure 4: Existing façade requirements (left) and sample layout of a unitized system for the façade (right) 


Structural framing significantly affects the design of the curtain wall. Sizing and quality of the floor slabs, 
as well as dimensions and spacing of the beams will affect whether the system may be hung or placed on 
top of the slab. If the system is unitized, there will be a size limitation to the vertical span of each unit. Due 
to the weight of BIPV panels, it is also important to consider whether the system will be captured on all 
four sides, or if two sides will be glazed in with silicone sealant. 


Retrofits 


With the percentage of new building construction lowering in relation to the existing building stock, 
retrofits are becoming an attractive option for many property owners, both commercial and residential. 
BIPV/T systems can be designed for retrofits, especially with CW assembly components. The option for 
overcladding or recladding allows for commonly used construction practices, and gives the possibility to 
turn semi-conditioned spaces or unused spaces into fully enclosed conditioned spaces, with the insulating 
benefit of BIPV/T systems. 


Roof Applications 


Curtain wall BIPV/T systems also have the potential to be applied to low-slope roofs as new roofing 
systems, or as retrofits. Although a low slope keeps the traditional flat roof look, a slope close to latitude is 
preferred for optimal electrical and thermal performance. For the 2017 Solar Decathlon China competition, 
a team of students and professors from Concordia University and McGill University conceptualized a 
residential home with a BIPV/T roof system, the design of which was based on building energy needs 
(Figure 5). It utilizes a stick-built CW framing system and allows the incorporation of a skylight in the 
middle of the roof. 
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Figure 5: Solar Decathlon roof system design 


CURTAIN WALL BIPV/T PROTOTYPE 


Concept and Development 


The design of the BIPV/T prototype described in this paper is based on the design considerations mentioned 
in the previous section for a CW façade application. Emphasis was placed on the facilitation of the 
assembly, and a simple air channel configuration. The system is multiple-inlet, and the PV panels serve as 
the rainscreen layer of the enclosure. Figure 6 shows the layers and components of the design. The backpan 
is a dark surface, such as a sheet of aluminum, which acts as an air and water barrier and also absorbs any 
radiation transmitted between the silicon cells, if the PV panel is semi-transparent. Semi-transparent 
photovoltaics (STPV) are modules which use a clear front and back sheet, usually a type of plastic or glass, 
and have silicon cells spaced apart enough to transmit light through the clear portion. The insulation, 
intended to create a near adiabatic boundary for the air channel, can also be selected to match the building 
code requirements for thermal resistance, which may affect the depth of the framing. 


In order to be able to test the prototype for thermal and electrical efficiency, some changes were made from 
the original design. While the original design was a 3-panel, floor-to-ceiling modular unit, the prototype 
constructed for testing was smaller due to laboratory size limitations. 
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Figure 6: Features of final prototype design 


The prototype contains two inlets, one at the base allowing for free flow of air almost the full depth of the 
channel, and one at the center between the two panels, to reduce the surface temperature of the upper panel 
by adding a cool stream of air to what is already flowing inside. This is intended to boost the heat extraction 
from the upper PV panel by introducing a second intake of fresh air and breaking the thermal boundary 
layer and ultimately enhance the electrical and thermal performance. The performance of multiple-inlet 
BIPV/T systems has been investigated by Yang and Athienitis (2014) and Rounis et al (2016). To improve 
the air flow entering at the intermediate inlet, as well as prevent rainwater from entering, a metal extrusion 
was placed along the inlet width, directing the air directly behind the PV panels for better heat transfer 
(Figure 7). 


 
Figure 7: Architectural drawings and air inlet renders 


Prototype Construction 


Once the architectural drawings for the prototype were finalized, the framing was fabricated and partially 
assembled at the shop of a local curtain wall manufacturer. Figure 8 shows, from left to right, the prototype 
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assembled and with PV panels in place, the location where the CW framing was cut away to accommodate 
the junction boxes, openings in the top horizontal framing for the air flow manifold, and a sheet metal 
flashing at the base for water drainage. 


 
Figure 8: Details of constructed prototype 


Although the prototype had certain adjustments for indoor laboratory testing, a number of resolutions were 
noted that would be required for a final product design. This includes a modified structural design based on 
system dimensions, Wire management at the junction box, sealing of any additional penetrations and joints 
related to the PV wiring, type of air channel insulation and coating if aluminum backpans are not possible, 
and manifold location, orientation and penetration through the envelope.  


Experimental Setup 


The curtain wall BIPV/T prototype testing was carried out at the Solar Simulator and Environmental 
Chamber laboratory of Concordia University in Montreal, Canada. The Solar Simulator consists of eight 
metal halide lamps that emulate the sunlight, creating a spectrum that complies with the ISO 9806 (ISO 
2013). A ventilated artificial sky, located in front of the lamps, helps remove the infrared radiation created 
by the lamps. The platform upon which the specimens are set, as well as the lamp field, can rotate from 0o 
(horizontal) to 90o (vertical). The tests for the curtain wall BIPV/T prototype were all carried out at the 
vertical position (Figure 9). A fan positioned at the rear end of the platform is used to replicate the effect of 
wind and an air collector test stand unit is used for air collection from the air channel with flow rates 
adjustable up to 600 kg/h. The room temperature of the facility is regulated at 21oC±1oC. 
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Figure 9: Vertical position of prototype during testing 


The prototype was tested using two separate sets of glass-on-glass semi-transparent, PV modules custom 
made by Canadian Solar, with two different transparencies: 66-cell modules and 72-cell modules (Figure 
10) and nominal output of 280 W and 320 W respectively. Each set of modules was tested under three 
irradiation levels and three mass flow rates, however this study includes only the results that correspond 
closer to the nominal operating cell temperature conditions (NOCT), namely: 839 W/m2 solar irradiation, 
with a uniformity of approximately 94%, 21oC±1oC ambient temperature and an average of 1.1 m/s exterior 
wind. The channel flow rates were set at 0.11 kg/s, 0,14 kg/s and 0.17 kg/s (respective average channel air 
velocities are 0.5 m/s, 0.62 m/s, 0.74 m/s). Lower flow rates were not used as they would result in average 
air velocities of less than 0.5 m/s inside the air channel which resemble the levels of natural convection. 


Furthermore, two configurations were used, one with a single intake of air located at the bottom of the 
prototype and one with a second inlet between the two PV modules, in order to investigate the effect of a 
second intake of air in the electrical and thermal performance of the prototype, as well as the maximum PV 
temperatures.  


The prototype’s dimensions are 2.07 meters in width, 2.12 meters in height, and it covers a total area of 
4.39 m2. It must be noted that the initial design included a total of three modules, corresponding to a story-
high system. However, due to limitations regarding size and irradiation uniformity, the final dimensions 
were reduced and the prototype represents part of the actual collector. 


A total of 97 thermocouples were used to monitor the temperatures of the PV surfaces, the air channel and 
the black absorber sheet covering the insulation (Figure 10). 
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Figure 10: Thermocouple setup inside of BIPV/T air cavity 


Initial characterization testing of varying irradiation levels and mass flow rates for single inlet and double 
inlet configurations is complete. Testing which has not commenced includes: 


 Installation of fins inside of the air channel 


 Varying the air channel depth without affecting the full system thickness 


 Adding the prototype to a complete curtain wall enclosure of a test hut in the Environmental 
Chamber (Figure 11). 
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Figure 11: Future testing as part of an enclosed room 


Solar Simulator Testing Results 


Preliminary results for the NOCT testing conditions showed combined electrical and thermal efficiencies 
of up to 38.9% and 43.8% for the single and the double inlet configurations respectively. The double-inlet 
configurations performed best at all times, with 2%-5% higher thermal efficiencies, 3oC – 4oC lower 
maximum PV temperatures, as well as marginally higher electrical efficiencies. 


Depending on the flow rate, the temperature rise inside the air channel varied from 6oC to 8.5oC for a 2 m 
long air channel, and it was approximately 1oC higher for the cases of the double-inlet configurations. The 
66 cell panels had a slightly higher thermal efficiency due to the higher transparency, compared with the 
72-cell modules. This thermal gain, however, was at a cost of the electrical efficiency. 


It should be mentioned that the combined efficiencies mentioned previously, were calculated assigning the 
same value for electricity, which is high grade energy, and heat, which is low grade energy. Athienitis et al 
(2011) has argued that in assessing the overall performance, or the equivalent thermal efficiency, of a hybrid 
PV/T system, the value of electricity is four times higher than that of heat, based on the coefficient of 
performance (COP) of a heat pump.  


The charts in Figure 12 summarize the prototype’s performance at NOCT conditions with a channel 
flowrate of 0.14 m/s. The electrical efficiency of the 72-cell configuration is higher than the 66-cell 
configuration due to a larger coverage of the surface with solar cells, but has a slightly reduced thermal 
efficiency due to overall higher PV surface temperatures. In both cases, it is evident that the addition of a 
second inlet improves the combined performance of the system. However, if the prototype was not limited 
in size to just two panels, the results would likely show more drastic changes between the single inlet and 
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multiple inlet configurations for taller systems. 


 
Figure 12: Results for 66-cell configuration (left) and 72-cell configuration (right) prototype testing at NOCT conditions 


DEVELOPING A BIPV/T PERFORMANCE STANDARD 


One of the biggest challenges to BIPV/T production is the lack of a unified performance standard. There 
are currently standards for electric performance of PV panels, air and liquid solar/thermal collector 
performance, even BIPV performance, but no standard exists for the performance of a PV/T system. The 
following table lists some of the existing standards related to PV and BIPV technologies. 


Table 1: Standards for solar collectors and PV 
PV standards 


EN 61215 Crystalline Silicon Terrestrial PV Modules 
EN 61646 Thin-film Terrestrial PV Modules 
EN 61730 Photovoltaic Module Safety Qualification 
UL 1703 Flat-Plate Photovoltaic Modules and Panels 
UL 4703 Outline for Photovoltaic Wire 


BIPV standards 
AC 365 BIPV roof covering systems 
EN 50583-1 Photovoltaics in Buildings: BIPV modules 
EN 50583-2 Photovoltaics in Buildings: BIPV modules 


Solar thermal standards 
ISO 9806 Solar thermal collectors – test methods 


Building on some of the existing standards, such as the more recent EN 50583, adding requirements from 
building envelope testing standards (for air infiltration, water penetration, and thermal performance) and 
extracting useful correlations from the experimental data, a set of guidelines can be developed for a BIPV/T 
standard. 


It is important to note that the design and optimization of the system’s thermal performance should not be 
arbitrary and should consider the intended use of the preheated air (heat pump boost, direct preheated fresh 
air supply, drying, desiccant cooling etc.), which would dictate the requirements for flow rate and outlet air 
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temperature. These requirements, along with the upper limits for maximum PV temperatures, as well as the 
pumping energy consumption will provide the frame for the performance design of the system. 


CONCLUSION 


This study presents the design considerations for open-loop, air-based BIPV/T systems intended for full 
integration with the building envelope. The requirements for structural, architectural and energy 
performance, which were the motivation behind the design, have been addressed. 


 A BIPV/T prototype was developed and built based on a typical curtain wall design, focusing on 
common building practices and previous lack of true integration between façade and PV/T system 
design. Based on the development process and collaboration with a CW fabricator, further practical 
issues of materiality and constructability have been addressed. 


 The prototype was tested under NOCT conditions at an indoors solar simulator facility. The testing 
included a single and a double inlet configuration. The results showed a highly efficient BIPV/T 
envelope system with combined electrical and thermal efficiencies in the range of 40%. The double-
inlet system performed better than single in terms of electrical and thermal efficiency, as well as 
maximum PV temperatures, corroborating the results of previous studies such as Bloem (2008) and 
Vats & Tiwari (2012). 


 Guidelines for the development of a BIPV/T energy performance standard were suggested. 


Initial testing indicated that thermal output increased by up to 18% with the addition of a second inlet in 
the prototype, while peak PV temperatures decreased by up to 3°C. Electrical output was marginally 
increased in the multiple inlet configuration (as opposed to the single-inlet system). These differences are 
expected to be greater in large scale applications, which is the intent of application for this system design. 


FUTURE WORK 


Future work in this area includes testing for electrical and thermal efficiency with adjustments to the 
prototype which could affect the performance. Such adjustments include: 


1) Meshes at the inlets, which would be applied in the field for bird and insect protection 


2) Positioning of the manifold in vertical and horizontal configurations. This takes into 
consideration the limitations of floor height and space availability. 


3) Insulation of the framing. There may be a lack of this in field installation and it’s important to 
consider practicality of large scale curtain wall applications. 


Testing of the prototype for water management is important to complete the performance assessment in 
terms of the enclosure performance. A rain penetration test per ASTM E331, with diagnostic testing to 
determine any problematic areas, should be performed as an initial step. 


Finally, further analysis of the data resulting from the electrical and thermal performance testing can be 
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incorporated into a parametric modeling program for architects to be able to use this in conjunction with 
physical modeling in programs for early design stage analysis of building performance. 
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OBJECTIVES


 Assess architectural, 
structural and energy 
performance 
considerations for a fully 
integrated envelope 
system intended for large 
scale applications


 Design, build and test a 
BIPV/T prototype using a 
high-performance curtain 
wall framing system
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Concept rendering of a BIPV/T cladding







WHAT IS BIPV/T?


 Current practices for 
photovoltaic (PV)  
technologies on buildings 
are mainly racked systems


 Concept of photovoltaic/ 
thermal systems (PV/T)
originated in the 1970s


 Building-integrated 
photovoltaic/thermal 
(BIPV/T) systems as 
alternatives to traditional 
cladding


 Heat generated from the 
PV panels can be 
collected and utilized
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Multiple-inlet BIPV/T concept







ENERGY GENERATION FROM BIPV/T
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 Electricity produced by PV 
panels is a function of their 
temperature and solar 
irradiance


 Enhancements of the 
thermal output of PV/T 
systems have been researched 
and include optimal 
geometries, flow rates, added 
glazing, double pass channels 
and others


 Types of PV/T systems include: 
water-based, concentrator 
systems, air-based systems 
(passive, active)







BIPV/T CASE STUDIES


 Custom designed BIPV/T 
façade at mechanical 
penthouse of John Molson 
School of Business 
(Concordia University)
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 Net-zero energy design of 
the Varennes Library 
includes fully functional 
BIPV/T roof







DESIGN REQUIREMENTS


 A BIPV/T system design is derived from both energy 
production needs and the façade design
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Electrical & Thermal Performance: Envelope Functionality:


 Building orientation and wall 
geometries will affect BIPV/T 
layout & sizing


 PV technologies
 Mono-crystalline silicon


 Poly-crystalline silicon


 Mechanical cooling of PV by fan


 Thermal performance 
enhancements


 Double glazing


 Use of fins


 Other


 Dead and live loads


 Compatibility with other materials


 Thermal insulation


 Air and water resistance


 Fire safety


 Soundproofing


 Insect and bird protection


 Install sequencing


 Maintenance accessibility


 PV manufacturing availability







FAÇADE DESIGN
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 A curtain wall (CW) framing assembly is a good solution for 
large scale, air-based BIPV/T systems


 PV panels replace the glazing at the exterior face of the 
system


 Air channel is created between exterior face and insulation







RETROFITS & ROOF APPLICATIONS


 Overcladding or re-cladding 
options to turn unused or 
semi-conditioned spaces 
into fully enclosed 
conditioned spaces
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 Applications on low-slope 
roofing systems


 Slope close to latitude 
preferred for optimal electrical 
and thermal performance


Solar Decathlon roof system design







BUILDING A PROTOTYPE


 Based on design considerations for electrical, thermal and 
envelope performance


 Emphasis on facilitation of assembly and a simple air channel 
configuration
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FINAL PROTOTYPE DESIGN AND FEATURES
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CONSTRUCTION OF PROTOTYPE
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 Framing fabricated and assembled at local curtain wall 
manufacturer shop facility


 Prototype has modified structural design and other 
adjustments for laboratory testing







TESTING IN THE SOLAR SIMULATOR
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 Testing carried out at Solar 
Simulator in vertical 
position


 Fan at base of platform 
replicates effect of wind


 Three irradiation levels


 Three flow rates


 Single inlet and double 
inlet configurations


 Modules with two types of  
transparencies:66-cell 72-cell







EXPERIMENTAL SETUP
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TESTING RESULTS (NOCT)


 Combined electrical and thermal efficiencies:
 38.9% for single inlet configuration


 43.8% for double inlet configuration


 Double inlet configuration showed best performance:
 2% – 5% higher thermal efficiencies


 3°C – 4°C lower maximum PV temperatures


 Marginally higher electrical efficiencies
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CONCLUSIONS


 BIPV/T prototype developed and built based on typical curtain 
wall design


 Focus on common building practices and previous lack of 
true integration between façade and PV/T system design


 Prototype tested under NOCT conditions at an indoor solar 
simulator


 Double inlet configuration of the system showed best 
results for combined thermal and electrical efficiencies and 
maximum PV temperatures


 Effects of multiple inlet configuration expected to be 
greater in larger scale applications
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FUTURE WORK


 Testing the prototype for electrical and thermal efficiency with 
adjustments:


 Use of meshes at the inlets


 Positioning of manifold (vertical vs. horizontal)


 Incorporation of prototype into fully enclosed test hut for 
testing in Environmental Chamber
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Perimeter Zone Test Room in Environmental Chamber:


Vertical 


manifold


Horizontal 


manifold







DEVELOPING A BIPV/T STANDARD


 One of the biggest challenges to BIPV/T production is the lack 
of a unified performance standard


 Design and optimization of thermal performance should be 
based on intended use of preheated air


 Requirements for building envelope testing standards are 
needed for air infiltration, water penetration and thermal 
performance


15th Canadian Conference on Building Science and Technology


November 7, 2017
17


PV standards
EN 61215 Crystalline Silicon Terrestrial PV Modules


EN 61646 Thin-film Terrestrial PV Modules


EN 61730 Photovoltaic Module Safety Qualification


UL 1703 Flat-Plate Photovoltaic Modules and Panels


UL 4703 Outline for Photovoltaic Wire


BIPV standards
AC 365 BIPV roof covering systems


EN 50583-1 Photovoltaics in Buildings: BIPV modules


EN 50583-2 Photovoltaics in Buildings: BIPV systems


Solar thermal standards
ISO 9806 Solar thermal collectors – test methods


Table of existing standards related to PV and BIPV technologies
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CONDENSATION IN WALL 
ASSEMBLIES: MAINTAINING 
LOW LEVELS OF RISK THROUGH 
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THERMAL BRIDGING AND 
CONTINUOUS INSULATION


Codes impose thermal performance level 


requirements in many areas


Specific clauses impose the use of 


continuous insulation


Reduction of thermal bridges


Some construction types pose challenges







THERMAL MODELING







THERMAL MODELING


Exterior-insulated 2 x 6 steel frame at 16" o.c.


Metal panel attached by vertical z-girts at 16" o.c.


Generic exterior continuous insulation (R-25)


USI value = 0.477 (Effective R-value 11.9)


Fails to meet NECB requirements (even with R-40)


Continuous insulation must really


be continuous to be effective!


A







IMPACT OF EXTERIOR INSULATION 
R-VALUE


A







THERMAL MODELING


Split-insulated 2 x 6 steel frame at 16" o.c.


Metal panel attached by vertical z-girts at 16" o.c.


R-20 batt cavity insulation


Generic exterior continuous insulation (R-25)


USI value = 0.306 (Effective R-value 18.6)


Meets NECB requirements for zone 4


B1







11.9 18.6


(47.6%) (41.3%)


IMPACT OF THERMAL BRIDGING


B1A


R-20 batt addition provides an effective R-7







THERMAL MODELING


Split-insulated 2 x 6 steel frame at 16" o.c.


Metal panel attached by aluminum clip and vertical rail 


Spacing at 16" o.c. horizontal and 24" o.c. vertical


R-20 batt cavity insulation


Generic exterior continuous insulation (R-25)


USI value = 0.213 (Effective R-value 26.6)


Meets NECB requirements for zones 4-5-6


B2







THERMAL MODELING


Split-insulated 2 x 6 steel frame at 16" o.c.


Brick veneer - ties at 16" o.c. (horizontal and vertical)


R-20 batt cavity insulation


Generic exterior continuous insulation (R-25)


USI value = 0.194 (Effective R-value 29.3)


Meets NECB requirements for zones 4 to 7


B3







18.6 26.6 28.3


(41.3%) (59.1%) (62.9%)


IMPACT OF THERMAL BRIDGING


B1 B2 B3







IMPACT OF EXTERIOR INSULATION 
R-VALUE


B1


B2


B3







21.0 28.3 ?


R-25
Exterior


Insulation


None R-20 R-24Cavity
Insulation


Reff


IMPACT OF CAVITY INSULATION   
R-VALUE


B3A3 C







Split-insulated 2 x 6 steel frame at 16" o.c.


Brick veneer - ties at 16" o.c. (horizontal and vertical)


Cavity insulation combo (SPF & Cellulose) R-24


Generic exterior continuous insulation (R-25)


USI value = 0.174 (Effective R-value 32.6)


IMPACT OF CAVITY INSULATION   
R-VALUE







21.0 28.3 32.6


R-25
Exterior


Insulation


None R-20 R-24Cavity
Insulation


Reff


IMPACT OF CAVITY INSULATION   
R-VALUE


B3A3 C







IMPACT OF CAVITY INSULATION   
R-VALUE


B3


A3


C







MOISTURE MANAGEMENT


• Simulations done using WUFI Pro software


• 4 climate zones covered


• Impermeable (XPS) and permeable (mineral wool) 


insulation scenarios


C







MOISTURE MANAGEMENT


Feb      Mar      Apr     May     Jun       Jul      Aug      Sep      Oct     Nov     Dec     Jan    Fev


Québec City (Climate Zone 6)







MOISTURE MANAGEMENT


Feb      Mar      Apr     May     Jun       Jul      Aug      Sep      Oct     Nov     Dec     Jan    Fev


Vancouver (Climate Zone 4C)







MOISTURE MANAGEMENT


Feb      Mar      Apr     May     Jun       Jul      Aug      Sep      Oct     Nov     Dec     Jan    Fev


Sheathing Moisture Content Evolution
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ABSTRACT 


In 2016, we published the findings of a study involving hygrothermal simulations for exterior wall 
assemblies. Different levels of permeance were used for water resistive barrier (WRB) materials used in 
these assemblies. The study concluded that WRB permeance had less impact on the drying performance 
of the wall assemblies than other parameters such as type of cladding and the use of continuous 
insulation, but also that increasing WRB permeance above 20 US Perm can increase the risk of moisture-
related problems in the assemblies. 


As a follow-up to this study, additional simulations have been performed in different types of exterior 
wall assemblies in order to evaluate higher risk scenarios. Again, simulations were performed for cities in 
climate zones 4C, 5, 6, and 7. Assemblies commonly seen in Canada for non-residential construction 
were evaluated for moisture content and risk of biological growth. Non-traditional wall assemblies were 
also subjected to the same evaluation to determine their potential of success in the market. 


In the current study, the impact of continuous insulation (its presence and its level of vapour permeance) 
was addressed specifically, considering the recent or imminent adoption of the 2015 NECB in various 
regions of Canada. When coupled with experimental testing under ASTM C1363 standard, simulations 
allowed the determination of assemblies with optimal thermal efficiency and moisture management. 


Interestingly, some non-traditional wall assemblies using a combination of two or more different 
technologies for the thermal control layer (rigid polyisocyanurate continuous exterior insulation coupled 
with a dual-composition cavity insulation mixture) have shown promising performance levels. 


BACKGROUND 


In a previous study (Côté, 2016), we were able to demonstrate that the use of continuous insulation in 
exterior wall assemblies had significant impact on moisture management and drying/wetting potential of 
these assemblies. Claddings that could provide conditions for inward vapour drive were also identified as 
major contributors, in a more important fashion than the permeance level of the water resistive barrier 
(WRB) or permeable air barrier. In fact, evidence was made that increasing WRB permeance above 20 
US Perm can increase the risk of moisture-related problems in the assemblies. 
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This previous study covered assemblies with R-19 batt insulation in the stud cavity, with and without 
continuous insulation (CI). When CI was used, vapour-permeable and vapour-impermeable insulation 
materials were evaluated at levels of R-6.5 and R-18. Many of these assemblies would not be compliant 
with the thermal performance requirements for one or more of the Canadian climate zones. Consequently, 
the present study was undertaken to predict the required amount of insulation (both cavity and CI) in 
climate zones 4 to 8 for specific wall assemblies. These assemblies were then verified for moisture 
management based on hygrothermal simulations.  


THERMAL SIMULATIONS 


Description of the Assemblies 


In the current study, a total of 14 types of exterior wall assemblies were modeled for thermal performance 
by Morrison Hershfield following the same guidelines and principles that led to the BETB Guide (BC 
Hydro, 2016). Steel-stud assemblies (2”X6” dimension, 16” o.c. spacing) will be presented here as they 
represent the worst case scenario in terms of thermal efficiency. In order to evaluate the influence of the 
method for cladding attachment to the overall performance of the assembly, three types of cladding 
attachment were evaluated: standard vertical z-girts (poor), vertical aluminum rails and thermally 
insulated clips at 24” o.c. vertical spacing (good), and standard face mounted steel brick ties (better).  


A conventional cavity insulation solution, R-20 fiberglass batt insulation, was also compared to a slightly 
lower performing solution provided by a single 50-mm pass of spray polyurethane foam (SPF, R-13), and 
to a more performing, innovative combination of materials very similar to the one referred to as “Hybrid 
Wall 3” (Grin and Lstiburek, 2014), realized with a single 50-mm pass of SPF and filling the remainder of 
the cavity with blown cellulose insulation (R-25). This combination was chosen as Grin and Lstiburek 
depicted it as “… the optimal in terms of cost, thermal, hygrothermal, and structural analysis”.  


  
Figure 1: Sample drawings for split-insulated assemblies using vertical aluminum rails and thermally insulated clips (left) and an 
innovative combination of SPF and cellulose cavity insulation (right). 


Combinations evaluated are described in more detail in Table 1 below. The overall thermal performance 
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of each type of assembly was determined by considering all structural components, cavity insulation and 
air films. The amount (thickness) of CI required on the exterior side of each assembly was then calculated 
from the difference with the prescriptive U-Value requirements found in the National Energy Code for 
Buildings (NRCC, 2015) for each climate zone. 


Thermal Modeling Results 


Table 1 summarizes the composition of the tested assemblies along with the required CI contribution for 
climate zones 4 to 8. 


Table 1: Assemblies subjected to thermal modeling in the current study 


Assembly A B1 B2 B3 C 


Cavity 
Insulation 


50-mm SPF 
(R-13) 


Fiberglass batt 
(R-20) 


Fiberglass batt 
(R-20) 


Fiberglass batt 
(R-20) 


50-mm SPF + 
100-mm cellulose 


(R-25) 


Cladding 
Attachment 


Vertical z-girts 
(16” o.c.) 


Vertical z-girts 
(16” o.c.) 


Insulated clips 
& vertical rails 


Face-mounted 
steel brick ties 


Vertical z-girts 
(16” o.c.) 


Required CI 
for climate 
zones 4 to 8 


All zones 
> R-30 


Z4: R-22 
Other zones 


> R-30 


Z4: R-8.4 
Z5: R-12.5 
Z6: R-17.4 
Z7: R-25.9 
Z8: > R-30 


Z4: R-7.1 
Z5: R-10.7 
Z6: R-14.7 
Z7: R-21.2 
Z8: R-27.8 


Z4: R-18.6 
Other zones 


> R-30 


From the results obtained with these steel-stud assemblies, it is noticeable that assemblies A, B1 and C 
are largely penalized by their cladding attachment, regardless of the amount of cavity insulation present. 
Large amounts of CI are required to compensate and meet minimum code requirements. If any type of 
foam plastic is used as CI, its thickness would be such that it would be vapour-impermeable. If a vapour-
permeable WRB was used, its permeance level would not provide any benefit. Consequently, more risks 
of moisture-related damage are present in these. Nevertheless, type C is, as expected, the best performing 
of the three, with a 15% reduction in required R-value for CI. It is however less performing than the B 
series of assemblies as the cladding attachment method represents a big thermal penalty. 


Between B1, B2, and B3, all insulated with fiberglass in cavity, the improvement of thermal performance 
is directly linked to the reduction of thermal bridges in the cladding attachment. Moving away from the 
z-girts brings a significant reduction of required CI (more than 50% in Zone 4), then around 15% 
additional reduction is brought by replacing the rails and clips by brick ties. Cladding attachment has 
therefore much more impact on the global thermal performance of the assemblies than the amount of 
cavity insulation. 


Furthermore, assuming that the CI is the lowest permeance material of the assembly (therefore that CI 
will dictate the wetting and drying behaviour of the assembly), Figure 2 shows the steady-state yearly 
evolution of the moisture content of the sheathing behind CI for the B3 assembly. Relative humidity 
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never reaches above 90% in both scenarios, along with low moisture content of exterior sheathing, 
confirming a low risk of moisture accumulation. We also note that, although these simulations are 
realized in two different climate zones, the presence of an appropriate amount of CI maintains 
temperature at the exterior side of batt insulation approximately at the same level in both scenarios. 


 
Figure 2: Yearly evolution of temperature and relative humidity at the exterior side of batt insulation in assembly B3. 


If the hybrid assembly C was constructed with a cladding attachment having a better thermal 
performance, such as a system with only discrete contact points (brick ties), it would only require 25 mm 
of polyisocyanurate insulation to meet the requirements of NECB as the required R-Value would drop 
below R-6.  


CONCLUSION 


Innovative (hybrid) split-insulated wall assemblies have shown to provide improvements in thermal 
performance. However, the impact of the use of a combination of cellulose and SPF in the cavity with 
polyisocyanurate as CI cannot compensate for the use of a poor performing cladding attachment method 
(caused by major levels of thermal bridging). Moisture management in such systems can easily be 
managed as long as the understanding of the dynamics of wetting and drying of these assemblies (through 
all materials of these assemblies – not only the air barrier or water resistive barrier) is taken into 
consideration. 
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ABSTRACT 


A trial glazing replacement project was conducted at a 28-storey, residential rental, high-rise tower 
located in Downtown Vancouver, where there have been ongoing issues with high solar heat gain through 
the windows in the tower suites during the summer months. Suites located at the south and west 
elevations, and at higher floor levels generally experience the greatest heat gain. Heat gain is increased 
when the blinds are opened. Windows are the primary vertical cladding element on the building. 


The high heat gains and desire to open blinds have resulted in the need for supplemental cooling via 
portable air conditioning units. However, the use of the units creates large demands on the building’s 
energy use, and require effort to move, temporarily install, maintain, and store the units. As such, the 
Owners have been looking into alternative options to address the overheating issue such as glazing 
replacement with electro-chromic self/smart shading glass or a high performance low-e coated/spacer 
glass, in order to eliminate or reduce the need for air conditioning units, but still allowing residences to 
keep their blinds open to enjoy the views from the tower. 


As full glazing replacement on a high-rise tower requires a large capital investment, an in-situ glazing 
replacement trial was conducted at two sample residential suites in order to evaluate the effectiveness of 
implementing a glazing replacement program with either smart shading glass or high performance 
insulating glazing units without supplemental cooling.  


The trial was conducted at two upper floor suites (at the 26th and 23rd floors), both located at the south-
west corner of the tower, and ran over the summer months of 2016 (July and August). These suites were 
selected because they both have the same exposure, are located at higher levels in the building, both have 
ongoing issues with summer time overheating, and have the same layout, so trial results could be 
compared. All the existing glazing at the 26th floor suite was replaced with smart shading glass, and all the 
existing glazing at the 23rd floor suite was replaced with a high performance low-e glass. The new trial 
glass was placed into the existing window frame assemblies, which are thermally broken, aluminum 
framed, window walls, that generally span from floor to ceiling. The two trial suites were un-occupied for 
the duration of the trial.  


IGU properties for each of the trial glass are as follows: 
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Properties High Performance Low-E 


Glass 


Smart Shading Glass 


Solar Heat Gain Coefficient 0.272 0.09 to 0.41 
Visual Light Transmittance 64% 1% to 58% 
Spacer Material Stainless steel warm edge T shaped, black silicone foam  
Gas Type 90% argon >90% argon, >10% air 
Centre of Glass U-value 0.239 0.290 


Type of Coating and Location 
Triple-silver, magnetic sputter 


vacuum deposition Low-e 
coating on #2 surface 


Electro-chromatic coating on #2 
surface 


Thickness of Glass and Air 
Space 


6mm tempered inboard and 
outboard glass with 12mm air 


space 


6mm tempered inboard and 
outboard glass with 12.7mm air 


space 
 
An occupied suite at the 20th floor with the same exposure as the trial suite, with a portable air 
conditioning unit was also monitored for the duration of the trial, in order to compare the data from the 
trial suites, to data from a typical higher level, occupied suite, where the occupant had control over the 
interior temperatures, and could adjust it to favorable conditions.  
 
Data loggers were placed in the living rooms and bedrooms of the trial suites, as well as the occupied, air-
conditioned suite, to collect interior temperature, relative humidity, and lighting level data for the summer 
months. Data was collected in the trial suites, between July 4, 2016 to August 23, 2016. Data in the 
occupied suite was collected between July 4, 2016 and August 11, 2016. The data collection period in the 
occupied suite was reduced due to error issues with the data logger, likely from the suite occupants 
moving the data logger.  
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Figure 1: Typical Trial Suite Floor Plan 


The trial ran with the operable windows closed in the trial suites between July 4 and 28, 2016. The 
operable windows were opened and bathroom fans turned on for the remainder of the trial, to see if 
allowing passive ventilation would affect the interior suite temperatures. The window operation in the 
occupied suite was controlled by the suite occupant, and it is not known if they were opened or closed 
during the trial. 


Data collected at the end of the trial was analyzed and evaluated to better determine if glazing 
replacement with either one of the trial glazing would help resolve the interior overheating issues, and 
mitigate the need for supplement cooling. Past weather for the trial period data was also collected from 
Environment Canada, to be graphed against the trial data. 


CONCLUSION 


Review of the trial data showed that the interior temperature in all suites was generally warmest between 
5:30pm to 7:30pm daily, with the highest temperatures usually recorded around 6:00pm. The suites were 
generally coolest between 6:00am to 7:00am. As such, the suites were generally warming up between 
7:00am to 8:00pm, and were cooling down between 9:00pm to 6:00am during the trial. 


The warmest outside temperatures were generally between 4:00pm to 6:00pm, with highest temperatures 
usually recorded around 4:00pm daily. Outside warming and cooling patterns were generally the same as 
in the trial suites, except with the outside peak temperature generally being around two hours before the 
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interior peak temperatures. The average outside temperature between 4:00pm to 6:00pm in July during 
the trial period was around 22.6˚C. The average outside temperature in August between 4:00pm to 
6:00pm during the trial period was 23.2˚C. The highest outside temperature recorded during the trial was 
29.4˚C on August 19, 2016 around 4:00pm.  


The trial data collected has been graphed to show the temperature comparison between each suite, and 
how the interior temperatures relate to the outside temperature (refer to Graphs 1 and 2).  


The comparison graphs also highlight the summer time thermal comfort range of 25˚C and 27˚C for 40% 
to 50% interior relative humidity, which is based on ASHRAE Standard 55-2010 Comfort Zones. 
Although actual thermal comfort is largely based on personal preference and a number of factors such as 
humidity, air speed, metabolic rate, radiant temperature of surrounding surfaces, amount of clothing being 
worn, etc., the ASHRAE Standard 55-2015 Comfort Zones range should represent a temperature range 
which most people would find favorable. The thermal comfort range on the graphs help illustrate how 
often the interior suite temperatures were within a favorable thermal comfort temperature range. 
 


 
 


 
Graph 1 Note:  


1. Suite 2008 temperature increased to over 35˚C at 6:00pm. The Resident(s) may have been out during this time and the A/C 
unit was likely not turned on. 


2. Data was collected between July 4, 2016 and August 11, 2016 in Suite 2008, the data collection period in this suite was 
reduced due to error issues with the data logger, likely from the suite occupants moving the data logger. 


PERIOD OF VENTILATED TRIAL 


SUITES 


PERIOD OF NON-VENTILATED TRIAL SUITES 


 Suite 2608 (smart shading glass) Living Room Temperature 
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The average peak temperature difference between the trial suites on the warmest days was about 6.5˚C 
during the trial, with the 26th floor suite (smart shading glass) being the cooler suite. Temperatures in both 
suites generally rise and fall at the same time, and in a similar pattern. Based on the lighting level data, it 
appears the 26th’s floor glass begins to tint as temperatures in the suite rise from the sun’s intensity into 
the suite, and helps to keep the suite from reaching the peak high temperatures experienced in the 23rd 
floor suite (low-e glass). 
 
The average peak temperature in the 26th floor suite (smart shading glass) was generally around 3˚C to 
5˚C warmer than the exterior peak temperature. The average peak temperature in the 23rd floor suite (high 
performance low-e glass) was generally around 10˚C to 15˚C warmer than the peak outside temperature, 
which indicates that solar heat gain through the glazing can cause interior temperatures to be significantly 
warmer than exterior temperatures on sunny days. 
 
During the cooler, cloudy/overcast and/or rainy weather days the temperatures in both the trial suites 
recorded similar temperatures, with the 23rd floor suite generally only being one to two degrees warmer, 
which is relatively close considering the average peak temperature difference between the two suites.  
 


Based on the data collected from the trial, the smart shading glass can reduce heat gain in the suites 
comparably to the occupied air-conditioned suite and generally within the summertime thermal comfort 
range suggested by ASHRAE 55. For most suite occupants, the average peak temperature in a suite with 
smart shading glass will likely be cool enough that supplemental cooling would not be required. 
However, it is important to keep in mind that thermal comfort is largely dependent on personal 
preference, and the average summertime peak temperature of around 26˚C may still be considered too 
warm for some occupant who would still request that supplemental cooling be provided. 


 


PERIOD OF NON-VENTILATED TRIAL 


SUITES 


 


PERIOD OF VENTILATED TRIAL 


SUITES 


 


Suite 2608 (smart shading glass) Bedroom Temperature 


Suite 2308 (high performance low-e glass) Bedroom Temperature 
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Also, as the trial suites were un-occupied for the duration of the trial. Occupant activities such as using 
electronic equipment, cooking, bathing, etc., could increase interior temperatures to levels, which may 
still require air-conditioning for some residents. Base on the trial data from the occupied suite, occupant 
activities would likely raise the average interior temperature by one to two degrees. 
 
The installation of a high performance low-e coating on the window glazing did not effectively reduce the 
interior temperature to a comfortable range and air-conditioning would likely still be required to cool the 
suites if blinds are left open. As such, this was not considered to be a suitable management option.  
 
In order to keep the tower suites sufficiently cool during the summer, shading the glass or providing 
supplemental cooling is needed to keep temperature within ASHRAE comfort zone suggestions. 


A cost comparison of the two options was completed as part of the trial in order to provide the Owners 
with the information on how each option would impact them financially. The cost to replace all existing 
IGUs at the tower suites with smart shading glass was estimated to be around $6,252,000. The cost to 
install chilled water fan-coil air conditioning in all the tower suites was estimated to be around $7,672,000 
(not including ongoing costs for energy, water, and maintenance of the air conditioning system). 


The study also provided a summary of the advantages/benefits and disadvantages/risks of each option as 
follows: 


Smart Shading Glass Fan-coil Air Conditioning 


Advantages/Benefits: 
 
 Effectively reduces summertime temperatures 
 Reduces light in suite to more comfortable 


levels 
 Reduce need, or possibly eliminate need for 


air-conditioning 
 Will reduce building’s overall energy use 
 Will reduce suite occupants’ energy bill costs. 


 


Advantages/Benefits: 
 
 More occupant control over how much 


cooling is provided to the suite 
 Can provide more cooling to the suite 


compared to glazing replacement 


Disadvantages/Risks 
 
 Invasive repair which requires extensive 


wiring installed throughout the suites 
 Some suite occupants may still desire air 


conditions to sufficiently cool their suites to 
their personal preferences 


 Less occupant control over suite temperature 
 Involves replacing glass before end of its 


service life 
 New technology possibly having unforeseen 


issues/costs 
 


Disadvantages/Risks 
 
 Higher cost solutions 
 Invasive repair which requires major 


mechanical upgrades to the building 
 High ongoing maintenance and operation 


costs 
 Increased energy use and cost for the building 
 Does not address light intensity into the suite 


and occupants may still be required to close 
blinds which will limit their views 
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Agenda
• Background


• Trial Procedure


• Results


• Conclusions







Background
• A glazing replacement trial was conducted at a 28-storey, 


residential rental, high-rise tower in Coal Harbour, Vancouver.


• Tower has ongoing interior heating issues during the summer 
months, particularly at higher floor levels, at the south west 
elevation.


• Owners currently address overheating issues by providing 
portable air conditioning units to the tenants during the summer, 
but the a/c units create large demands on the building’s energy 
use, and require a lot of effort to move and maintain.


• Owners looking for alternative options to address overheating 
and glazing replacement is one of their considerations.







Trial Procedure
• Two suites were selected for the trial


• 26th (Suite 2608) floor south west suite was replaced with smart 
shading glass


• 23rd (Suite 2308) floor south west suites was replaced with 
higher performance low-e glass


• Trial glass properties were as follows:
Properties High Performance Low-E Glass Smart Shading Glass


Solar Heat Gain Coefficient 0.272 0.09 to 0.41
Visual Light Transmittance 64% 1% to 58%
Spacer Material Stainless steel warm edge T shaped, black silicone foam 
Gas Type 90% argon >90% argon, >10% air
Centre of Glass U-value 0.239 0.290
Type of Coating and Location Triple-silver, magnetic sputter 


vacuum deposition Low-e coating 
on #2 surface


Electro-chromatic coating on #2 
surface


Thickness of Glass and Air 


Space


6mm tempered inboard and 
outboard glass with 12mm air 


space


6mm tempered inboard and 
outboard glass with 12.7mm air 


space







Trial Procedure
• Data loggers placed in the suites to measure temperature, 


relative humidity, and lighting levels during the trial period


• Data loggers also placed in an occupied 20th floor, south west 
suite with portable a/c unit installed, to compare trial results with 
an occupant controlled suite.


• Trial period: July and August 2016


• Operable windows closed for month of July


• Operable windows open and kitchen and bathroom fans running 
for month of August







Trial Procedure


Typical Trial Suite Layout


South Elevation Glazing 
Replacement Locations


West Elevation Glazing 
Replacement Locations







Trial Procedure


• Trial data graphed to show how interior temperatures related to 
outside temperature (outside temp. from Environment Canada 
historical weather data)


• Trial data also compared with ASHRAE Standard 55-2015 
Comfort Zones range







Results
SUITE 2008


(OCCUPIED AIR-


CONDITIONED SUITE)


SUITE 2306


(HIGH PERFORMANCE


LOW-E GLASS)


SUITE 2608


(SMART SHADING


GLASS)


Peak July Temperature 


(period of non-ventilated 


trail suites)


35.0˚C
(on July 15 at 6:00pm)


40.1˚C
(on July 25, 2016 at 


7:00pm)


28.0 ˚C
(on July 27, 2016 at 


8:00pm)
Average Peak July 


Temperature (period of 


non-ventilated trial suites)


26.5˚C 34.1˚C 25.9˚C


Peak August Temperature 


(period of ventilated trial 


suites)


27˚C
(on August 10, 2016 at 


8:00pm)


35.0˚C
(on August 20, 2016 at 


7:00pm)


28.7˚C
(on August 19, 2016 at 


7:00pm)


Average Peak August 


Temperature (period of 


ventilated trial suites)


25.8˚C 30.9˚C 26.3˚C







Results
• Interior temp warmest between 5:30pm to 7:30pm


• Warmest outside temp between 4:00pm to 6:00pm, highest 
temp usually around 4:00pm daily.


• Inside and outside warming and cooling patterns were similar, 
except outside peak temp about 2 hours before inside peak 
temp


• Smart shading glass reduced interior temps to similar temps of 
the occupied air conditioned suite and thermal comfort range


• High performance low-e glass did not effectively reduce interior 
temps to a comfortable range







Graph 1 Note: 
1. Suite 2008 temperature increased to over 35˚C at 6:00pm. The Resident(s) may have been out dur ing this t ime and the   A/C unit  
was l ikely not turned on.


Suite 2308 High Performance Low-E Glass


Suite 2608 Smart Shading Glass







Graph 2 Note: 
2. Data was col lected between July 4, 2016 and August 11, 2016 in Suite 2008, the data col lect ion per iod in this suite was re duced 
due to error issues with the data logger, l ikely f rom the suite occupants moving the data logger.
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Graph 2: Bedroom Temperature Comparison


Summer Thermal Comfort Range (based on ASHRAE 55) Suite 2608 (View Glass) Bedroom Temperature


Suite 2308 (Solarban 70 Low-E Glass) Bedroom Temperature Outside Temperature


Suite 2608 Smart Shading Glass


Suite 2308 High Performance Low-E Glass







Conclusions


• Installing smart shading glass could be an effective solution to 
reducing interior overheating


• Thermal comfort can range between individuals, supplemental 
cooling might still be needed to keep some people happy
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RESTORATION OF A HERITAGE LOG CHURCH 


Rekker, Mike1, Mitchell, Robert2 


 


 


ABSTRACT 


This paper is a case study of the restoration of a log church located in Oro-Medonte, Ontario. The original 
Oro African Episcopal Methodist Church (church) was constructed out of square notched log walls, wood 
roof framing and wood flooring supported on grade. The church was completed in 1849 as part of an African 
Canadian settlement that was established after the War of 1812. This paper explores the steps taken to 
complete a heritage restoration project from a consultant’s perspective.  


The church had gone through multiple stages of modifications and repairs since the 1940’s including repairs 
to address vehicular accidents. Despite those repairs and a series of events that periodically drew new interest 
in the building, the condition of the church continued to deteriorate and it eventually closed to the public. A 
renewed interest by ancestors of the settlement and Town Council support brought reason and cause to the 
restoration of the church, eventually gaining financial contribution in the form of grants to complete the work.  


After completion of a Cultural Heritage Assessment and initial restoration working drawings prepared by 
others, the author was retained at the request of the Township of Oro-Medonte (Township). The authors 
involvement included a modified design and drawing preparation in collaboration with a team of consultants 
which saw the project through design and construction phases. The project involved raising the building to 
accommodate a new crawl space, log wall replacement and repair, and other structural repairs. The authors 
collaborated to address the building envelope, using an approach that had to differ from modern practices 
due to the age of the structure. The building envelope considerations included a review of the crawl space 
and roof venting requirements, detailing of the new cladding, and replacement door and windows.  


The restoration approach to the heritage conservation of the church was in conformance with the Standards 
and Guidelines for the Conservation of Historic Places in Canada (Standards and Guidelines). Although the 
project experienced challenges, collaboration with a team of consultants, contractors, and the Township of 
Oro-Medonte resulted in the church being successfully restored to a historical period that had significant 
heritage value. 


INTRODUCTION 


On the south-east corner at the intersection of Line 3 of Oro-Medonte and Old Barrie Road, in a grassed 
landscape of an unmarked burial ground, sits the small but significant Oro African Episcopal Methodist 
                                                      


 
1 C.E.T., BSSO, Project Coordinator, Tacoma Engineers Inc., 570 Bryne Drive, Unit L, Barrie, Ontario, Canada 
2 B. Arch, OAA, MRAIC, CAHP, Davenport Architectural Corp., 28 Dunlop Street West, Barrie, Ontario, Canada 







 


 


Paper 56                                                                                                     Page 2 of 14 
 


Church. The church, built in 1849, was a focal point of an African Canadian settlement established in part 
by militiamen from the War of 1812 (Canada’s Historic Places, 2000). 


Even though the original settlement has long disappeared and the church is no longer active, the church 
building remained. Despite previous attempts at restoration, the condition of the church continued to 
deteriorate. An awareness campaign was launched by the Township to address the deteriorated state of the 
church. This was the catalyst in driving community interest and Government support. A sense of urgency 
was created which manifested in grants and crowdfunding. 


The authors, in collaboration with the building team, saw the project through the design and construction 
phases. The project involved raising the building to accommodate a new crawl space, log wall replacement 
and repair, re-cladding of the exterior wall, roofing replacement, and provisions for additional structural 
support. 


BACKGROUND/HISTORY 


Building History 


Following the war of 1812, retired soldiers were rewarded with plots of land. The area of Oro-Medonte was 
chosen in part because of its location. There were concerns that if the Americans chose to invade Upper 
Canada (present day Southern Ontario) again it would be done through the Georgian Bay area as a route 
attacking Toronto’s Fort York from the North. The settlement was located so that retired soldiers could be 
re-activated if such an attack were to occur. One of the regiments was made up of black soldiers, some from 
colonies of the British Empire, and others freemen from the United States. The settlement continued to grow 
peaking in the 1840’s before the church property was purchased by the trustees of the “Coloured African 
Episcopal Methodists Church” in 1847 and formalized in 1849 (Crawford, 1999). 


The existing building has a footprint of 20’ x 30’ (6.1m x 9.1m) constructed of wood log wall framing, wood 
roof framing, and wood floor framing supported on stone foundations. The building’s interior included 
perimeter wainscoting and chair rail with a whitewash interior finish. The church and its site experienced 
many changes and additions, as outlined below, after its abandonment in the early 1900’s to its recent revival 
(Murdoch et al, 2014). 


1947  Stone cairn erected on site containing the family names of early worshippers. 


1947-1949 First restoration completed. Alterations include the addition of a new concrete 
foundation, replacement ceiling, new roof and relocated chimney (Photo 1). 


1956  New siding installed and front vestibule / porch removed. 


1979  Reinforcing of the roof completed. 


1981  Extensive damage as a result of vandalism caused by two trucks. 


2000  Designated by the Historic Sites and Monuments Board of Canada as the Oro African 
Methodist Episcopal Church National Historic Site of Canada. 


2004  Church hit by van. Boulders added on site to prevent damage by vehicles.  


2013  Church closed to the public.  
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Photo 1: Church after first renovations and Cairn erected, 1949–1956 (Murdoch et al, 2014). 


Project Background 


The periodic repairs, due to accidents or the deterioration of the building, temporarily renewed public interest 
but never produced enough momentum to fund a complete restoration. It was not until 2011 that the Township 
again took an interest in restoring the church. In 2013 a team of heritage consultants was retained to complete 
a Cultural Heritage Assessment (CHA) with the intent of providing recommendations for the preservation of 
the building and its site. 


The CHA, which included an overview of the National Historic Site (NHS) designation, was completed early 
in 2014 and outlined detailed recommendations for the Township. During the preparation of the CHA, the 
exterior clapboard siding was removed to complete an assessment and a water-resistive barrier was added to 
temporarily enclose the structure (Photo 2). The church was closed to the public until the restoration could 
be completed at a projected restoration cost of $140,000. 
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Photo 2: Church enclosed with Tyvek water-resistive barrier, 2014. 


Project Methodology 


The project was completed in collaboration with Parks Canada using the Parks Canada Standards and 
Guidelines (Parks Canada, 2010) and the guiding principles in the Conservation of Historic Properties 
(Ontario Heritage Trust, 2012). 


Following the recommendations of the CHA, it was decided to complete a restoration of the building back 
to as it appeared in its 1941 state while protecting its heritage value (Photo 3). In consultation with Parks 
Canada, this period in history was selected because it encompassed the evolution of the building during its 
life as a fully functional church before its abandonment.  
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Photo 3: Oro Church, 1941 (late Mrs. Jean (nee Gilchrist) Blackstock). 


STRUCTURAL DESIGN AND CONSTRUCTION 


Foundation 


In October of 2015, the authors were contacted to review the existing state of the church, and provide design 
options with respect to a new foundation in keeping with the restoration scope of work approved by Parks 
Canada. The Township wanted a new permanent foundation system for the building.  


The square notched log walls of the church were most heavily deteriorated at their base. The sill logs were 
mostly at grade, bearing on buried corner and mid stones, with fill stones located in between. Due to the 
negative slope in grade around the building, and a wall system that was in direct contact with grade at its 
base, the sill logs were highly susceptible to exposure to the elements. This included repetitive cycles of 
wet/dry/wet/freeze contributing to the sill log deterioration and loss of mass over time. The sill logs needed 
replacement, and to mitigate future repairs, a new perimeter foundation that would raise the base of the wall 
from finished grade was proposed. The designed foundation system supported the log wall framing separated 
by a polyethylene foam sill gasket on a frost protected foundation wall and strip footing. This decision 
provided more options for ventilation and future heating of the new crawl space, as well as opportunities for 
maintaining the new floor structure. It would also allow for a sump pit connected with a perimeter weeping 
tile to address drainage issues. To temporarily relocate the building to accommodate the new foundation, the 
Township retained the services of a building raising and moving contractor (Photo 4). 
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Photo 4: Relocated church for construction of new foundation, 2015. 


Although the construction of the new foundation resulted in an increase to the finished interior floor 
elevation, elevating the church was necessary to protect the remaining original logs from decay. It was 
challenging to find an acceptable finished elevation that limited the amount of concrete wall exposure; and 
preserved the integrity of the interior treatments.  


Floor Framing 


New floor framing was installed to match the existing construction while maintaining the existing wainscot 
profiles. A new 12” x 12” (305mm x 305mm) pine log beam was installed at mid-span supported by two 
concrete pier foundations. The existing sill logs that were replaced included dovetail connections spaced at 
36” (914mm). New logs, varying in size from 8” (203mm) to 10” (254mm) in diameter, were installed in the 
floor with new dovetail connections to the center beam at the same spacing as the original. The floor framing 
logs were left round, but cut flat at top to permit the installation of new 1-1/2” (38mm) thick floor decking. 


Log Wall Framing 


A total of thirty-four logs formed the exterior of the church, the majority of which were pine. Nine logs on 
each of the north and south walls and eight on each of the east and west walls. Approximately two-hundred 
linear feet of log was repaired or replaced including the sill logs. The plate logs on both the north elevation 
and east gable end were removed and replaced due to deterioration. The north plate log also included a large 
crack down its center. Where decay had occurred and full replacement not deemed necessary, portions of the 
logs were repaired in situ.  
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Roof Framing 


The original roof framing was made up of five existing hewn ceiling joists, and existing pole rafters at 24” 
(610mm) spacing. Additional sawn roof rafters and new trusses were installed as part of the repair work 
completed in 1947-1949 and 1979 (Photo 5). The supporting walls had bowed to the exterior over time likely 
due to inadequate restraint at the top of the wall resulting in the existing pole roof rafters separating at the 
ridge to varying degrees up to 5” (127mm). The idea of realigning the building to remove the separation at 
the roof ridge was discussed and not implemented at the risk of damaging the original framing and decking. 
Where possible the butt end connections were re-instated, otherwise new ridge blocks were added. A single 
existing roof truss remains in position in the roof attic space as a historic record of the repair work completed 
post 1941. 


 
Photo 5: Existing roof framing including reinforcing from previous work, 2016. 


At the request of the Township, additional nominal wood framing was added to allow safe attic access for 
maintenance purposes. The new framing also provided additional support for ceiling finishes.  


A replica of the original chimney was constructed and relocated to its pre-1940’s, location. The original 
chimney may have been supported by the ceiling or from the ground (French 2015). Two new steel beams, 
bearing on the exterior log walls, were installed within the roof to support the new chimney. The steel framing 
was designed with the understanding that it must clear span the width of the building with limited deflection, 
and not alter the visual appearance and character of the roof and ceiling. As the chimney support framing is 
within the attic space and not visible, period authenticity was not considered to be compromised. Where 
changes were made, whether it be new material or additional structure, these changes were tagged and dated 
to avoid confusion of heritage fabric in the future. 
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ARCHITECTURAL DESIGN AND CONSTRUCTION 


Wainscot and Floor Elevation 


The first hurdle following the foundation construction, was the new floor framing and its effect on the existing 
wainscot. The existing wainscot was capped by an existing chair rail that had a set elevation to match the 
existing windows. The wainscots original location within the building perimeter, which was well documented 
during removal, had varying lengths between each panel. To accommodate these varying panel lengths, the 
floor decking stopped short of the log walls to permit the wainscot to extend below the top of finished floor 
elevation. This decking was not original and had been modified to allow for the various slopes the floor 
accumulated over time. 


Some of the wainscoting panels had deteriorated ends from moisture exposure that required attention. The 
project team considered the original wainscoting to be an artifact and did not want to cut the panels. Where 
necessary, on existing panels with deterioration in a single location, they were scarfed with a matching 
material. 


Crawl Space Ventilation 


Ventilation between the floor framing and crawl space was an important design consideration as this was the 
area of work that departed considerably from the buildings original construction. During the construction of 
the foundation, four 8” x 16” (203mm x 406mm) depressions in the foundation wall were formed around the 
perimeter for venting. The intended design at time of foundation construction included powered foundation 
vents in the four locations and finishing the exposed foundation wall to blend the two together in colour. The 
powered vents posed the potential concern of having to rely on the availability of power as well as the ongoing 
maintenance requirements of the proposed exposed foundation finishes. An alternative solution was 
proposed. 


The final solution was to use a 3” (76mm) thick x 12” (305mm) high cedar board as a cap bolted to the 
exposed foundation wall. The cap was finished to replicate the exterior look of the original 12” x 12” (305mm 
x 305mm) cedar mud sill log (Figure 1). This member was designed to be a ‘sacrificial’ component expected 
to require occasional replacement from time to time due to its proximity to grade. The attachment was by 
stainless steel anchors and lags which could be reused in the future. At the vent locations, the foundation cap 
included a 1-1/2” (38mm) deep x 24” (610mm) long notch on the backside to permit air flow into and out of 
the crawl space. The foundation cap also included a 1-1/2” (38mm) deep x 4” (102mm) wide continuous 
notch between foundation vent locations to provide cross-ventilation between foundation vents. The 
crawlspace venting is directly connected behind the foundation cap and function through a stack effect with 
the full height cavity that extends to the roof soffit. This addressed the need for venting to the exterior, while 
keeping an appearance that blended in with the existing building and creating a start/ stop point between new 
construction and existing heritage fabric. An extension of the crawl space ventilation was provided by the 
addition of two cast iron grates in opposite corners of the main floor which provided air flow from the crawl 
space to the remainder of the church. 
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Figure 1: ‘Superficial’ Sill Log 


Chimney 


The chimney was relocated from the gable end at the rear of the building to a central location. This was based 
on 1941 pre-restoration photo evidence, as well as archeological assessments which found elevated organic 
material in the soil in a central interior location suggesting ashes from a stove. Reclaimed brick was used for 
the reconstruction of the new exposed chimney using mortar with a 1:1:6 hydrated lime, cement, sand ratio. 
A stovepipe and mortar thimble was constructed at the ceiling base of the chimney. The Township had no 
intention of the stovepipe and chimney being functional so attention to the protection of wood elements from 
heated surfaces was not considered. 


Building Envelope 


Like traditional heritage log structures, the church was constructed as a breathing building. (English Heritage, 
2012) A breathing building is built of permeable materials absorbing moisture and then evaporating internally 
and externally. The existing church had performed well as a breathing building for over 150 years with 
minimal decay to the exterior logs, a result of its existing rainscreen cladding system. The exterior log walls 
were previously clad with overlapping horizontal clapboard siding supported by rough sawn 2 x 4 (51 x 102) 
vertical strapping. Where driving rain was able to penetrate the siding, it would then stop at the face of the 
log walls. The air space would have permitted the moisture to be removed via natural venting and water to 
exit at the base of the cavity. This existing cladding system did however cause damage to the buildings wood 
sills. Based on the age and state of the exterior logs the building likely experienced extended periods of 
relative humidity and temperature equilibrium preventing decay. To mitigate risk in altering the dynamics of 
the existing building envelope, careful consideration was given in the choice of material selection for re-
cladding.  


Some consideration was given to provide a wood preservative to the exterior log work of the building to 
prevent decay and deter insects, although, there were no signs of insect infestation and the building is not 
located in a zone prone to termites. In review with Parks Canada it was brought to the attention of the project 
team that some brush-on preservatives would not deter insects or fungal growth. In addition, some brush-on 
preservatives may also trap existing moisture in the logs. A non-toxic, hydrophilic alternative was proposed 
but not incorporated. A preservative was deemed not necessary at the risk of altering the existing wall 







 


 


Paper 56                                                                                                     Page 10 of 14 
 


performance.  


The re-shingling of the roof was completed first in conjunction with the re-chinking of the log wall framing. 
Approximately 15% of the existing roof sheathing was replaced due to damage or deterioration. The roof 
sheathing was finished with building paper (15# black felt paper), and resawn hand split western cedar shakes 
24” (610mm) x random in size. A double layer ridge cap incorporating natural ventilation was installed and 
an extended shake drip edge profile to the roof eave.  


The existing chinking and daubing was replaced for the exterior log work. The new chinking was reused off 
the site from original material including the reuse of existing chinking packing. Where required cedar wedges 
and strips were also included. The new daubing was reinforced with concealed hot dipped zinc coated nails, 
partially inserted in the upper side of the log only using a mix with a 2:1:9 lime, portland cement, sand ratio 
(Photo 6). While the original daubing formula contained clay additive, it was decided in conjunction with 
representatives of Parks Canada to delete this as it would weaken the mix and the longevity of the installation. 


 
Photo 6: Chinking Installation, 2016. 


Where in good condition existing rough sawn 2”x4” (51 x 102) vertical strapping, at 30” (760mm) spacing, 
was left in place around the buildings perimeter. Visible, modern nails were removed from the existing 
strapping and cut nails were left in place. Consideration was given to providing additional strapping and 
extending the clapboard below the edge of the sill logs as an option to minimize the visual impact of the new 
foundation. The bottom edge of the clapboard would be vulnerable to deterioration and risk water wicking 
upwards leading to further decay of the cladding. This proposal was not completed in favour of using the 
notched ‘superficial’ sill log. The clapboard extension would change the visual proportions of the building, 
and may be contradictory to the Standards and Guidelines by creating a new condition not previously 
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possible. 


Building paper (15# black felt paper) was applied to the exterior of the building on the vertical strapping and 
extends over the cedar cap and under the siding so that moisture wicking is controlled. New 7” (178mm) 
horizontal clapboard siding lapped 1” (25mm) board to board was installed as the finished cladding. The 
clapboard siding profile, thickness and lap was installed to match the existing clapboard that remained on the 
gable ends of the roof. Building paper was selected to act as a weather resistive barrier (WRB) at the exterior 
of the wall due to its ability to dry inward to the ventilated air space or outward in case of wetting. Compared 
to most modern housewrap, building paper will absorb and store water until drying conditions improve. 
Adding the breathable building paper would allow the building to breath as it did before. The walls are 
deliberately not air tight in keeping with the original functionality of the church. The buildings ability to 
breath has been its success to longevity. The use of building paper was also chosen also due to its methods 
of installation being easily reversible if future remedial work was necessary. A WRB was not part of the 
original construction but was included to prevent future deterioration related to moisture of the original 
heritage fabric located behind (Photo 7). 


 
Photo 7: New Cladding Installation, 2016. 


Windows and Doors 


The building had for four 12 over 12 sash windows, two symmetrically installed on both the east and west 
sides. Based on the framing of the window openings, it is believed that the east windows were installed at 
the time of original construction with the west windows added later to ensure symmetry between the two 
building faces. The east windows were pinned to the surrounding logs while the openings for the west 
windows appear to have been sawn out (French, 2015). New window sashes were constructed with old glass, 
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and wood muntin bars/ frames with profiles that reproduced that of the 1840’s construction. New period 
windows were not painted, but treated with a linseed oil preservative prior to installation. Where possible, 
original window frames were kept in place. Jambs were wrapped in building paper and lapped to the exterior 
while taking precaution not to disturb the existing material that was able to remain (Figure 2). Though not 
characteristic of the original construction, a drip cap and sill extensions were incorporated above and below 
the window openings with a scored reveal on the underside to direct water away from the cladding. This was 
deemed necessary to further preserve the building. 


 
Figure 2: Window Details 


Traditional to schools and churches of its time, the entrance door was centrally located in one end of the 
building (Rempel, 1972). A new set of plank doors were built of similar materials as the windows and shutters 
using construction methods similar too when it may have been constructed. Consistent with the window 
installation, a drip cap with scored reveal was incorporated above the door. 


CONCLUSION 


Lessons Learned 


The restoration of heritage structures is often scrutinized by the public. The buildings small footprint and 
project location made it easily visible during construction. Passers-by would routinely drive past the site and 
stop, point, stare, and ask questions of the contractors or consultants at the site. Public feedback was carefully 
considered when preparing the design methodology. Proposed restoration solutions had to address the reason 
for the deterioration. This identified how critical it was to address ‘why’ when completing the repair work.   


Attention to detail to facilitate ventilation of the building’s exterior, in conjunction with accommodating the 
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new crawl space and maintaining the church’s heritage value, was crucial. The result is reminiscent of the 
buildings state in 1941.  


Public and/or Client 


The project earned several awards and accolades. In May of 2017 this building opened to the public. The 
Simcoe County Museum plans to offer tours of the completed church. This project was a great example of 
the Township and its citizens coming together to restore this building that can now be enjoyed for years to 
come. What started as a condemned building is now a beautifully restored church that can be enjoyed by 
everyone (Photo 8). 


 
Photo 8: Completed Church, August 2016. 
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ABSTRACT 


The research described in this paper was carried out to explore some of the unique problems associated with 
performing airtightness tests on occupied Multi-Unit Residential Buildings (MURBs). Current airtightness 
testing methods and standards are predicated on the assumption that the testing agency has complete control 
over the building and its operation during the test period. Current airtightness testing methods and standards 
also require that interior doors be kept open and exterior windows be kept closed. With unoccupied buildings, 
this is seldom a problem, however if the building is an occupied MURB then major issues arise. Testing an 
occupied MURB requires occupant access to be limited during certain critical portions of the testing, interior 
doors be kept closed (for security and privacy purposes) and suite windows kept closed. These last two issues 
(interior door and suite window positions) were the focus of this project.  


Using two unoccupied and four occupied MURB's, ranging in size from 8 to 124 units, a series of airtightness 
tests were conducted to determine if reliable results could be obtained with interior suite doors closed and a 
limited number of windows partially open. The results of this work indicated that: 


1) The error introduced into airtightness test results by closed suite doors is relatively small (2% to 6%) 
and can be reduced by applying a correction factor  which is based on the average, measured pressure 
differential across the suite doors while the building is depressurized to a standardized value (75 Pa). 


2) All windows in a MURB (and any other type of building) must be kept closed during airtightness 
tests. Despite the fact that MURB’s are compartmentalized buildings, even a relatively modest 
amount of window operation will likely invalidate the results. However, the project experiences 
demonstrated that with proper test management, window operation can be controlled in an occupied 
MURB, thereby permitting a successful test.  


3) Owner cooperation and participation are essential. This must begin long before the actual test takes 
place since the owner has to communicate with tenants, work around other scheduled events in the 
building, etc.  During the test, the owner will have to control the HVAC system, access circuit breaker 
panels (often in several locations), answer numerous queries from the test crew and, most critically, 
be actively involved in tenant communication and cooperation. 
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INTRODUCTION 


Project Background 


In 2012, Red River College (RRC) embarked on a research program to study the airtightness characteristics 
of "commercial" buildings, i.e. those other than detached and semi-detached houses.  One of the outcomes 
of this work  has been the recognition of the special challenges involved with airtightness testing of MURBs, 
which are unique from those encountered testing other types of larger buildings. All airtightness testing 
standards in use today assume that the building is either vacant or that the test crew has control over the 
movement and actions of the occupants during the test (e.g., restricting entry and exit; keeping windows 
closed; not operating mechanical systems; etc.). This introduces a major problem when testing MURBs once 
they are occupied.  As a result, airtightness testing of the over 3 million dwelling units in Canadian MURBs 
is rare. 


Measuring the Airtightness of Occupied MURBs 


There are three major issues which arise when airtightness testing occupied MURB’s: 


1) Is it possible to obtain accurate results if the interior suite doors (that is, doors between the units and 
the common corridor) are kept closed during the test, given that it is totally impractical to expect 
dozens or hundreds of tenants to cooperate (or be expected to cooperate)? 


2) Is it possible to obtain accurate results if there is occasional opening of a “few” suite windows by the 
tenants, given (again) that significant tenant cooperation is required? 


3) Is it possible to control access to the building by tenants and both essential and non-essential 
individuals for the several hours it takes to conduct the test? 


The first and second issues are both quantitative while the last is purely qualitative. 


To address the first issue - closed suite doors - a correction factor was developed to calibrate the error in the 
airtightness results to the average, measured pressure differential across the suite doors while the building 
was depressurized to a standardized value (of 75 Pascals).  The correction factor was developed by measuring 
the airtightness of three, unoccupied MURB’s in both the ‘doors open’ and ‘doors closed’ configurations and 
correlating the error in the airtightness results to the pressure drop across the suite doors.  These suite doors 
required undercuts that allowed communication from the corridors.  Note that one of these three MURBs was 
not part of this project, but was tested using the same protocol described herein. 


The second issue – occasional window openings – was challenging.  Although closed windows are an obvious 
requirement for all airtightness tests, MURB's are multi-zone buildings whose internal partitioning (and 
closed suite doors) can create considerable resistance to air leakage. We measured the effects of the multi-
zones and if they will help to mitigate the impact of a partially open window. 


We believed that the third issue – controlling access – basically involved proper test management of the 
building using personnel at every exterior door as well as significant cooperation by the building owner. 
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Airtightness Metrics 


Two metrics are used in this paper to express building airtightness: 


Air change rate at 50 Pascals: 


 𝐴𝐶𝐻50 =  
𝑇𝑜𝑡𝑎𝑙 𝐴𝑖𝑟 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 𝑅𝑎𝑡𝑒 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 𝑎𝑡 50 𝑃𝑎 


𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑉𝑜𝑙𝑢𝑚𝑒
        (1) 


   =  (Q50 x 60) / V 


where: 


Q50  = Air leakage rate at 50 Pa (m3/min) 


V    = Building volume (m3) 


Normalized leakage rate at 75 Pascals: 


𝑁𝐿𝑅75 =  
𝑇𝑜𝑡𝑎𝑙 𝐴𝑖𝑟 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 𝑅𝑎𝑡𝑒 𝑎𝑡 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 𝑎𝑡 75 𝑃𝑎


𝐸𝑛𝑣𝑒𝑙𝑜𝑝𝑒 𝐴𝑟𝑒𝑎
       (2) 


 =  (Q75 x 60) / A 


where: 


Q50  = Air leakage rate at 75 Pa (m3/min) 


V    = Building envelope area (m2) 


Project Overview 


The project took place in two phases. Phase One consisted of various field trials on two unoccupied buildings 
to explore some of the issues involved with airtightness testing of MURB’s, primarily the effect of interior 
door position (open or closed) and occasional window operation which might occur courtesy of the tenants. 


In Phase 2, the knowledge gained on the first two buildings was applied to test four occupied MURB’s. This 
provided a better quantitative understanding of the impact that tenant action can have on an airtightness test 
and also offered insight into some of the subtle factors which can have an impact on both the test and the 
results themselves. 


PHASE 1 – FIELD TRIALS, UNOCCUPIED BUILDINGS 


Overview of Testing on Buildings #1 & #2 


Buildings #1 and #2 were both unoccupied MURB's which were used to measure the impact of interior suite 
door position (open or closed) on the overall airtightness of the structures. They were also used to determine 
if reliable results from an airtightness test could be generated if a small number of suite windows were left 
open during the test.  While this is a departure from established testing procedures, there was the possibility 
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that reasonable results could still be obtained since the flow resistance between a suite and the rest of the 
building would mitigate (somewhat) the influence of the open window. The information gleaned from these 
two buildings was used to establish a modified airtightness testing protocol which could be used on occupied 
MURB's. 


This revised testing protocol was then used to perform airtightness tests on Buildings #3, #4, #5 and #6, 
which were all occupied MURB's.  All of the project buildings had suite windows operable by the tenants. 


 
Building #1 


This rural MURB was an unoccupied, 39-year old, single-storey building with a large central common area 
and 15 individual suites (each with two doors - one to the common area and one to the outdoors).   


Building #1 was used to study the impact of interior door position on the measured airtightness of the 
structure and to gain some initial insight on the effects of open windows on airtightness. 


Test #1-1 - The first test was conducted using the standard AABA/USACE protocol with the interior suite 
doors open and all windows closed.  It was intended to provide the baseline airtightness of the structure using 
conventional testing procedures.  This produced a mean normalize leakage rate at 75 Pascals (NLR75) of 
1.44 l/s•m2 and an air changes per hour at 50 Pascals rate (ACH50) of 3.75. 


Test #1-2 - The next test was the same as the first except that a single window on the southwest side of the 
building was left partially open in one of the suites.  The window had a free area of about 368 cm2 (57 in2), 
although the mosquito screens were left in place which would have provided pressure drop.  All interior 
doors were left open. 


The NLR75 for Test #1-2 decreased in value from 1.44 l/s•m2 to 1.14 l/s•m2, while the air change rate at 50 
Pa increased from 3.75 ACH50 to 4.18 ACH50.  In other words, the ACH50 increased as expected while the 
NLR75 moved in the opposite direction from that anticipated.   


Test #1-3 - This was basically a replicate of the previous test except that a single window on the opposite 
(southeast) side of the building was used, but with the same free area and mosquito screens.  Once again, all 
interior doors were kept open. 


The results of Test #1-3 indicated that the NLR75 decreased yet again (to 0.90 l/s•m2) while the ACH50 also 
decreased slightly from Test #1-2 to 4.00 ACH50.  At first glance, these results appear to make little sense 
since the NLR75 and ACH50 values normally move in a similar manner. Looking closer at the results reveals 
the reason for this apparent anomaly. Although the final results (i.e. the NLR75 and ACH50) for the "window 
open" configuration were similar to the "window closed" case, albeit sometimes the results moved in a 
direction that was not expected, the flow coefficients (C), flow exponent (n) and correlation coefficients (r) 
were all radically different. In fact, according to any airtightness testing protocol, Tests #1-2 and #1-3 would 
all have been declared invalid. The flow coefficients (C) were dramatically higher than anticipated while the 
flow exponents (n) and correlation coefficients (r) were far below acceptable minimums.  For example, the 
minimum acceptable correlation coefficient for an airtightness test is 0.99.  Observed values for Tests #1-2 
and #1-3 ranged from -1.54 to 0.33, well outside the acceptable range.  Given this absence of correlation, the 
differences between the NLR75 and ACH50 values, for Test #1-1 compared to Tests #1-2 and #1-3 were as 
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much good providence as good experimentation. The borderline wind conditions encountered during Tests 
#1-1 to #1-3 may have also influenced the results. 


Test #1-4 - This was a repeat of Test #1-1, the only difference being that lighter winds were encountered 
during Test #4. Despite the difference in environmental conditions, the NLR75 and ACH50 results for Tests 
#1-1 and #1-4 were within 5% of each other (NLR75 of 1.37 l/s•m2 and ACH50 of 3.83). 


Tests #1-5 - This test was conducted with the same environmental conditions and overall set-up as Test #1-
4, except that the interior suite doors were closed, whereas in all the previous tests they were open (as per 
current testing protocols).  Comparing results for these two tests, we can observe that the impact of closing 
the 15 interior suite doors was a reduction in the NLR75 of 7% (1.28 l/s•m2), while the ACH50 dropped by 
6% (3.60). 


In addition, the pressure differentials across the 15 interior suite doors were measured while the building was 
depressurized to 75 Pa.  These ranged from 7 Pa to 25 Pa, meaning that between 9% and 33% of the induced 
pressure occurred across the interior suite doors and the balance (67% to 91%) across the exterior envelope. 
The relatively large variation in suite door pressure differentials is believed to be mainly due to differences 
in the door undercuts, which ranged from about almost zero to over 20 mm, and the roughness of the floor 
surface (vinyl or carpet).  The application of this information is discussed below. 


Table 1: Building #1 Test Results 
Test Interior Doors Open Window Depressurization Pressurization 


C 
(l/s•Pan) 


n r C 
(l/s•Pan) 


n r 


1-1 Open No 189 0.6687 0.9972 97 0.8566 0.9919 
1-2 Open Yes 2282 0.0664 0.1315 5144 0.1380 0.2430 
1-3 Open Yes 1382 0.1957 0.3272 1,108,868 -1.5365 0.4298 
1-4 Open No 250 0.6043 0.9922 272 0.5960 0.9972 
1-5 Closed No 217 0.6223 0.9945 261 0.5924 0.9950 


Building #2 


This Winnipeg MURB was a 35-year old, six-storey structure which had just begun major renovations to 
modernize the suites. It contained 124 suites and a common area. At the time of the testing, the building was 
occupied by a single tenant and a small number of workmen. 


Building #2 was used to again study the impact of interior door position on the measured airtightness of the 
structure and to further study the effects of open windows on airtightness. One unique feature of this building 
was that small transfer grilles were used between the corridors and individual suites to enhance ventilation.   


Test #2-1 - The first test was a standard "envelope" test conducted with all interior doors open as per accepted 
protocols. This produced a mean NLR75 of 1.67/s•m2 and an ACH50 of 1.40. 


Test #2-2 - This was performed under the same conditions as Test #2-1, except that the 124 interior suite 
doors were closed, while the transfer grilles and stairway doors were left open.  The transfer grilles were left 
open because this would be the normal building configuration if a test were conducted with the suite doors 
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closed.  While it would have been possible to seal the transfer grilles, this would be time consuming in larger 
MURB's with one hundred or more suites. 


Comparing results for Tests #2-1 and #2-2, the impact of closing the 124 interior suite doors was a reduction 
in both the NLR75 and ACH50 of 3%. 


In addition, the pressure differentials across the interior suite doors were also measured while the building 
was depressurized to 75 Pa.  These ranged from 3 Pa to 17 Pa, meaning that between 4% and 23% of the 
induced pressure occurred across the interior suite doors and the balance (77% to 96%) across the exterior 
envelope.   


Tests #2-3 and #2-4 - These two tests were used to determine if reliable airtightness test results could be 
obtained if a small number of suite windows were left open during the test.  While this is a departure from 
standard testing protocols, and is not a desired situation, these tests addressed the situation in which it was 
not possible to close every window because access could not be obtained to every suite or due to a lack of 
cooperation from some tenants. 


However, this posed the question as to how many windows should be left open and how "open" each window 
should be. To answer this question, previous research performed for CMHC by Proskiw and Philips (2006) 
was used. This study characterized the air pressure/air movement patterns in two 15 and 17 storey Winnipeg 
MURB's, and also provided some insight into tenant usage of windows. One of its findings was that some 
MURB occupants routinely kept their windows open (partially or fully) - even at temperatures as low as -40 
°C. Using site observations of window usage on one of the buildings, at three different outdoor temperatures, 
they established a simple correlation to relate window usage to outdoor temperature (8.8% open area at 20 
°C, 7.0% open area at 4 °C and 2.3% open area at -25 °C).  With this as a guide, a window schedule was 
developed for Building #2.  Test #2-3 used 7.0% open window area while Test #2-4 used 2.3%.  In addition, 
roughly the same vertical and horizontal distribution of open window area observed in the Proskiw and 
Phillips study was used. 


Using the results of Test #2-1 as the base case, the impact of 7% open window area, with the interior suite 
doors closed, was an increase in both the NLR75 and the ACH50 of 47%. With 2.3% open window area, the 
NLR75 and the ACH50 increased (relative to Test #2-1) by 18% and 14%, respectively. 


Test #2-5 - As previously mentioned, Tests #2-5 to #2-8 were performed using the "energy" sealing schedule 
for intentional openings.  Otherwise, they paralleled the first four tests.   


Test #2-5 served as the base case configuration and was conducted with the interior doors open. The measured 
NLR75 from Test #2-5 was 2.08 l/s•m2 while the ACH50 was 1.74 ACH50.  Interestingly, these values were 
25% and 24% larger than the values obtained when the intentional openings were sealed. 


Test #2-6 - This was performed under the same conditions as Test #2-5, except that the 124 interior suite 
doors were closed, while the transfer grilles and stairway doors were left open. 


Comparing results for Tests #2-5 and #2-6, the impact of closing the 124 interior suite doors was the reduction 
of both the NLR75 and ACH50 by 5%. 


Tests #2-7 and #2-8 - These two tests also explored the impact of open windows using the same window 
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opening schedule described for Tests #2-3 and #2-4. Unfortunately, the airtightness tests could only be 
conducted using pressurization conditions (but not depressurization) since the building’s awning windows 
(which had to be propped open during the tests) kept blowing shut. Although this problem was not 
encountered during tests 2-3 and 2-4, it became an issue during continued testing as the tape and props used 
to secure the windows in an open position were not staying in place anymore. Time constraints to complete 
the tests due to security issues in the building did not allow for this problem to be corrected.  


Using the results of Test #2-5 as the base case, the effect of having 7% open window area, with the interior 
suite doors closed, was an increase in the NLR75 of 17% and the ACH50 of 16%.  With 2.3% open window 
area, the increases in the NLR75 and the ACH50 were 5% and -1%, respectively. 


Table 2: Building #2 Test Results 
Test Interior Doors Open Window Depressurization Pressurization 


C 
(l/s•Pan) 


n r C 
(l/s•Pan) 


n r 


2-1 Open No 587 0.6298 0.9984 435 0.7006 0.9980 
2-2 Closed No 633 0.5943 0.9985 386 0.7300 0.9952 
2-3 Closed Yes 737 0.6656 0.9968 744 0.6679 0.9989 
2-4 Closed Yes 533 0.6910 0.9969 336 0.7993 0.9919 
2-5 Open No 608 0.6411 0.9928 737 0.6542 0.9825 
2-6 Closed No 511 0.6729 0.9913 785 0.6273 0.9730 
2-7 Closed Yes 850 0.6263 0.9963 - - - 
2.8 Closed Yes 451 0.7486 0.9904 - - - 
2-9 Closed No 483 0.6815 0.9975 493 0.7132 0.9884 


The Impact of Closed Suite Doors on Building Airtightness Testing 


By comparing the measured airtightness results, with the suite doors open and closed, for Buildings #1 and 
#2, it was possible to determine the impact of suite door position on the building's airtightness. For example, 
closing the suite doors in Building #1 reduced the NLR75 by 7%, while in Building #2, the reduction was 3% 
(using the envelope sealing protocol) and 5% (using the energy sealing protocol). 


While these errors were neither unexpected nor desirable, it should be pointed out that their magnitude was 
relatively small. Given the paucity of reliable information on MURB airtightness, errors of 3% to 7% in an 
airtightness test can likely be tolerated in many situations. 


However, the accuracy of testing a MURB with suite doors closed can be further improved by measuring the 
pressure drops across the suite doors while the building is pressurized or depressurized, and then applying a 
correction factor based on the measured pressure drop across the doors.  By combining the single set of 
results for Building #1 and the two sets of results for Building #2 (i.e. determined using the envelope and 
energy protocols), the errors in both the NLR75 and ACH50 results as a function of the measured pressure 
drop across the suite doors was found. Using the resultant regression equations, corrections were developed 
for the NLR75 and ACH50. 


Also, it should be appreciated that the correction factors were generated using data from only  three buildings 
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- a single-storey, 15 unit MURB, a six-storey, 124 unit MURB and a six-storey, 55 unit MURB (not part of 
this project). Obviously, it would be desirable to have a larger data set of equivalent information which could 
be used to further refine these correction factors. But, in the absence of this, the procedure described above 
along with developed corrections are proposed as a method for calculating the impact of closed suite doors 
on the measured airtightness of MURB's. Refer to Table 3   for the air leakage data used in developing the 
correction factors. The correlation between the airtightness test error and the average suite door pressure 
differential shown in Fig. 1. 


Table 3: Air Leakage Data 
Building NLR75 NLR75 Reduction ac/hr50 ac/hr50 Reduction ∆Pdoors/ 


∆Ptotal  
Doors 
Open 


Doors 
Closed 


Absolute Percent Doors 
Open 


Doors 
Closed 


Absolute Percent  


Building #1 1.37 1.28 0.09 6.6% 3.83 3.60 0.23 6.0% 20.5% 
Building #2 1.67 1.62 0.05 3.0% 1.40 1.35 0.05 3.6% 8.8% 
55 unit 
MURB 


1.32 1.30 0.02 1.5% 1.40 1.32 0.08 5.7% 12.8% 


 


 
Figure 1: Correlated airtightness test error and the average suite pressure differential 


The correction factors using the three buildings: 


𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑁𝐿𝑅75 = (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑁𝐿𝑅75)  ×  𝐾1     (3) 


Where 𝐾1 = 1 + [0.341 (∆𝑃/75) − 0.0115] 


𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐴𝐶𝐻50 = (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐴𝐶𝐻50)  ×  𝐾2     (4) 


Where 𝐾2 = 1 + [0.1752 (∆𝑃/75) + 0.0261] 
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and ∆𝑃 = average pressure differential across the suite doors (in Pascals) 


PHASE 2 – FIELD TRIALS, OCCUPIED BUILDINGS 


Planning and Coordination Issues 


An efficient and disciplined test procedure is needed to minimize tenant inconvenience.  The test requires the 
cooperation of the property manager to facilitate communications with the tenants regarding the test date and 
times, the requirement to keep all windows and doors closed during actual test, and the need to restrict 
movement during the testing. Cooperation of the tenants is essential, however some tenants may not be 
cooperative with the testing personnel and this will need to be monitored very carefully. 


Another coordination issue is visitors to the building who are providing essential services (such as nursing 
or home care staff, cleaning personnel, postmen, food services workers or repair and maintenance staff). In 
many cases, they cannot be easily re-scheduled nor can they be easily notified in advance of the test.   


The mechanical system may have to be disabled (depending upon the test being conducted) so individual, 
apartments may become too hot or cold for the tenants (especially if they are elderly) and this can become a 
health concern if the test duration is excessive. 


Overview of Testing on Buildings #3 To #6 


Buildings #3, #4, #5 and #6 were all occupied MURB's located in or around Winnipeg and were used to 
evaluate the practicality of using the modified airtightness procedure (testing with closed suite doors) on 
occupied buildings. Since these were all fully occupied buildings, there was no opportunity to conduct any 
tests with the suite doors open. 


Estimates of the time required to conduct each test are also shown for each building.  These included: on-site 
meetings, testing, clean-up, data analysis and reporting. Travel, mobilization and demobilization times are 
not included since these vary for each test location.  


Building #3 


This single-storey building was constructed in 1982 and contained 12 apartments. It used a double, wood-
frame wall assembly (consisting of two 2x4 frame walls spaced apart with insulation between), stucco and 
wood siding, a gable roof, and a combination of fixed and casement, double-glazed windows. The floor plan 
area was 931 m2 (10,024 ft2) and consisted of two wings with central corridors and a common area in the 
center. The main entrance was located on the west elevation with a secondary door on the east side leading 
to a garden area. Two emergency exits were located at the north and south elevations. The building also has 
a screened porch on the west elevation with a door to the common area. The blower fans were installed in 
the door located in the porch area. 


For these tests, four personnel were required (including the owner): one blower door/computer operator, one 
outside observer to monitor visitors and window operation by the tenants, one interior observer to monitor 
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the occupants and one observer to watch the main entrance. 


The test duration from arrival on site to departure was 4.5 hours with four personnel. The pre-test site visit 
(by one individual and the owner) was 1.5 hours. The time required for calculation of the building geometry, 
analysis of the test data and reporting was about 5 hours.  


Total time: 26 person-hours  


Building #4 


This was also a single-storey building constructed in 1973 with 28 apartments. It used a wood-frame wall 
assembly, stucco, vinyl and Tyndal stone (limestone) cladding, a gable roof and a combination of fixed, 
awning and casement double-glazed windows. The floor plan area is 1478 m2 (15,907 ft2) with two wings, 
central corridors and a common area at the center of the east wing. Each apartment had an exterior door 
(motel style). The main entrance was located on the north side with a patio door on the south elevation. Two 
emergency exits are located on the east and north elevations. The emergency exit door on the east elevation 
was used for the installation of blower door, leaving all the other doors operable.  


For this building, five personnel were required (including the owner): one blower door/computer operator, 
two outside observers to monitor visitors and window and door operation, one interior observer to monitor 
the occupants who wished to leave the building and one observer to watch the main entrance. 


The test duration from arrival on-site to departure was 6 hours with five personnel. The pre-test site visit (by 
one team member and the owner) was 1.5 hours. The time required for calculation of the building geometry, 
analysis of the test data and reporting was about 6 hours.  


Total time: 38 person-hours 


This building displayed comparatively high pressure drops across the suite doors.  As a result, the correction 
factors ranged from 11.6% to 15.2% - which required significant extrapolation beyond the range of buildings 
#1 and #2.  


Building #5 


This single-storey building was constructed in 1987 and contains eight apartments. It was built with a stucco-
clad, double wood-frame wall, gable roof and combination fixed and awning, double glazed windows. The 
floor plan area is 591 m2 (6356 ft2) with a central corridor and a common area at the south end of the building. 
The main entrance is located on the south elevation. One emergency exit is located on the north elevation. A 
screened porch is located on the south elevation with a door to the common area. The porch door was used 
for the blower door installation, leaving all the other doors operable.  


For this test, four personnel were required (including the owner): one blower door/computer operator, one 
outside observer to monitor visitors and window operation, one interior observer to monitor the occupants 
and one observer to watch the main entrance. 


The test duration from arrival on-site to departure was 4 hours with four personnel. The pre-test site visit (by 
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one team member and the owner) was 1.5 hours. The time required for calculation of the building geometry, 
analysis of the test data and reporting was about 5 hours.  


Total time: 24 person-hours 


Building #5 was added at the request of Manitoba Housing due to its high heating costs. During the pre-test 
review, the outdoor temperature was -2 °C yet four of the apartments had their windows completely open. 
This is believed to be due to poor ventilation provided by the central air make-up system which supplies air 
to the suites via the corridor. The door undercuts and through-wall corridor transfer vents were inadequate, 
requiring the tenants to keep their windows open and the baseboard heaters on.  


Building #6 


This 13-storey, high-rise building was constructed in 1975 and contains 107 apartments producing a total 
floor plan area of 6,458 m2 (69,492 ft2). The original construction used a structural concrete frame with pre-
cast floors, steel stud framing, flat built up roof, and metal siding.  According to the building records and the 
owner's personnel, the structure received two major retrofits. The first took place in 1982 and consisted of 
removal of the metal siding and installation of additional wall insulation and re-cladding with stucco. In 1999, 
the stucco was removed and the wall system was re-built with a concrete sheathing board over the steel studs, 
a bitumen air barrier membrane, semi-rigid batt insulation, building wrap and metal siding. New vinyl 
horizontal sliders and fixed windows plus a new two-ply roofing system were also installed at the time of the 
second retrofit.  


The main floor vestibule entrance and ground floor patio door (opening to a small garden area) are both 
located on the west elevation. The emergency exit doors are located on the east and north elevations.  The 
East and South emergency exit doors were used for the blower door installation during the test, and were 
manned at all times throughout the test, leaving all other doors operable. Emergency exits were located at the 
bottom of each stairwell. 


For this test, up to 12 personnel were required (including the owner). This included: two senior 
managers/engineer, one blower door/computer operator, two outside observers to monitor the windows and 
one to control visitors coming to the building, one interior observer to monitor the occupants at the main 
vestibule and one in the common area to monitor the patio door and communicate with the tenants. Finally, 
two observers were positioned on the roof to monitor the HVAC equipment and their seals and one floor 
runner to communicate with tenants regarding the opening of windows.  


The test duration from arrival on-site to departure was 8.5 hours with 12 personnel. The pre-test site visit (by 
two team members and the owner) required 4 hours. The time required for calculation of the building 
geometry, analysis of the test data and reporting was about 8 hours.  


Total time: 114 man-hours 


SITE OBSERVATIONS – TESTING OCCUPIED BUILDINGS 


Field Experiences 
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Building #3 


During the pressurization test, all windows were visually checked from the outside and appeared to be fully 
closed and locked. However, as the test pressure was increased, many of them began to open - either 
uniformly along the hinge axis or at a single corner. Typical crack size was about 13 mm (½”) at 75 Pa. Some 
tenants had not closed and locked their windows, some were not physically capable of closing them while 
other window units had broken hardware and were no longer capable of being locked at both corners. 
Windows left open by the tenants were closed and locked.  Faulty windows were left as-is (this was 
considered the normal operating condition of the building) and the test re-run. No other building related 
issues were encountered. 


Overall, the tenants fully co-operated with the test crew. Although some essential services needed to enter 
the building during the test (nurses, Meals on Wheels and Handi-Transit), they were relatively easily 
accommodated and produced minimal disruption. 


Building #4 


Prior to conducting the test, the windows and doors were checked and many were found not to be closed, 
despite every suite receiving a written notice about the test.  Several tenants had to be asked to close their 
windows or the owner had to enter the apartments to close windows if the tenants were away. As in Building 
#3, several windows which appeared to be closed and locked, opened during the pressurization test.  


Some problems were also encountered with circuit breakers supplying power to the test blowers. These 
tripped several times and had to be re-set. While not a major issue, it was annoying and probably added 15 
to 30 minutes to the overall time-on-site. No other building-related issues were encountered. 


The majority of the tenants co-operated during the test, although three tenants repeatedly opened windows 
or doors and needed constant monitoring. The tenant population included independent living, assisted living 
and special needs individuals. This required careful coordination with the owner, whose assistance was 
critical. There was also regular disruption from essential services personnel who needed to enter the building 
(nurses, Meals on Wheels and Handi-Transit). No problems were encountered with non-essential personnel 
who patiently waited until the test was completed.   


Building #5 


During the pressurization test, two windows that appeared to be closed and locked opened.  These were 
closed, locked and the test continued with minimal disruption. No other building related issues were 
encountered. The tenants fully co-operated with the test crew.  


Building #6 


Prior to conducting the test, the windows and doors were checked and many were found not to be closed, 
despite every suite receiving a written notice about the test.  Several tenants had to be asked to close their 
windows or the owner had to enter the apartments to close windows if the tenants were away. As in Buildings 
#3 and #4, several windows which appeared to be closed and locked were opened during the pressurization 
test. 
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Some problems were also encountered with circuit breakers supplying power to the test blowers. These 
tripped several times and had to be re-set. While not a major issue, it was annoying and probably added 15 
to 30 minutes to the overall time-on-site. No other building-related issues were encountered. 


In general, the vast majority of the tenants co-operated with the test crew, although a small number were 
repeatedly disruptive (for the most part, unintentionally). They continually opened windows and needed 
constant monitoring with the test having to be paused on numerous occasions. In fact, to complete the 
pressurization and depressurization tests, the process had to be paused roughly 15 to 20 times because of 
tenants opening windows. A small number of tenants ignored all requests to wait for the test to be completed. 
This was particularly problematic with those wishing to access the outdoor smoking area. 


Perhaps because this was the largest occupied building in the project, as well as being in an urban setting, 
there were also more problems with tenant communication. For example, some could not speak or write 
English. 


As with most of the buildings, there were regular disruptions from essential services including nurses, Meals 
on Wheels and Handi-Transit. However, because Building #6 contained the most people, the number of these 
types of disruptions was also the greatest. 


A new issue encountered (or perhaps first recognized) in Building #6, was that some of the tenants suffered 
from early-onset Alzheimer's which produced serious degradation of their short-term memory. Even though 
the tenants received written notification, and in several cases, were verbally reminded about the test, the fact 
that it lasted for an entire working day may have taxed their memory capabilities. 


Window Operation during Tests 


The tests conducted on Buildings #1 and #2 revealed some interesting information about the impact of open 
windows on the test results. First, even a small amount of window usage (i.e. a relatively small area of open 
windows) can have a significant impact on the measured airtightness of the building. The tests performed on 
Building #1 were conducted with site-measured winds at the upper limit permitted for airtightness tests. Even 
though only a single window was open, the results were unusable since values for both the correlation 
coefficient (r) and the flow exponent (n) were well outside acceptable ranges. In hindsight, it would have 
been desirable to repeat one of the “window-open” tests with the suite doors closed since that might have 
mitigated the effects of the window leakage. 


Reviewing the results for Building #2, the impact of opening a "typical" number of windows was to skew the 
results significantly. For example, during the envelope tests, the open windows increased the NLR75 by 19% 
to 47%, while for the energy tests, the increase in the NLR75 ranged from -5% (i.e. the building got tighter) 
to 17%. The ACH50 results behaved similar. 


It should be noted that the number, distribution and free area used for these tests were selected based on 
observed window usage patterns in an occupied MURB, under winter conditions. They were as similar to 
typical occupant usage as could be achieved in the building. 


Given the magnitude of these errors, the results from this testing program suggest that, for the types of 
buildings encountered in this project, the windows will have to be kept closed. Further usage will have to be 
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carefully monitored and controlled during the test to ensure that no windows are opened during the test.   


Other Issues 


During testing of the occupied buildings, some tenants and less experienced testing personnel did not always 
inform core testing personnel when entering or exiting of the building. This was due to a simple 
misunderstanding since they were not aware that testing may still be underway even when the fans were not 
operating (i.e. when collecting baseline/bias pressures differentials). A possible solution might be the use of 
remote activated signal lights (red or any bright obvious colour) that can be controlled by the operator. This 
allows for a simpler explanation to tenants and staff that if the light is on, no one can enter or leave the 
building. 


On-site communication between team members was occasionally an issue, particularly in the larger buildings 
since they required the largest number of team members and were the easiest for an individual to get "lost" 
in. Cell phones were used extensively but do encounter the following problems:  


The need to share phone numbers between team members; 


The time delay in identifying a problem, finding the appropriate phone number, connecting and relaying the 
information; 


Signal problems due to location (location within the city or location within the building); and 


Battery life (one tester for Building #6 had to charge their phone). 


One potential solution to these issues might be the use of two-way radios. 


CONCLUSIONS 


The error introduced into airtightness test results by closed suite doors in a MURB can be corrected by 
conducting the airtightness test and then applying a correction factor based on the average, measured pressure 
differential across the suite doors while the building is depressurized to a stable value (75 Pa).  Since the 
correction factors are based on a sample size of just three buildings, it is strongly recommended that 
additional buildings be tested in both the interior doors "open" and "closed" configurations to increase the 
sample size and develop revised correction factors.  


Windows must be kept closed during airtightness tests on MURB’s (and any other type of building).  Despite 
the fact that MURB’s are compartmentalized buildings, even a modest amount of window operation will 
likely invalidate the results.  However, experiences with testing four, occupied MURB’s ranging in size from 
8 to 107 units demonstrated that with proper test management, window operation can be controlled thereby 
permitting a successful test. 


Owner cooperation and participation is essential.  This must begin long before the actual test since the owner 
has to communicate with tenants, work around other scheduled events in the building, etc.  During the test, 
the owner will have to control the HVAC system, access circuit breaker panels, answer numerous queries 
from the test crew and, most critically, be actively involved in tenant communication and cooperation. 
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Introduction


Rob Spewak, M.Sc. - Building Envelope Technology 
Access Centre (BETAC) Centre Manager


 Senior Research Manager, AR&C, 2007 – 2015


• Co-ordinate applied research projects between 
external industry partners and internal RRC staff, 
faculty and students


• Primary focus on growing research enterprise for 
energy efficiency of large buildings


 Transition to BETAC Centre Manager – full time as of 
July 1, 2015







 NSERC-IE Grant: “Improving the Energy Performance of 
Buildings”


 Focus on commercial/institutional buildings – reduce 
energy usage through expanded use of renewables, 
embodied energy, performance monitoring, etc.


 Airtightness testing - Proskiw Engineering report - #1 
ranked topic/project of interest


 Acquisition of blower door equipment through NSERC –
ARTI grant


Building Research


Evolution of Airtightness Testing at RRC/BETAC 







Building Research 


Climate/Location – Manitoba has extreme conditions - excellent 
“outdoor laboratory”, and a diverse building stock that includes 
many heritage buildings


Dec.31, 2013 (daytime temps)


Research Location


Winnipeg: -37.9°CMars: -29°C







Building Research


Project funding – Manitoba Hydro ($66k)


NSERC-IE Grant: Building Envelope Projects -
Investigation of Air Leakage in Manitoba’s 
Commercial Building Sector







 26 buildings across Manitoba
 From new construction to 100 years +
• 5 New construction
• 11 Warehouses/light industrial
• 7 Office buildings
• 4 Schools
• 2 Churches
• 2 Greenhouses
• 3 Retrofits


Building Research


NSERC-IE Grant: Building Envelope Projects  -


Investigation of Air Leakage in Manitoba’s Commercial 
Building Sector







Building Research


NSERC-IE Grant: Building Envelope 
Projects  - Investigation of Air Leakage in 
Manitoba’s Commercial Building Sector







NSERC Technology Access Centre (TAC) Program


 Centre affiliated with Canadian college or cégep


 Securing of additional funds from Canada Mortgage 
and Housing Corporation (CMHC) to study 
airtightness testing in MURBS - 2014


Building Research


NSERC – IE GRANT







 Address three issues:


 Is an accurate test possible with closed interior suite 
doors?


 If windows are open in suites, can accurate results be 
obtained?


 Is it possible to control access to building (tenants and 
others) during the time it takes to conduct the test?


MURB Airtightness Testing 


Objective of testing MURBs







 Phase 1 


 Field trials on unoccupied MURBs 


 Explore issues with open or closed doors and windows


 Develop correction factor for MURB testing with closed 
doors


 Phase 2


 Field trials on occupied MURBs


 Evaluate practicality of testing with closed suite doors 


MURB Testing 


Project overview







Airtightness Metrics


Air Change Rate at 50 Pa


𝑨𝑪𝑯𝟓𝟎 =
𝑻𝒐𝒕𝒂𝒍 𝑨𝒊𝒓 𝑳𝒆𝒂𝒌𝒂𝒈𝒆 𝑹𝒂𝒕𝒆 𝒑𝒆𝒓 𝒉𝒐𝒖𝒓 𝒂𝒕 𝟓𝟎 𝑷𝒂


𝑩𝒖𝒊𝒍𝒅𝒊𝒏𝒈 𝑽𝒐𝒍𝒖𝒎𝒆


=  (Q50 x 60) / V


where:


Q50 = Air leakage rate at 50 Pa (m3/min)


V    = Building volume (m3)







Airtightness Metrics


Normalized leakage rate at 75 Pa


𝑵𝑳𝑹𝟕𝟓 =
𝑻𝒐𝒕𝒂𝒍 𝑨𝒊𝒓 𝑳𝒆𝒂𝒌𝒂𝒈𝒆 𝑹𝒂𝒕𝒆 𝒂𝒕 𝒑𝒆𝒓 𝒉𝒐𝒖𝒓 𝒂𝒕 𝟕𝟓 𝑷𝒂


𝑬𝒏𝒗𝒆𝒍𝒐𝒑𝒆 𝑨𝒓𝒆𝒂


=  (Q75 x 60) / A


where:


Q75 = Air leakage rate at 75 Pa (m3/min)


V    = Building envelope area (m2)







 Rural, unoccupied MURB 
 39-year old, single-storey building with a large central 


common area and 15 individual suites (each with two doors 
- one to the common area and one to the outdoors) 


Unoccupied MURB Testing 


Phase 1 – Building #1







Unoccupied MURB Testing 


Phase 1 – Building #1 Test Results


Test
Interior 
Doors


Open 
Window


Depressurization Pressurization


C 
(l/s•Pan)


n r C (l/s•Pan) n r


1-1 Open No 189 0.6687 0.9972 97 0.8566 0.9919


1-2 Open Yes 2282 0.0664 0.1315 5144 0.1380 0.2430


1-3 Open Yes 1382 0.1957 0.3272 1,108,868 -1.5365 0.4298


1-4 Open No 250 0.6043 0.9922 272 0.5960 0.9972


1-5 Closed No 217 0.6223 0.9945 261 0.5924 0.9950







 Winnipeg MURB, under renovations and occupied only by 
single tenant and small number of workers


 35-year old, six-storey structure with 124 suites and a common 
area. 


Unoccupied MURB Testing 


Phase 1 – Building #2







Unoccupied MURB Testing 


Phase 1 – Building #2 Test Results 


Test
Interior 
Doors


Open Window


Depressurization Pressurization


C (l/s•Pan) n r C (l/s•Pan) n r


2-1 Open No 587 0.6298 0.9984 435 0.7006 0.9980


2-2 Closed No 633 0.5943 0.9985 386 0.7300 0.9952


2-3 Closed Yes 737 0.6656 0.9968 744 0.6679 0.9989


2-4 Closed Yes 533 0.6910 0.9969 336 0.7993 0.9919


2-5 Open No 608 0.6411 0.9928 737 0.6542 0.9825


2-6 Closed No 511 0.6729 0.9913 785 0.6273 0.9730


2-7 Closed Yes 850 0.6263 0.9963 - - -


2.8 Closed Yes 451 0.7486 0.9904 - - -


2-9 Closed No 483 0.6815 0.9975 493 0.7132 0.9884







 Building #1


 Flow coefficients (C) dramatically higher than anticipated 


 flow exponents (n) and correlation coefficients (r) far below 
acceptable minimums.


 Building #2


 Number of open windows based on observations by Proskiw
and Phillips (2006)


 Significant change in NLR75 and ACH50 (more pronounced 
for envelope test vs. energy test)


Unoccupied MURB Testing 


Open Windows – Effect on Tests







Unoccupied MURB Testing 


Open Windows – Effect on Tests


 Building #2 – pressurization only due to window 
operation 







 Additional building – 55 unit rural Manitoba Housing MURB 
 Not part of project, however leveraged opportunity to 


gather data for correction factor


Unoccupied MURB Testing 


Phase 1 – Air Leakage Data 


Building NLR75 NLR75 Reduction ac/hr50 ac/hr50 Reduction
∆Pdoors/
∆Ptotal


Doors 
Open


Doors 
Closed


Absolute Percent
Doors 
Open


Doors 
Closed


Absolute Percent


Building #1 1.37 1.28 0.09 6.6% 3.83 3.60 0.23 6.0% 20.5%


Building #2 1.67 1.62 0.05 3.0% 1.40 1.35 0.05 3.6% 8.8%


55 unit MURB 1.32 1.30 0.02 1.5% 1.40 1.32 0.08 5.7% 12.8%







 Measurement of pressure drop across closed suite doors


Unoccupied MURB Testing


Development of Correction factor







 Regression (k) graph


Unoccupied MURB Testing


Development of Correction factor







Unoccupied MURB Testing


Development of Correction factor


𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 𝑵𝑳𝑹𝟕𝟓 = 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝑵𝑳𝑹𝟕𝟓 × 𝑲𝟏


Where 𝑲𝟏 = 𝟏 + 𝟎. 𝟑𝟒𝟏 ∆𝑷/𝟕𝟓 − 𝟎. 𝟎𝟏𝟏𝟓


𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 𝑨𝑪𝑯50 = 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝑨𝑪𝑯50 × 𝑲2


Where 𝑲𝟐 = 𝟏 + 𝟎. 𝟏𝟕𝟓𝟐 ∆𝑷/𝟕𝟓 + 𝟎. 𝟎𝟐𝟔𝟏


and ∆𝑷 = average pressure differential across the 


suite doors (in Pascals)







Occupied MURB Testing 


Phase 2 – Four Occupied Buildings







 Efficient, disciplined procedure needed to minimize 
tenant inconvenience


 Cooperation of property manager – communication to 
tenants


 Building visitors – essential services (home care staff, 
cleaning, post delivery, repair/maintenance staff)


 Mechanical system – if need to be disabled, can 
become health concern


Occupied MURB Testing 


Phase 2 Observations – Planning and Coordination







 Windows 


 hardware issues for locking in closed position


 Windows opening during pressurization test


 Some tenants not physically capable of closing


 Tripped circuit breakers for powering fans


 Tenants


 Mostly cooperative


 Some repeatedly disruptive (opening windows, exiting to 
smoking area)


 Communication – English not spoken or written


 Short-term memory loss in some tenants


Occupied MURB Testing 


Phase 2 Observations – Field Experiences







 Some tenants and less experienced testing personnel did not 
inform when entering/exiting building


 On-site communication 


 Large buildings, many team members


 Cell phones work, but…


 Signal issues


 Battery life


 Sharing of phone numbers, time to connect and relay info


 Two-way radios may be a solution


Occupied MURB Testing 


Phase 2 Observations – Other Issues







 Error introduced by closed interior doors can be 
corrected by applying correction factor


 Windows must be kept closed during tests


 Modest amount of open windows can invalidate results


 Owner cooperation/participation is essential


 Must be established long before test takes place


 Communication is KEY – not only between building 
owners and tenants, but also among testing personnel


Occupied MURB Testing  


Conclusions







 Increase sample size of buildings tested in open and 
closed door configurations


 Increased training for large building airtightness testing 


 Air Barrier Association of America standard – now an ASTM 
work item


Occupied MURB Testing 


Future Recommendations 







 Natural Sciences and Engineering Research Council 
(NSERC)


 Canada Housing and Mortgage Corporation (CMHC)
 Manitoba Hydro
 Manitoba Housing
 Tenants and maintenance staff for all buildings
 Airtightness testing personnel


Occupied MURB Testing 
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ABSTRACT 


The goal of this project was to develop an improved, practical, yet accurate technique for measuring the 
airtightness of partition surfaces in Multi-Unit Residential Buildings – specifically low-rise MURBs.  Two 
different approaches, identified as Methods 1 and 2, were developed and evaluated during field trials on a 
detached house and three low-rise MURB’s.  Method 1, a variation of the so-called “doors open/doors 
closed” technique, was based on measuring the change in blower door flow rates when a door (or window) 
in the adjacent suite on the other side of the partition surface of interest, was opened.   


Method 2 used a different approach in which the partition’s airtightness characteristics were determined by 
performing airtightness tests on both sides of the partition while simultaneously measuring the pressure 
differential across the partition.  Unlike other techniques which require a number of simplifying 
assumptions (such as that all surfaces in the building have the same Flow Exponent, "n"), Method 2's only 
assumption is that the partition has the same "n" value as that measured during the airtightness test of the 
adjacent suite. 


Some key findings include: 


 Method 1 was unable to provide consistent or believable estimates of the partition’s airtightness 
characteristics.  Although it worked very well in the field trials on a detached house with a very 
leaky partition wall (relative to the building envelope), it failed when applied to actual MURB’s 
with tight partitions.   


 Method 2 was much more successful than Method 1.  Applied 10 times on two of the three project 
MURB’s, it was able - in all instances - to produce reasonable estimates of the partition leakage. 


 Method 2 was also found to be easy to use and well-suited for field testing applications.  Compared 
to a conventional airtightness test, Method 2 requires only one additional parameter to be measured 
(the pressure differential across the partition).  Further, unlike other techniques, Method 2 can be 
performed by a single individual equipped with one blower door. 


BACKGROUND 


Airtightness testing has been a well-established practice for over 30 years and has been used to successfully 







 


test hundreds of thousands of Canadian buildings.  The vast majority of these have been performed on 
detached, or semi-detached, houses using CGSB 149.10 "Determination of the Airtightness of Building 
Envelopes by the Fan Depressurization Method" as the test method.  First published in 1986, CGSB 149.10 
has proven to be a robust methodology for field applications.  In most cases, a detached house can be tested 
in an hour or two by a single individual equipped with approximately $3,000 to $5,000 worth of equipment 
(blower door, multi-channel micromanometer and associated hardware). 


However, performing an airtightness test on a Multi-Unit Residential Building (MURB) is more 
problematic than testing a detached house.  When a single unit in a MURB is tested, the air flow measured 
at the blower door is the sum of the air leakage across the exterior building envelope, plus the leakage which 
originates from Adjacent Units across common walls, floors or ceilings (commonly referred to as "partition 
leakage").  If the test objective is to determine the total leakage of the suite (i.e. both envelope and partition 
leakage), then existing test procedures can be used.  However, if the focus of the test is to identify leakage 
through the building envelope, the partition leakage will result in the test results overstating the true 
envelope leakage.   


To address this issue, various techniques have been developed to delineate the two leakage streams.  
Compared to CGSB 149.10, however, all of these involve additional resources in terms of equipment, 
manpower and time, and may also require some simplifying assumptions to be made about the leakage 
characteristics of the building.  This issue is most pronounced when the airtightness test is performed for 
quality control (as opposed to research) purposes since the available resources are generally more limited. 


OBJECTIVES 


The objective of this project was to develop a practical, but relatively simple, airtightness test procedure 
which could be used to separate exterior envelope leakage from partition leakage in Multi-Unit Residential 
Buildings. 


EXISTING MURB AIRTIGHTNESS TESTING PROCEDURES 


Perhaps the best summary of current MURB airtightness testing techniques is "Evaluation Procedures for 
Low-Rise, Multi-Unit Residential and Mixed Use Buildings" published by Natural Resources Canada 
(2011).  This document lists seven different protocols (shown in Table 1) applicable to MURBs ranging 
from the basic CGSB 149.10 blower door test conducted on the entire building, i.e. with all interior partition 
doors open and the entire building treated as a single zone, to more complex techniques which employ 
multiple blower doors and multiple tests   


However, examination of Table 1 raises a couple of interesting observations.  First, only two methods are 
explicitly capable of measuring (or estimating) partition leakage (Methods 4.4.3. and 4.4.5.).  Both of these 
are based on the techniques developed by DePani at Concordia University which requires the simplifying 
assumption that all exterior surfaces of the Test Unit, as well as the partition surfaces which separate it from 
Adjacent Units, have flow exponents (n) equal to 0.65 (discussed in more detail in Section 3).  While this 
is a reasonable value to use - if one has to assume a value - it nonetheless introduces a source of error since 







 


actual values for "n" can range from 0.5 to 1.0.    


In addition, several of the techniques require two or even three blower doors to perform the test.  While it 
is theoretically possible for a single operator to conduct a multi-door test using remote speed controllers, it 
raises safety concerns since the operator may be "trapped" inside the Test Unit and cannot easily observe 
or access the Adjacent Unit(s).  From a practical perspective, at least two operators would normally be 
required on-site.  This effectively doubles the cost of the test. 


 


 


 


 


 







 


Table 1: Summary of Current MURB Airtightness Tests Protocols (from "Evaluation Procedures for Low-Rise, Multi-Unit Residential and Mixed Use Buildings") 


Ref.1 Test Description Application Number of Estimates Partition 
Leakage? 


Comment 
B/D Tests/  


Zones 
4.4.1. 


 
CGSB 149.10 test.  Treats all zones as 
one by opening all interior doors. 


Whole building 
tests 


1 
 


1 No Treats whole building as 1 zone. 
 


4.4.2. 
 


CGSB 149.10 test, but with 2 B/D for 
greater flow. 


Whole building 
tests 


2 1 No Treats whole building as 1 zone. 
Requires multiple blower doors. 


4.4.3. 
 


Tests each of 2 or 3 zones 
individually, while also measuring 
partition ∆P. 


Individual units 
within MURB 


1 2 or 3 Yes Assumes n=0.65. 
More complex test. 
 


4.4.4. CGSB 149.10 BUT with simultaneous 
depressurization of Adjacent Unit. 


Individual units 
within MURB 


2 1 Yes, if combined 
with 4.4.1. or 4.4.2. 


More complex test. 
Requires multiple blower doors. 


4.4.5. Tests each of 2 or 3 zones 
individually, while also measuring 
partition ∆P. 


Individual units 
within MURB 


2 3 Yes Assumes n=0.65. 
More complex test. 
Requires multiple blower doors. 


4.4.6. CGSB 149.10 test, but with 3 B/D for 
greater flow. 


Whole building 
tests 


3 1 No More complex test. 
Treats whole building as 1 zone. 
Requires multiple blower doors. 


4.4.7. Multi-zone buildings Individual units 
within MURB 


1 4 or more No More complex test. 
Combination of 4.4.1. (or 4.4.2.) and 4.4.3. 
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DEVELOPMENT OF AN IMPROVED MURB TESTING TECHNIQUE - METHOD 1 


Following review of the technical literature, an initial testing technique was conceived based on earlier 
research by one of the authors (Proskiw, 2003 & 2007), with some additional features and refinements.  
Identified as "Method 1", this technique uses the so-called "open-a-door/close-a-door" (or window) method.   


With Method 1, the partition leakage is measured by conducting a standard CGSB 149.10 test on the first 
unit ("Test Unit"), while simultaneously measuring the pressure differential created between the Test Unit 
and the Adjacent Unit (see Fig. 1).  The airtightness test is then repeated, but with an open door or window 
in the adjacent suite.  The pressure differential across the partition wall is measured again.  The airtightness 
test results and corresponding partition pressure differential data are then input into a purpose-designed 
spreadsheet which solves the corresponding flow equations.  Using a trial-and-error process, solutions can 
then be found for the partition wall's flow coefficient (Cp) and flow exponent (np). 


Field trials of Method 1 were initially conducted using a single, detached house reconfigured to simulate a 
two-unit MURB.   Overall, these tests were completed with no problems; further, the results were easily 
analyzed using the spreadsheet (which solved 21 simultaneous equations).  The field trials were then 
expanded to three, conventional MURB's (see Fig. 2 as an example).   


Unfortunately, results from these three trials were very disappointing.  Method 1 was only able to 
mathematically resolve the partition leakage characteristics once during the 14 times it was applied to the 
three MURB's.  Solutions to individual flow equations often showed significant variation and produced 
values for the partition wall Flow Exponent (np) which were outside the physically possible range (i.e. 0.5 ≤ 
np ≤ 1.0. 


 
Figure 1: General MURB Airtightness Test Arrangement 
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Figure 2: Building #1 


DEVELOPMENT OF AN IMPROVED UNDERSTANDING OF MURB AIR LEAKAGE   


After considerable evaluation, it was concluded that Method 1 was not capable of separating exterior leakage 
from partition leakage in most MURB's.  This lead to a re-evaluation of the basic flow mechanics of the test 
and, eventually, an improved understanding of the phenomenon and pointed the way towards development 
of Method 2.  That process is described below.  


The general power law equation used to describe air leakage in buildings is: 


 
Q = CΔPn                 (1) 
 
where: 
Q = Air flow  
C = Flow coefficient 
n = Flow exponent 
ΔP = Pressure differential 


Now, if we apply this relationship to a two-unit MURB, such as shown in Fig. 1,  


 
Qb = CbΔPb


nb  and 
 
Qp = CpΔPp


np 
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  But,  
 


Qb = Qp 
 
So,  
 
CbΔPb


nb  = CpΔPp
np       or  


 
Cb/Cp = (ΔPp


np / ΔPb
nb)                          (2) 


 


Notice that Eq. (2) assumes no by-pass leakage, i.e. leakage which occurs through, but not across, the 
partitions - such as might occur across the building envelope directly into a partition wall and eventually into 
the test suite.  If significant by-pass leakage is anticipated (based on physical examination of the structure), 
then the methodology described herein may not be appropriate. 


Although the leakage across any building surface is a function of both the Flow Coefficient (C) and the Flow 
Exponent (n), both the literature (Love and Passmore, DePani) and personal experience have demonstrated 
that the Flow Exponent tends to cluster around a value of 0.65.  However, since we do not normally measure 
ΔPb during an airtightness test but rather ΔPa and ΔPp, it would be desirable to express Eq. (2) using these 
same two variables. This can be accomplished if we recall that... 


 
ΔPb = ΔPa - ΔPp 
 
Substituting into Eq. (5),  
 
Cb/Cp = ΔPp


np / (ΔPa - ΔPp)nb              (3) 
 


So what?  Well, the significance of Eq. (3) can be better understood if we set the indoor-to-outdoor pressure 
differential across the test suite (ΔPa) to 50 Pa, the standard pressure differential used to express residential 
airtightness results. Then Eq. (3) becomes… 


 
  Cb/Cp = ΔPp


np / (50 - ΔPp)nb              (4) 
 


If we assume, for example, that both Flow Exponents (np and nb) are equal to 0.65, the relationship between 
Cb/Cp and ΔPa can be plotted as shown in Fig. (3). 
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Figure 3: Cb /Cp vs. ΔPp (with ΔPa = 50 Pa)  


 


However, Fig. 3 only applies when the indoor-to-outdoor pressure differential across the test suite (ΔPa) is 
equal to 50 Pa.   If we replace the X-axis (ΔPa) with ΔPp/ΔPa (defined as the Pressure Ratio), then by using 
Eq. (4), we can generate Fig. 4.  This allows us to determine the Cb/Cp ratio by simply measuring ΔPp and 
ΔPa at any indoor-to-outdoor pressure differential experienced by the test suite (ΔPa).  


 


Figure 4: Cb/Cp vs ΔPp/ΔPa 


 


Figure 4 also explains some of the difficulty associated with measuring MURB airtightness.  Both ∆Pp and 
∆Pa have an associated uncertainty due to measurement error.  As the Pressure Ratio approaches 1, the 
uncertainty in the two pressure measurements will eventually become as large as the difference between the 
two measurements.  This will produce an increasingly large error in the ∆Pp/∆Pa ratio and hence in the Cb/Cp 
ratio.  Fundamentally, this means that with a Pressure Ratio approaching 1, the error in the Cb/Cp ratio 
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increases significantly and the accuracy of any test method, which relies on these two pressure 


measurements, will degrade.   


So, what are typical Cb/Cp ratios in actual MURBs?  To answer that question, and better understand what is 
physically occurring, we have to remember that the Flow Coefficient (C) is not an area-based metric (such 
as the normalized Leakage Area at 75 Pa, NLR75) but the overall Flow Coefficient of a building or 
partition.  Consider a very typical townhouse complex such as Building #1.  These are essentially two-storey 
boxes butted side-by-side, back-to-back.  Let's assume that each side of the box has 50 m2 of surface 
area.  And let's suppose we are trying to measure the partition leakage to the Adjacent Unit.  That means that 
the partition surface area is 50 m2, while the remaining surface area of the Adjacent Unit is 250 m2 (even 
though some of that area consists of partitions separating it from other units).  If both the partition and the 
rest of the exterior envelope are designed and constructed to the same standard of airtightness, then the Cb/Cp 
ratio would be 5.  Except, in all likelihood they are not constructed to the same standard of airtightness.  The 
partition contains no doors or windows, service penetrations, cantilevers, nor as many lineal metres of 
intersecting interior partitions, etc.  In all likelihood, the partition's leakage rate per unit area is lower than 
that of the other five sides of the Adjacent Unit.  As a result, it is easy to see how we could encounter Cb/Cp 
ratios of perhaps 10 or more for many MURBs. 


If we now return to the buildings tested in this project, we can use Eq. (4) to estimate the range of Cb/Cp ratios 
for the various partitions measured in the field tests; these are shown in Table 2.   


Table 2: Cb/Cp Ratios of The Project Buildings 


Building 
 


Cb/Cp ratio 
 


Detached House - Trial Run 0.3 
Building #1 10 – 14 
Building #2 7 
Building #3 4 – 8 


 


If we assume Cb/Cp ratios of 4 to 14, and Flow Exponents of 0.65, Fig. 4 indicates that the corresponding 
∆Pp/∆Pa ratios will range between about 0.90 to 0.99.   


DEVELOPMENT OF AN IMPROVED MURB TESTING TECHNIQUE - METHOD 2 


If we now return to Eq. (3)... 


 
(Cb/Cp) = ΔPp


np / (ΔPa - ΔPp)nb                         (5) 
 


If we assume that np = nb, that is, the Flow Exponents of both the partition and the exterior envelope of the 
Adjacent Unit are equal, then we can re-arrange Eq. (5) to give  
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Cp = Cb / [Δpp / (Δpa - Δpp)]nb              (6) 
 


However, Cb in Eq. (6) is the Flow Coefficient of the Adjacent Unit excluding the partition whereas the 
airtightness results for the suite include the partition.  Therefore, if we label the Flow Coefficient measured 
during the airtightness test of the adjacent suite as Ctest, then... 


 
 Ctest = Cb + Cp  or Cb = Ctest - Cp 
 


If we substitute this into Eq. (6)... 


 
 Cp = (Ctest – Cp) / [Δpp / (Δpa - Δpp)]nb  
  
      = Ctest / [Δpp / (Δpa - Δpp)]nb    - Cp / [Δpp / (Δpa - Δpp)]nb 


Or 


Cp + Cp / [Δpp / (Δpa - Δpp)]nb = Ctest / [Δpp / (Δpa - Δpp)]nb   
                                        


 Cp {1 + 1/[Δpp / (Δpa - Δpp)]nb} = Ctest / [Δpp / (Δpa - Δpp)]nb 
 
 Cp = {Ctest / [Δpp / (Δpa - Δpp)]nb} / {1 + 1 / [Δpp / (Δpa - Δpp)]nb} 


   


   


   


   


    


 


where:   
∆Pa  = pressure differential between the Test Unit and the outdoors  
∆Pp  = pressure differential across the partition wall  


 ∆Pb = pressure differential the Attached Unit and the outdoors 
 Cb = Flow Coefficient of the Attached Unit's exterior envelope 
 Cp = Flow Coefficient of the partition 
 Ctest       = Flow Coefficient measured during the airtightness test of the Adjacent Unit 
 nb = Flow Exponent of the Attached Unit's exterior envelope 
 np = Flow Exponent of the partition 


Equation (7) provides an explicit mathematical solution which can be used to calculate the partition’s Flow 
Coefficient.  Since Eq. (7) assumes that np = nb, and nb was measured during the airtightness test of the 
Adjacent Unit, this means we know np and can calculate Cp using   Eq. (7).  In other words, we have defined 
the partition’s flow characteristics.  


 
     Cp =             Ctest / [Δpp / (Δpa - Δpp)]nb                    (7) 


{1 + 1 / [Δpp / (Δpa - Δpp)]nb} 
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If we apply this process twice and conduct airtightness tests on both suites of the partition, with each 
functioning as the Test Unit and then as the Adjacent Unit, then the leakage characteristics across the partition 
can be calculated for both flow directions.  Having each unit function first as the Test Unit and then as the 
Adjacent Unit also provides a check on the results since the leakage characteristics should be similar, 
although not identical, regardless of flow direction.  It should be noted that the flow characteristics across a 
building surface’s will vary (slightly) depending on the direction of flow.   


FIELD TESTS OF METHOD 2 


A field evaluation of Method 2 was performed using the results from Buildings #1 and #3.  These are 
summarized in Table 3 and Figs. 5 to 8. (using a Pressure Ratio measured at 100 to 125 Pa).  Note that Table 
3 use a colour-coding scheme such that each row represents a single assessment of the partition leakage 
characteristics.  Rows of the same colour describe tests conducted on the same partition (although usually in 
opposite directions) and can therefore be compared. 


The "by-pass" referenced in Table 3 refers to a 12” diameter flexible by-pass duct which was installed 
between the two units using the windows as the entry/exit points to adjust the "leakage" between the two 
units.  During the airtightness tests, air was free to flow both across the partition wall as well as through the 
by-pass duct.  Further, the duct could be throttled by partially blocking one end. 


OVERALL ASSESSMENT OF METHOD 2 


Examining Table 3, the field tests clearly demonstrated that Method 2 performed significantly better than 
Method 1.  It was able to mathematically resolve solutions for every set of tests and all of the results appeared 
plausible given the observed construction practices employed on the test buildings. 


One question which emerged when examining these results is what (or which) parameters provide the most 
legitimate metric for comparing measurements of the same partition, particularly when the flow is in the 
same direction.  Given that the ultimate objective is to provide an accurate measurement of the partition 
leakage and that this is typically calculated at an indoor-to-outdoor pressure differential of 50 Pa, the Q50 
values likely provide the best comparison metric. 


With respect to the issue of what pressure differential to use when measuring the Pressure Ratio (i.e. 50 Pa 
or 100 to 125 Pa), the results showed that the most consistent results were obtained when the higher Pressure 
Ratio (100 to 125 Pa) was used.  For that reason, it is recommended for use with Method 2. 


To better understand why Method 2 was successful, we must return to the earlier discussion and discuss 
equipment accuracy.  Consider the impact of measuring a high ∆Pp/∆Pa ratio.  For example, if the ∆Pp/∆Pa 
ratio equals 0.99 and is measured when ∆Pa = 100 Pa, then ∆Pp would equal 1.0 Pa and the difference between 
the two measurements would also be 1.0 Pa. However, the accuracy of the micromanometer was ±1% of 
reading, which would translate into a potential error of 1.0 Pa (100 x 1%).  In other words, the potential error 
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is equal to the difference between the two measurements.  This suggests that with the types of equipment 
employed in this project (all of which were typical of what is used by most airtightness testing organizations), 
Method 2 should be able to measure the airtightness characteristics of MURB partitions with reasonable 
confidence provided the Cb/Cp ratio does not exceed approximately 14.  This translates into a maximum 
∆Pp/∆Pa ratio of about 0.99, assuming the two Flow Exponents have values close to 0.65 (which was generally 
the case for the types of buildings encountered in the project and is consistent with the literature). 


However, even if ∆Pp/∆Pa ratios are encountered which exceed 0.99, Method 2 may still be acceptable as a 
test methodology for many applications.  Assuming the exterior envelope of the MURB is not constructed to 
dramatically inferior levels of airtightness compared to the partition (which seems unlikely), Method 2 would 
still produce very low levels for the partition leakage.  Even if the percentage error was high, the absolute 
error would be relatively low – i.e., the question would not be “Is the partition tight?” but “How tight (or 
very tight) is it?”. 


Fundamentally, Method 2 has an advantage over Method 1 in that Method 2 relies upon measuring changes 
in pressure differentials whereas Method 1 is based on measuring changes in the blower door flow rates.  
Since, with the equipment used in the project, the pressure measurements had an accuracy of ±1%, whereas 
the flow rate measurements had an accuracy of ±3% of reading, Method 2 had an inherent advantage over 
Method 1. 


Table 3: Summary of Test Results – Method 2, Pressure Ratio ≈ 100 to 125 Pa 
Date 


(2016) 
 Partition 


Tested 
Partition Leakage Characteristics Cb/Cp Notes 


Cp 


(l/s•Pan) 
n Q10 


(l/s) 
Q50 


(l/s) 


Building #1 
 


Jan. 26 15/16 4.4 0.607 18 47 7.9  
 


Jan. 26 16/15 3.8 0.632 16 45 9.6  
 


Building #3 
 


March 26 24/23 4.5 0.659 21 59 6.7 
 
 


March 28 24/23 4.1 0.647 18 52 8.1  
 


March 26 23/24 4.0 0.652 18 51 8.6 
 
 


March 28 23/24 7.1 0.644 31 88 4.2 
 
 


April 6 24/23 11.1 0.639 48 136 2.8 By-Pass 
1/3 Open 


April 6 23/24 14.0 0.644 48 133 3.2 By-Pass 
1/3 Open 


April 6 24/23 16.7 0.619 69 188 2.0 
By-Pass 


Fully Open 


April 6 23/24 14.0 0.644 62 174 2.4 
By-Pass 


Fully Open 
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Figure 5: Method 2 – Flow Coefficients (With Pressure Ratio Measured at ≈ 100 to 125 Pa) 


 
 


Figure 6: Method 2 – Flow Exponents (With Pressure Ratio Measured at ≈ 100 to 125 Pa) 
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Figure 7: Method 2 – Q10 (With Pressure Ratio Measured at ≈ 100 to 125 Pa) 


 
 


Figure 8: Method 2 – Q50 (With Pressure Ratio Measured at ≈ 100 to 125 Pa) 


STEP-BY-STEP PROCEDURE FOR USING METHOD 2 


Consider a MURB such as shown in Fig.1.  To apply Method 2 and measure the partition leakage (in each 
direction), one unit is first defined as the "Test Unit" and the second as the "Adjacent Unit".  A standard 
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CGSB 149.10 test is performed on the Test Unit and then the partition pressure differential is measured when 
the Test Unit indoor-to-outdoor pressure differential is about 100 to 125 Pa.  The two units are reversed (the 
"Test Unit" becomes the "Adjacent Unit" and vice versa) and the process is repeated. 


In more detail: 


 Step 1 -   Set up the blower door in the Test Unit 


 Step 2 -   Install a pressure tap between the Test Unit and the Adjacent Unit 


 Step 3 -   Perform a CGSB 149.10 test on the Test Unit and 


 Step 4 -   Measure ΔPp & ΔPa when ΔPa ≈ 100 to 125 Pa  


 Step 5 -   Move the blower door to the second suite (the new “Test Unit”) 


 Step 6 -   Perform a CGSB 14.10 test on the (new) Test Unit 


 Step 7 -   Measure ΔPp & ΔPa when ΔPa ≈ 100 to 125 Pa 


 Step 8 -   Analyze the two airtightness results using manufacturer’s software 


 Step 9 -   Perform the final analysis using the developed spreadsheet, with inputs for 


      C, n and ΔPp from each test.  The spreadsheet output's are Cp and np. 


 Step 10 - Subtract the partition leakage from the total unit leakage to arrive at the  


                 true envelope leakage. 


When the two sets of airtightness results (C’s & n’s), along with the corresponding values for ΔPp and ΔPa 
are input into the spreadsheet, it calculates the partition’s Flow Coefficient (Cp) using Eq. (7). 
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Method 2 Calculator   Green - data input cell 


Pressure Ratio Measured at ≈ 90Pa  Yellow - output cell 


Address: St. Annes Road         
Date: 26 Jan./16         


Test Nos. 1 & 8     8 & 1   


Test Unit: #15   Test Unit: #16   
Adjacent Unit: #16   Adjacent Unit: #15   


A/T test results:     A/T test results:     


Ca + Cp = 40.5 l/s•Pan Cb + Cp = 38.7 l/s•Pan 


na = 0.632   nb = 0.607   


∆Pa = 88.3 Pa ∆Pa = 90.2 Pa 


∆Pp = 85.45 Pa ∆Pp = 87.75 Pa 


Partition Leakage Characteristics:   Partition Leakage Characteristics:   
Test Unit: #15   Test Unit: #16   


Cp = 4.4 l/s•Pan Cp = 3.8 l/s•Pan 


np = 0.607   np = 0.632   


Q10 = 18 l/s Q10 = 16 l/s 


Q50 = 47 l/s Q50 = 45 l/s 


Average Values     Percent Variation:   


Cp = 4.1 l/s•Pan Cp = 14%   


np = 0.620   np = -4%   


Q10 = 17 l/s Q10 = 8%   


Q50 = 46 l/s Q50 = 4%   


Cb/Cp = 7.9   Cb/Cp = 9.6   
 


Figure 9: Example, Method 2 – Analysis Spreadsheet 


CONCLUSIONS 


1) Method 1 was unable to provide consistent or believable estimates of the partition’s airtightness 
characteristics.  Although it worked very well in the field trials on a detached house with a very leaky 
partition wall (relative to the building envelope), it failed when applied to actual MURBs with much 
tighter partitions.   


2) Method 2 was much more successful than Method 1.  Applied 10 times on two of the three project 
MURBs, it was able to produce reasonable estimates of the partition. 


3) Method 2 was also found to be easy to use and well-suited for field testing applications.  Compared 
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to a conventional airtightness test, Method 2 requires only one additional parameter to be measured 
(the pressure differential across the partition).  Further, Method 2 can be performed by a single 
individual equipped with one blower door. 


RECOMMENDATIONS 


1) Method 2 is recommended as an acceptable technique for measuring partition leakage in Multi-Unit 
Residential Buildings and other buildings with significant internal partitioning. 


2) Although Method 2 provided satisfactory results, opportunities exist to improve its accuracy 
including: exploring the best procedure for evaluating the Pressure Ratio, investigating 
improvements which would permit an explicit solution for the partition Flow Exponent and further 
investigation of by-pass flow. 
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Project Objective:
Develop an improved method of performing 
airtightness tests on MURB’s, which accounts for 
both envelope and partition leakage.


Airtightness Testing of
Multi-Unit Residential Buildings







• Basic protocol has been in place for 30 years
(CGSB 149.10) and hundreds of thousands of tests
have been successfully performed during that
time.


• Q = C ΔP n


where:
C = Flow Coefficient
n = Flow Exponent


• Equipment & resource requirements:
- 1 blower door
- 1 micromanometer (2-channel)
- 1 operator
- 1 to 2 hours on-site 


Testing Detached Houses


Test


Unit


Qa
Qa


Qtest


ΔPa







What About MURB’s?


MURB’s  are a problem because Qtest includes both the 
stuff we want (envelope  leakage  of the Test Unit) and stuff 
we often don’t want (partition  leakage  Qp).


Common practice  has been to treat partition leakage 
(Qp) as part of the overall suite leakage.


       Test Adjacent


      Unit     Unit


     Qa      Qp Qb


ΔPp


      Qtest


   ΔPa ΔPb







But, What If You Want To Measure the 
Partition Leakage?


       Test Adjacent


      Unit     Unit


     Qa ΔPp = 0 Qb


      Qtest       Qmasking


   ΔPa ΔPb


Disadvantages:
- Requires  two 


blower  doors & two
operators.


- Very sensitive  to
measurement error
as the partition 
becomes tighter.


Various Options Exist:
1. Simultaneous Depressurization







But, What If You Want To Measure the 
Partition Leakage?


       Test Adjacent


      Unit     Unit


     Qa      Qp Qb


ΔPp


      Qtest


   ΔPa ΔPb


Disadvantages:
- Assumes:


np = 0.65
na = 0.65
nb = 0.65


Various Options Exist:
2. Concordia Technique







If All Units Access A 
Common Area, Then A 


Whole Building Test Can 
Be Performed*


*If  you have the equipment and the bodies and 
the time  (although  access to  each unit may not 


be necessary)







Testing MURB’s


All existing techniques suffer from one (or more) of 
the following problems:


• Need for multiple blower doors
• Need for multiple operators
• Need to  make assumptions  about the flow


characteristics of the building (e.g. n = 0.65).


Basically, our objective was to develop a new 
technique which did not suffer from these limitations.







What Is The Genesis 
Of The New Technique?


Initially, a variation of the “Open a door/close a door” technique 
was developed.  It worked superbly in a trial test!  


And then failed miserably on actual MURB’s.


This led to a detailed examination of the basic fluid mechanics 
involved in MURB airtightness tests which  led – eventually – to 
this equation…


Cb/Cp = ΔPp
np / (ΔPa - ΔPp)nb







Cb/Cp = ΔPp
np / (ΔPa - ΔPp)nb


Fundamentally, this tells us that the ratio of the Flow Coefficients (of the 
Adjacent Unit and the partition) can be determined by measuring the pressure
differentials across the Test Unit (Δpa) and the partition (ΔPp) provided we
know – or can estimate – the Flow Exponents.


If we conduct A/T tests on both units, then we know nb.


So, if we know Cb/Cp, and can measure Cb and nb --- this means we can
Determine Cp!


       Test Adjacent


      Unit     Unit


     Qa      Qp Qb


ΔPp


      Qtest


   ΔPa ΔPb







This Also Explains Why Tight Partitions
Are So Difficult To Measure


Fundamentally, this shows that with a Pressure Ratio approaching 1.0, 
the error in the Cb/Cp ratio increases significantly and the accuracy of 
any test method, which relies on these two pressure measurements (ΔPp


and ΔPp), will degrade.







How Does The New Technique Work?


In its simplest form:  To measure the flow characteristics of the 
partition between a Test Unit and its Adjacent Unit…


● A/T the Test Unit, c/w partition ΔPp


● Repeat with second unit defined as the Test Unit


Adjacent        Test


    Unit       Unit


     Qb      Qp Qa


ΔPp


      Qtest


   ΔPb ΔPa







So, How Does The New Technique Work?
In Slightly More Detail


       Test Adjacent


      Unit     Unit


     Qa      Qp Qb


ΔPp


      Qtest


   ΔPa ΔPb


Step 1 – Set up B/D in the Test Unit
Step 2 – Add a pressure line between the Test


Unit and the Adjacent Unit
Step 3 – Perform CGSB 149.10 test on Test Unit and
Step 4 – Measure ΔPp & ΔPa when ΔPa ≈ 100 to 125 Pa.







Step 5  – Move B/D to second suite (the new “Test Unit”)
Step 6  - Perform CGSB test on (new) Test Unit
Step 7  – Measure ΔPp & ΔPa when ΔPa ≈ 100 to 125 Pa
Step 8  - Analyze A/T results using mfgr’s software
Step 9  - Perform final analysis using spreadsheet, with inputs for


C, n and ΔPp from each test.  The result is Cp and np.
Step 10 – The partition leakage can then be subtracted from the


envelope leakage.


Adjacent        Test


    Unit       Unit


     Qb      Qp Qa


ΔPp


      Qtest


   ΔPb ΔPa







The Analysis


When the  two sets of airtightness results (C’s & n’s), along with
the corresponding values for ΔPp and ΔPa are input into the 
spreadsheet, it calculates  the partition’s Flow Coefficient (Cp) 
using the following  formula:  


Assumptions (there always has to be some):
1. The partition Flow Exponent is equal to the envelope


Flow Exponent (measured in the A/T test), i.e. np =  nb.
2.   No by-pass flow.


Cp = Ctest / [Δpp / (Δpa - Δpp)]
nb


{1 + 1 / [Δpp / (Δpa - Δpp)]
nb}







So, does it work?







Example #1







Analysis Spreadsheet


Method 2 Calculator


Pressure Ratio Measured at ≈ 90Pa


Address: St. Annes Road


Date: 26 Jan./16


Test Unit ("a"): #15 Test Unit ("a"): #16


Adjacent Unit ("b"): #16 Adjacent Unit ("b"):#15


A/T test results: A/T test results:


Ca + Cp = 85.8 cfm/Pa
n


Cb + Cp = 82.1 cfm/Pa
n


na = 0.632 nb = 0.607


∆Pa = 88.3 Pa ∆Pa = 90.2 Pa


∆Pp = 85.45 Pa ∆Pp = 87.75 Pa


Partition Leakage Characteristics: Partition Leakage Characteristics:


Test Unit: #15 Test Unit: #16


Cp = 9.2 cfm/Pan
Cp = 8.1 cfm/Pan


np = 0.607 np = 0.632


Q10 = 37 cfm Q10 = 35 cfm


Q50 = 99 cfm Q50 = 96 cfm


Average Values Percent Variation:


Cp = 8.7 Cp = 14%


np = 0.620 np = -4%


Q10 = 36 Q10 = 8%


Q50 = 98 Q50 = 4%


Cb/Cp = 7.9 Cb/Cp = 9.6







Example #2







Analysis Spreadsheet
Method 2 Calculator


Pressure Ratio Measured at ≈ 100Pa


Address: Cavalier Road


Date: 6 April/16


Test Nos. #5 & #11 Test Nos. #11 & #5


Test Unit ("a"): #24 Open By-Pass Test Unit ("a"): #23 Open By-Pass


Adjacent Unit ("b"): #23 Adjacent Unit ("b"):#24


A/T test results: A/T test results:


Ca + Cp = 100.7 cfm/Pan
Cb + Cp = 104.2 cfm/Pan


na = 0.644 nb = 0.619


∆Pa = 101 Pa ∆Pa = 101 Pa


∆Pp = 75.4 Pa ∆Pp = 80.3 Pa


Partition Leakage Characteristics: Partition Leakage Characteristics:


Test Unit: #24 Test Unit: #23


Cp = 35.3 cfm/Pan
Cp = 29.7 cfm/Pan


np = 0.619 np = 0.644


Q10 = 147 cfm Q10 = 131 cfm


Q50 = 398 cfm Q50 = 368 cfm


Average Values Percent Variation:


Cp = 32.5 Cp = 19%


np = 0.632 np = -4%


Q10 = 139 Q10 = 12%


Q50 = 383 Q50 = 8%


Cb/Cp = 1.95 Cb/Cp = 2.39







Field Trials – All Results


Results  within blue borders are tests of the same  partition wall and
can be compared to each other.


With Pressure Ratio Measured at ≈ 100 to 125 Pa







Further Thoughts


Although it has only been tested on vertical partitions 
(walls), the technique should also work on horizontal 
partitions (floors/ceilings) and attached garages.  The 
fluid mechanics are all the same.


The technique has a built-in check function since the two 
A/T tests are measuring the leakage characteristics of the 
same partition surface (although in different directions) 
and should therefore give similar results (±10% ?).







Some Recommendations For Further Work


On The Technique


1. Explore improvements to allow an explicit solution to the 
partition flow exponent (np).


2. Explore the issue of by-pass leakage in more detail.


3. Further explore the protocol for measuring the 
partition pressure differentials.


4. Explore by-pass flow in more detail.


5.  Evaluation by others!







Summary


A new technique has been developed for measuring the 
airtightness of MURB’s which permits both the envelope and 
partition leakage to be measured.


Compared to a standard CGSB 149.10 test, the new technique 
requires only one additional measurement (ΔPp).


Equipment & resource requirements:
- 1 blower door
- 2 micromanometers (2-channel), preferably one with a   


“Pressure Hold” capability 
- 1 operator
- 1 to 2 hours on-site (per unit) 
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IMPACT OF HEAT AND MOISTURE TRANSFER THROUGH A 
MULTILAYER WALL ON THE COMFORT CONDITIONS                                  


OF AN OCCUPIED ROOM 


Rudy Bui, Matthieu Labat, Sylvie Lorente 


 


 


ABSTRACT 


Controlling indoor air quality is today a major concern for three main reasons: occupants’ comfort, 
durability and energy performance. Nowadays, most of the technical solutions rely on active methods for 
air conditioning. However, materials can moderate the indoor relative humidity (RH) variations thanks to 
their buffering capacity and therefore they may regulate the RH in a passive way. It could be interesting to 
exploit this property as it is estimated that approximately one third of the moisture generated in a room can 
be absorbed by the wall surfaces. The factors influencing moisture balance in buildings are: the moisture 
interactions between indoor air and materials, the HVAC systems, and the indoor moisture sources. The 
objective of this work is to account for these factors to propose a realistic estimation of the moisture 
buffering of materials and its impact on the energy consumption and the occupants’ comfort. 


The first step in achieving this objective is to study the moisture interactions between the environment and 
the wall materials. Hence, a one-dimensional heat and moisture model at the wall scale is developed in 
PYTHON by using the capillary pressure as moisture driving potential. Conservation equations for the 
indoor air will take into account the indoor heat and moisture sources from the occupants’ presence which 
are generated by a multi-agent stochastic simulation tool. Finally, a first estimation of the moisture buffering 
of materials is proposed. The results highlighted that the use of a hygroscopic material in a wall leads to an 
important increase in the prediction of the comfort conditions in terms of relative humidity. However, no 
significant impact on the energy savings was noticed. As hygroscopic materials have an influence on the 
indoor relative humidity, it could lead to better energy savings if a humidification/dehumidification system 
is simulated. 


INTRODUCTION 


Nowadays, the topic of energy savings has become a major concern. New techniques were developed to 
address it, but they led to new challenges. In building physics, issues related to humidity are drawing 
attention as it concerns the energy consumption, the durability of materials and the occupants’ comfort. 
Most techniques used to regulate indoor humidity relies on mechanical systems like air-conditioning which 
are part of Heat, Ventilation and Air-Conditioning systems (HVAC). However, HVAC are the most energy-
consuming systems as they represent approximately 50% of the global energy consumption of buildings 
(Perez-Lombard et al., 2011). On the other hand, hygroscopic materials can absorb or release humidity in 
a passive way when they are subjected to relative humidity variations in a room (Hameury, 2005): this is 
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called the moisture buffering. According to Diasty and Fazio (1992), this phenomenon can contribute to as 
much as one third of the global humidity regulation of the indoor air. Yet, it depends on many parameters 
like the materials, the indoor air regulation systems and the presence and activities of occupants. Numerical 
studies conducted to realistically estimate the moisture buffering of materials and evaluate its impact on the 
energy consumption and the comfort conditions do not usually address all the above parameters with the 
same level of detail. This may be exemplified in (Barbosa and Mendes, 2008): each of the HVAC system 
components were modelled in detail, but the simulation did not take into account the presence of occupants 
in the building. Additionally, (Qin et al., 2011) simulated a whole house in different climate conditions but 
an ideal heating system was modelled and the occupants’ presence was simplified. 


Hence, studying heat and moisture transfer through building materials and accounting for detailed indoor 
boundary conditions (HVAC system and occupants’ presence and activities) are of capital importance to 
propose a realistic estimation of the moisture buffering of materials. 


Heat and Moisture Transfer in Building Physics 


Heat and moisture transfer have already been studied extensively, starting with Philip and De Vries (1957) 
and Luikov (1975) work in soil science. The first numerical models, named HAM (Heat, Air and Moisture) 
were developed in the beginning of the 1990s with the models MATCH (Pedersen, 1990) and WUFI 
(Künzel, 1995). An exhaustive state of the art can be found in Delgado et al. (2010) who identifies 14 open 
access models among more than 50 existing models. A more precise description of some of these models 
is available in Woloszyn and Rode (2008). It accounts for the numerical method, the driving potential for 
the conservation equations, the modeled physical phenomena and the simulation of a ventilation system. 
At the building scale, some examples can also be found such as in Tariku et al. (2010) or in Qin et al. 
(2011). In the latter, the energy and mass balance on the indoor air were included based on the AIRNET 
model (Walton, 1989). 


Indoor Heat and Moisture Sources 


Although most heat and moisture transfer models at the wall and the room scale rely on the same physical 
phenomena, the description of indoor conditions varies from one model to the other. For room scale models, 
HVAC equipment and indoor heat and moisture sources have to be modelled. In fact, these sources are 
strictly depending on the use of the building, which also be depicted by occupants’ presence and activities. 
A wide range of approaches can be found in the literature and could be classified in three main groups: 


 Constant indoor sources (exemplified in TenWolde and Walker (2001) for moisture production); 
 Deterministic representation of the occupants’ presence; 
 Stochastic approaches. 


The use of deterministic scenario is the most common approach. In Qin et al. (2011), an occupant was 
simulated at night in a residential test house from 8:00 pm to 8:00 am with a metabolic heat gain equal to 
500 W and a moisture production equal to 0.5 g.m-3.h-1. Similarly, Künzel et al. (2005a) used a moisture 
production rate of 0.5 g.m-3.h-1 with peaks in the morning and evening, i.e 8 g.m-3.h-1 from 6:00 to 8:00 am 
and 4 g.m-3.h-1 from 4:00 to 10:00 pm every day.  
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Though convenient, results from deterministic scenarios differ widely from observed measures. Stochastic 
models are a viable alternative. In the field of energy performance, Page et al. (2008) proposed a stochastic 
model of presence relying on Markov chains. His model was then calibrated and validated with on-site 
measurements. For the activities of occupants, Jaboob (2015) modelled a wide range of activities (use of 
appliances, cooking, showering, etc.) based on time use surveys data. Haldi and Robinson (2009) developed 
the occupants’ interactions with windows based on 7 years of data provided by sensors installed in a real 
office building. More recently Labat and Woloszyn (2015) investigated the impact of a stochastic moisture 
production scheme with an average production rate equal to 87 g/h. They highlighted that the average vapor 
flux exchanged between the indoor air and the walls was underestimated by 50-80% when a constant 
moisture production rate was selected. Additionally, using a constant moisture production schedule led to 
an increase of 10-20% in the prediction of the comfort range.  


Objectives 


In order to realistically estimate the moisture buffering of materials and its impact on the energy 
consumption of building and the comfort conditions of occupants, the following methodology was 
proposed: 


1) Solving numerically a coupled heat and moisture transfer problem through a multilayer wall; 
2) Modelling the occupants’ presence and activities in a stochastic way; 
3) Modelling a HVAC system based on the study of a real HVAC system. 


To this end, this paper focused on the first two objectives. Firstly, a one-dimensional heat and moisture 
transfer model is presented. This model is then coupled with a stochastic model of occupants’ presence via 
an interface. Finally, two different walls were simulated and compared: a conventional wall and one made 
of a hygroscopic material, selected in order to emphasize the moisture buffering effect. 


MODELS DESCRIPTION 


This section aims to present the different modelling elements (Figure 1): 


1) A heat and moisture transfer model (HM model) through a multilayer wall; 


2) The exterior boundary conditions; 


3) The interior boundary conditions accounting for the impact of occupants’ presence in offices. 







 
 


Paper 6                                                                                                     Page 4 of 21 
 


 
Figure 1: Schematic representation of the different part of the problem 


Coupled Heat and Moisture Transfer through a Multilayer Wall 


The coupled heat and moisture transfer model presented in this section is governed by one-dimensional set 
of equations for a porous multi-layer wall (Lorente, 2017). According to the IEA Annex 41 (Woloszyn and 
Rode, 2007) this model falls under the category “intermediate-grained models”. For heat transfer, the 
temperature is the only driving potential. However, for mass transfer, many potentials can be used: the 
capillary pressure (Janssen et al., 2007; Li et al., 2009), the logarithm of the capillary pressure (Schellen et 
al., 2008), the water content (Künzel and Kiesel, 1994), the water vapor pressure (Janssens, 2001), the 
relative humidity (Tariku et al., 2010), the mass ratio (H.-J. Steeman et al., 2009) can be quoted among 
others. A comparative study of the driving potentials based on a literature review - not presented here - led 
to choose the capillary pressure. Firstly it can be qualified as a true potential since it comes directly from 
Darcy’s law. According to Janssen (2014) it also performs better than the other potentials near saturation, 
making it the most performant potential on the whole range of relative humidity. Finally, it is the dominant 
choice for simulation of moisture transfer in soil science. 


The mass conservation equation account for the water vapor transfer (Fick’s diffusion) and the liquid water 
vapor transfer (Darcy’s law): 


 
𝝏𝒘


𝝏𝒑𝒄


𝝏𝒑𝒄


𝝏𝒕
= −


𝝏


𝝏𝒙
(𝜹𝒍


𝝏𝒑𝒄


𝝏𝒙
−𝜹𝒗


𝝏𝒑𝒗


𝝏𝒙
) (1) 


where w is the water content of the material (kg/m3), t is the time (s), δl is the liquid water permeability (s), 
pc is the capillary pressure (Pa), δv is the water vapor permeability (s) and pv is the water vapor pressure 
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(Pa). In this case, the air transfer is neglected under the assumption that there is not variation of the total 
pressure. As the chosen driving potential is the capillary pressure, equation (1) becomes after some 
mathematics: 


 
𝝏𝒘


𝝏𝒑𝒄


𝝏𝒑𝒄


𝝏𝒕
= −


𝝏


𝝏𝒙
[(𝜹𝒍 + 𝜹𝒗


𝝆𝒗


𝝆𝒍
)


𝝏𝒑𝒄


𝝏𝒙
− 𝜹𝒗 (𝛙


𝝏𝒑𝒗𝒔𝒂𝒕


𝝏𝑻
− 𝒑𝒗


𝐥𝐧𝛙


𝑻
)


𝝏𝑻


𝝏𝒙
] (2) 


where ρl is the liquid water density (kg/m3), Ψ is the relative humidity (-) and T the temperature (K). The 
energy conservation equation is governed by the first law of thermodynamics stating that the rate of energy 
accumulated within the control volume is equal to the net heat transfer of energy by conduction plus the net 
transfer of energy by fluid flow (Bejan, 2004). Consequently, the energy conservation equation is described 
by: 


 


(𝝆𝒔𝒄𝒔 + ∑ 𝒘𝒊𝒄𝒑,𝒊


𝒊


)
𝝏𝑻


𝝏𝒕


= 𝒌𝒎𝒂𝒕


𝝏²𝑻


𝝏𝒙²
− ∑ 𝒘𝒊


𝒊


𝑽𝒊𝒄𝒑,𝒊


𝝏𝑻


𝝏𝒙
− [(𝒄𝒑,𝒍 − 𝒄𝒑,𝒗)𝑻 − 𝑳𝒗]𝑺𝒍 


(3) 


where c is the heat capacity (J/(kg.K)) the subscript s stands for the solid, i=v for vapor or i=l for liquid, 
wiVi is the mass flow rate of the component i and Lv is the latent heat of vaporization (J/kg). The source 
term Sl is calculated thanks to the liquid and solid conservation equations leading to: 


 (
𝟏


𝟏 −
𝝆𝒗


𝝆𝒍
⁄


)
𝝏𝒘


𝝏𝒕
= −


𝝏


𝝏𝒙
(𝜹𝒍


𝝏𝒑𝒄


𝝏𝒙
) + 𝑺𝒍 (4) 


Equations (2), (3) and (4) describe the HM model. This set of equations is coupled, non-linear, and has to 
be solved numerically. For one dimensional problems, finite volumes and finite elements methods lead to 
the same discretized equations than the ones obtained with the finite difference method. Therefore the 
formalism of the latter is chosen. An implicit scheme is selected here based on Patankar (1980) and Patankar 
and Baliga (1978) work. The HM model was numerically solved with PYTHON for a non-uniform spatial 
discretization. 


Boundary Conditions 


External boundary conditions account for the convective heat and mass transfer with the outdoor air, 
radiative heat transfer and latent and sensible heat transfer due to vapor exchange. The external heat flux qh 
is expressed as follows: 


 𝒒𝒉 = 𝒒𝒉,𝒄𝒐𝒏𝒗 + 𝒒𝑳𝑾𝑹 + 𝒒𝑺𝑾𝑹 + 𝒒𝒎,𝒄𝒐𝒏𝒗 (5) 


where qh,conv, qLWR, qSWR are respectively the convective heat transfer, the long-wave radiation, the short-
wave radiation and 𝑞𝑚,𝑐𝑜𝑛𝑣 gathers the latent and sensible heat transfer due to vapor exchange. The 
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convective heat exchange is given by Newton’s law: 


  𝒒𝒉,𝒄𝒐𝒏𝒗 = 𝒉𝒉,𝒆(𝑻𝒆 − 𝑻𝒆𝒔) (6) 
 


 


where hh,e is the convective heat transfer coefficient (CHTC, in W/(m2.K)), subscripts e and es stand for 
exterior and exterior surface respectively. The CHTC is dominated by forced convection due to the wind. 
Hence, it depends on the measured local air velocity. Numerous empirical relationship linking the CHTC 
to the local air velocity exist; some can be found in Hagashima et al. (2005) and Loveday and Taki (1996). 
The one from Sharples (1984) is selected here: 


 
𝒉𝒉,𝒆 = 𝟏. 𝟕𝑽𝒍𝒐𝒄 + 𝟓. 𝟏


𝑽𝒍𝒐𝒄 = 𝟏. 𝟖𝑽 + 𝟎. 𝟐 (𝒘𝒊𝒏𝒅𝒘𝒂𝒓𝒅)
𝑽𝒍𝒐𝒄 = 𝟎. 𝟒𝑽 + 𝟏. 𝟕 (𝒍𝒆𝒆𝒘𝒂𝒓𝒅)


 (7) 


where Vloc is the local wind velocity (m/s) and V is reference wind speed (m/s). Moreover, this equation was 
also used by Janssen et al. (2007) after a comparison with various models. 


The long-wave radiation is composed of the radiative exchanges with the ground and the sky: 


 𝒒𝑳𝑾𝑹 = 𝝈𝜺𝑭𝒈𝒓𝒐(𝑻𝒈𝒓𝒐
𝟒 − 𝑻𝒆𝒔


𝟒 ) + 𝝈𝜺𝑭𝒔𝒌𝒚(𝑻𝒔𝒌𝒚
𝟒 − 𝑻𝒆𝒔


𝟒 ) (8) 


where σ is the Stefan-Boltzmann constant (W/(m2.K4)), ε is the emissivity (-), Fgro and Fsky are the ground 
and sky view factors respectively (-). These coefficients are both equal to 0.5 each. The short-wave radiative 
transfer is given by equation (9): 


 𝒒𝑺𝑾𝑹 = 𝜿(𝑫𝒊𝒓 + 𝑫𝒊𝒇 + 𝑹𝒆𝒇) (9) 


κ is the absorptivity of the wall surface material (-), Dir, Dif and Ref are the direct radiation from the sun, 
the diffuse radiation by the atmosphere and the reflected radiation by the environment respectively (W/m2). 
The latent and sensible heat transfer due to vapor exchange is: 


 𝒒𝒎,𝒄𝒐𝒏𝒗 = (𝒄𝒑,𝒗𝑻𝒆𝒔 + 𝑳𝒗)𝒈𝒄𝒐𝒏𝒗 (10) 


where gconv is the convective mass transfer flux calculated as follows: 


 𝒈𝒄𝒐𝒏𝒗 = 𝒉𝒎,𝒆(𝒑𝒗,𝒆 − 𝒑𝒗,𝒆𝒔) (11) 


where hm,e is the convective mass transfer coefficient kg/(m2.s.Pa)). As the driving potential chosen here for 
the HM model at the wall scale is the capillary pressure, pv,es  has to be expressed as a function of pc,es by 
using Gibbs’ law: 


 𝒈𝒄𝒐𝒏𝒗 = 𝒉𝒎,𝒆 [𝒑𝒗,𝒆 − 𝒑𝒔𝒂𝒕(𝑻)𝒆𝒙𝒑 (−
𝒑𝒄,𝒆𝒔


𝝆𝒍𝑹𝒗𝑻𝒆𝒔
)] (12) 
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where Rv is the ideal constant of water vapor (J/(kg.K)). For the surface moisture transfer coefficient, the 
Lewis’ analogy is used (quoted by Janssen et al. (2007)): 


 𝒉𝒎,𝒆 = 𝟕. 𝟕 × 𝟏𝟎−𝟗𝒉𝒉,𝒆 (13) 


Radiative heat transfer is not considered for the indoor boundary conditions and it is assumed that the CHTC 
is equal to 4 W/(m².K).  


Indoor Conservation Equations 


The indoor hygrothermal conditions depend on the interactions between the building and its surrounding 
environment. The temperature and water vapor pressure of a room are described by mass and energy 
balance equations. The model presented here assumes that the temperature and the water vapor pressure are 
uniform within the entire room volume. 


 
Figure 2: Scheme of the heat and mass transfer used to compute the balance for indoor air 


The indoor air humidity is influenced by numerous parameters (Figure 2): humidity transfer from adjoining 
walls, water vapor exchange with the exterior due to the ventilation and water vapor production or losses 
due to the occupants' presence and activities. Consequently, the mass balance equation on the indoor air is: 


 𝝆𝒂𝑽
𝝏𝒙𝒊𝒏


𝝏𝒕
= ∑ 𝑨𝒋𝒉𝒎,𝒊𝒏(𝒑𝒗,𝒊𝒔,𝒋 − 𝒑𝒗,𝒊𝒏) + 𝒏𝑽𝝆𝒂(𝒙𝒆 − 𝒙𝒊𝒏) + �̇�𝒊𝒏


𝒋


 (14) 


where ρa is the air density (kg/m3), V is the volume of the room (m3), subscript in refers to indoor, xin is the 
mass ratio of the indoor air (-) defined as the mass of water vapor in one kilogram of dry air, A is the surface 
area of the wall j, n is the air change rate ACH (s-1) pv,is,j is the surface water vapor pressure of the wall j 
and �̇�𝑖𝑛 is the indoor moisture sources/sinks. A similar expression can be found in Korjenic and Bednar 
(2012). To make equation (14) compatible with the boundary conditions, it needs to be expressed with the 
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water vapor pressure as potential. The mass ratio is linked to the water vapor pressure through the following 
equation: 


 𝒙 =
𝑹𝒂


𝑹𝒗
∙


𝒑𝒗


𝒑𝒂𝒕𝒎 − 𝒑𝒗
 (15) 


where Ra is the ideal constant of the dry air (J/(kg.K)), patm is the atmospheric pressure (Pa). Combining 
equations (14) and (15) leads to: 


 
𝑹𝒂


𝑹𝒗
∙


𝝆𝒂𝑽


𝒑𝒂𝒕𝒎 − 𝒑𝒗,𝒊𝒏


𝝏𝒑𝒗,𝒊𝒏


𝝏𝒕
= 𝑨𝒉𝒎,𝒊𝒏(𝒑𝒗,𝒊𝒔 − 𝒑𝒗,𝒊𝒏) +


𝑹𝒂


𝑹𝒗
∙ 𝝆𝒂𝒏𝑽. (


𝒑𝒗,𝒆


𝒑𝒂𝒕𝒎 − 𝒑𝒗,𝒆
−


𝒑𝒗,𝒊𝒏


𝒑𝒂𝒕𝒎 − 𝒑𝒗,𝒊𝒏
)


+�̇�𝒊𝒏


 
(16


) 


Indoor heat balance is influenced by the convective transfer with adjoining walls, the air renewal and indoor 
heat sources (Tariku, 2008). Note that both sensible and latent contributions were included. 


 


𝝆𝒂𝑪𝒑,𝒂𝑽
𝝏𝒉


𝝏𝒕
= ∑ 𝑨𝒋𝒉𝒉,𝒊𝒏(𝑻𝒊𝒔,𝒋 − 𝑻𝒊𝒏) + 𝒏𝑽𝝆𝒂𝒄𝒑,𝒂(𝑻𝒆 − 𝑻𝒊𝒏)


𝒋


+ (𝑪𝒑,𝒗𝑻𝒊𝒏 + 𝑳𝒗) ∑ 𝑨𝒋𝒉𝒎,𝒊𝒏(𝒑𝒗,𝒊𝒔,𝒋 − 𝒑𝒗,𝒊𝒏)


𝒋


+ 𝒏𝑽𝝆𝒂[(𝑪𝒑,𝒗𝑻𝒆 + 𝑳𝒗)𝒙𝒆 − (𝑪𝒑,𝒗𝑻𝒊𝒏 + 𝑳𝒗)𝒙𝒊𝒏] + �̇�𝒊𝒏 


(17) 


where h is the specific enthalpy (J/kg), Cp,a is the heat capacity of the air (J/(kg.K)) and Tis,j is the surface 
temperature of the wall j. The left term is expressed as a function of the temperature thanks to equation 
(18): 


 
𝝏𝒉


𝝏𝒕
= (𝑪𝒑,𝒂 + 𝒙𝒊𝒏𝑪𝒑,𝒗)


𝝏𝑻


𝝏𝒕
 (18) 


�̇�𝑖𝑛 is a source/sink term regrouping all of the other heat losses or gains. It is decomposed as the sum of the 
sensible and latent loads: 


 �̇�𝒊𝒏 = �̇�𝒔𝒆𝒏 + �̇�𝒍𝒂𝒕 = �̇�𝒔𝒆𝒏 + (𝒄𝒑,𝒗𝑻𝒊𝒏 + 𝑳𝒗)�̇�𝒊𝒏 (19) 


�̇�𝑠𝑒𝑛 corresponds to the sensible heat due to the occupants’ presence, the heating/cooling system and the 
use of lights. 


Heating, Cooling and Ventilation Systems 


As this work does not focus on a precise representation of a HVAC system, the heating and cooling systems 
are modelled to keep the indoor air temperature between 20 and 24 °C. The ventilation rate is taken equal 
to 0.5 air change per hour (ACH, in h-1). According to Künzel et al. (2005b), it corresponds to the minimum 
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rate for German building standards, and according to Labat and Woloszyn (2015) it is also in agreement 
with the French code on building ventilation. 


Modelling of Occupants’ Presence 


The occupants’ presence is modelled in accordance with the model developed by Page et al. (2008). The 
presence (or absence) of an occupant is based on an inhomogeneous Markov chain using a parameter of 
mobility µ and a time-dependent profile of the probability of presence P(t) as input. This model generates 
a sequence of zeros (absence) or ones (presence) that characterize arrivals or departures from a zone for 
each occupant. These are obtained by calculating the probabilities of transition T(t). For example, from 
absent to present (0 to 1): 


 𝑻𝟎𝟏(𝒕) =
µ − 𝟏


µ + 𝟏
𝑷(𝒕) + 𝑷(𝒕 + 𝟏) (20) 


Or from present to present:  


 𝑻𝟏𝟏(𝒕) =
𝑷(𝒕) − 𝟏


𝑷(𝒕)
[
µ − 𝟏


µ + 𝟏
𝑷(𝒕) + 𝑷(𝒕 + 𝟏)] +


𝑷(𝒕 + 𝟏)


𝑷(𝒕)
 (21) 


The other two probabilities of transition are 𝑇10 = 1 − 𝑇11 (from present to absent) and  𝑇00 = 1 − 𝑇01 
(from absent to absent). The parameter of mobility is defined as the ratio between the probability of change 
of the state of presence and that of no change. Here, this parameter is kept constant and equal to 0.11 based 
on Page’s work to simplify the input (Page et al., 2008). 


A metabolic heat gain is calculated using Fanger’s PMV model (BS EN ISO 7730, 2005) and associated to 
each agent. This calculation is based on the metabolic rate, the clothing insulation and physical 
environmental parameters: air temperature, mean radiant temperature, air velocity and air relative humidity. 
For office buildings, the only activity considered is information technology (IT) where the clothing 
insulation coefficient is equal to 0.7 and the metabolic rate equal to 116 W/m2. The air velocity is assumed 
constant and equal to 0.1 m/s. The mean radiant temperature is taken equal to the air temperature; the latter 
is calculated by solving equation (17). The indoor air water vapor pressure is calculated thanks to equation 
(16) and is then converted to the air relative humidity. 


In this work, the occupants’ presence model is integrated into a multi-agent stochastic simulation platform 
called No-MASS (Nottingham Multi-Agent Stochastic Simulation) (Chapman et al., 2017). This platform 
also integrates activity models for residential buildings from Jaboob (2015) and interactions between agents 
from Chapman (2017). These two points are not developed here as this paper focuses on occupants’ 
presence in offices. No-MASS is then coupled with the HM model by using a Functional Mockup Interface 
(Figure 3). 
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Figure 3: Scheme of the coupling between No-MASS and the HM model   


First, the presence of agents in offices is pre-processed as it does not rely on environmental parameters. 
Next, the HM model calculates the environmental parameters, which are communicated to No-MASS. The 
latter is used to determine the metabolic heat gains and the water vapor production. The outputs from No-
MASS are then parsed back to the HM model for the next time step until the end of the simulation.  


As highlighted in Labat and Woloszyn (2015), various moisture production scenario can be found in the 
literature. It differs in terms of both the schedule (constant, cyclic, variable) and the intensity (from 20 to 
500 g/h, depending on the room and its use). Here, as the occupants’ presence is modelled in a stochastic 
way, cyclic or constant schedules are inappropriate. Contrary to what was done for sensible heat emitted 
by an occupant, there is no equivalent standard for vapor production, so a simplified modelling will be 
adopted here. In Simonson et al. (2001), a vapor production of 87 g/h was selected to simulate moisture 
production from two people sleeping. Note that it corresponds to 30 W of latent loads. This value also 
corresponds to a person seated at a theater according to ASHRAE (1997). Here, this value was selected as 
a first assumption as being seated in a theater might not be very different - in terms of moisture production 
- from the IT activity. 


The electric lighting system model in No-MASS is based on the Lightswitch-2002 algorithm (Reinhart, 
2004), which require calculated values of the indoor illuminance. However this was not included in our 
model yet. Consequently, it was assumed that the lights were turned on from 1 hour before sunset to 1 hour 
after sunrise if the room is occupied. A 10 W/m² heat gain is associated to the use of light, based on M. 
Steeman et al. (2009) work. 


A time step sensitivity study led to choose a 5 minutes simulation time step for No-MASS (Chapman et al., 
2017). For the HM model, an adaptive time step method is used. A list of the major parameters of the 
simulation is presented in Table 1. 
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MODELS VALIDATION 


The presence model was calibrated and validated thanks to data provided by the monitoring of a twenty 
zones office building for five years (Page et al., 2008). For the coupled heat and mass transfer model at the 
wall scale, the validation relies on the standard BS EN 15026 (2007). This standard provides an analytical 
solution of coupled heat and mass transfer equations in a semi-infinite wall which is originally in 
equilibrium with its surrounding climate conditions at T=20°C and RH=50%. The specimen is then 
submitted to a temperature T=30°C and a relative humidity RH=95%. The test requires to plot the resulting 
water content and temperature profiles at different time step, namely 7, 30 and 365 days. The profiles are 
then compared to an analytical solution and should not deviate from more than 2.5% to pass. The material 
properties are specified in the standard. The semi-infinite wall was simulated by setting the wall thickness 
to 20 m. Figure 4 presents the water content and temperature distributions generated by the model.  


 
 


 
Figure 4: Water content (above) and temperature (below) distributions at 7, 30 and 365 days 







 
 


Paper 6                                                                                                     Page 12 of 21 
 


Both profiles stay in the ±2.5% range from the analytical simulation (represented by the dots), meaning that 
the model passes this standard. Additionally, the maximum deviation from the analytical solution for the 
water content is 1.87% (corresponding to 0.80 kg/m3) and 0.25% for the temperature (corresponding to 
0.04°C) indicating a satisfactory accuracy. 


SIMULATIONS 


Case Study 


A 5 m × 5 m × 2.5 m office room is simulated under the climatic conditions of Trappes (close to Paris, 
France), which is typical of the dominating climate of France (oceanic climate). It was assumed that this 
office was surrounded by similar offices except for one exterior wall facing the South direction. The 
separating walls are made of two 13 mm thick plasterboards. The floor and the ceiling are made of a load-
bearing material (200 mm thick). It is assumed that all of the other offices surrounding the simulated room 
are at a constant temperature and relative humidity equal to 20°C and 40%RH respectively. In order to 
investigate the impact of the materials on the energy performance and the occupants’ comfort, two distinct 
cases were studied with selecting different materials constituting the exterior wall. The first configuration 
consists of a conventional wall assembly made of 200 mm of concrete, 130 mm of polystyrene and 13 mm 
of plaster. This will be referred to as conventional wall (CW). The second configuration consists of a 
monolayer wall made of 390 mm of hemp concrete. This thickness was selected in order to have a thermal 
resistance close to the one from the first configuration (equal approximately to 3.40 (m2.K)/W), but the 
hygroscopic properties differs significantly from the CW, as highlighted in the Annex. Therefore, this 
second case will be referred to as hygroscopic wall (HW).  


The outdoor boundary conditions are given by the climate data file of the French thermal regulation RT 
2012 (RT Bâtiment, 2012) which oversees new building construction in France. At the start of each of the 
two simulations, the office room is supposed to be initially at 20 °C and 40 %RH. A one year period is 
simulated (given in an hourly data file) starting from the 1st of January (under the assumption that it is a 
Monday for the occupants’ schedule). 


Occupancy Schedule 


For the indoor sources, the presence of two agents in the simulated office was generated by No-MASS. The 
profile of occupants are typical of university workers. The average heat gain is calculated at each time step 
and then multiplied by the number of occupants. Note that the occupancy schedule is different for each 
occupant, meaning that there may be one or two person at the same time within the office. Figure 6 presents 
the metabolic heat gain generated by the occupants over a week. The moisture production schedule, not 
presented here, has a similar shape yet a constant 87 kg/h production rate per occupant was selected. 
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Figure 5: Computed metabolic heat gains over one week (January 1st - 7th) 


Results 


First, the impact of the materials on the energy consumption of the simulated room is studied through the 
energy demand for heating, as illustrated in Figure 6. For the sake of clarity, the values were averaged 
monthly. 


 
Figure 6:  Monthly average heating power  


The energy consumption was slightly lower (-3.6% in average) with the HW than with the CW despite both 
configurations having an almost equal thermal resistance (3.40 (m2.K)/W). This can be explained by the 
difference in insulation: the CW has an interior insulation whereas the insulation is spread throughout the 
entire wall for the HW. Consequently, the indoor air temperature did not significantly change from one case 
study to the other and stayed in the range of 20-24°C as expected. 
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Next, indoor conditions were studied in detail. For example, the indoor relative humidity was plotted in 
Figure 7 for a typical winter week (January 1st – 7th) and summer week (July 1st – 7th). 


 
 


 
Figure 7: Indoor relative humidity. January 1st-7th (above) and July 1st-7th (below) 


Both curves appear to be parallel. The HW leads, for each week, to a lower indoor relative humidity than 
the one calculated with the CW. The difference is very small during the winter week (maximum of 1%RH 
of difference). This is explained by the same initial conditions at the start of each simulation (1st of January). 
Still, this tendency is confirmed during the summer week where the difference can reach as much as 
2.5%RH. This result might be due to the low water vapor resistance of the HW contrarily to the CW which 
is more impermeable to water vapor transfer. Indeed, the order of magnitude of the water vapor resistance 
of the HW is 109 m/s whereas it is 1011 m/s for the CW. For the summer week, the sudden drops in the plot 
correspond to a brief presence of occupants’ in the office (less than 15 min) during hours when light are 
needed, and after a long period of absence (more than 4 hours). Heat is suddenly generated due to their 
presence and the use of light, leading to a decrease of RH. As the impact of the moisture production is low 
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in front of the heat generation, this drop was expected. 


Figure 8 shows the indoor relative humidity distribution over a year for the CW and the HW in 2%RH 
intervals where the abscissa represents the mean value of each interval (meaning for example the abscissa 
41 corresponds to the interval [40, 42]%RH). 


 
Figure 8:  Indoor relative humidity distribution over a year  


The indoor relative humidity distribution is consistent with the monthly results as the HW gives generally 
lower values of RH than the CW. In terms of comfort conditions, no relevant conclusion could be drawn 
with the calculation of the Predicting Mean Vote (PMV) and Predicted Percentage of Dissatisfaction (PPD) 
(BS EN ISO 7730, 2005). The HW gives a maximum PMV and PPD equal to 0.72 and 16.01% respectively 
against 0.74 and 16.44% for the CW. As their calculation is based on an energy balance equation, the impact 
of the indoor RH is limited. Consequently, it has been decided to use the comfort criterion from Wolkoff 
and Soren (2007). They define the comfort zone for targeted value of indoor relative humidity ranging from 
40 to 50%. Based on this comfort criterion, the HW led to an increase of 10% in the prediction of the 
comfort range (78% against 68% for the CW). It is noted that the HW leads to a lower maximum RH value 
compared to the CW (54% against 58%). This result was also highlighted by Hameury (2005) when he 
compared a wall made of wood with permeable and impermeable indoor coating. However, it is not clear 
if the HW is able to moderate low RH as the indoor RH did not reach values below 36%. Finally, since the 
HW seems to moderate the indoor RH, potential energy savings can be done if a 
humidification/dehumidification is simulated. 


CONCLUSION AND PERSPECTIVES 


A coupled heat and moisture transfer model at the wall scale was developed and validated with a standard. 
This model is then coupled with a stochastic model of occupants’ presence and activities called No-MASS 
via a Functional Mockup Interface. A two-people office was simulated on an entire year and was supposed 
to be located in Trappes, France. Two wall configurations were selected: a first simulation with a 
conventional exterior wall made of concrete, polystyrene and plaster; and a second simulation with an 
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exterior wall made of a hygroscopic material (hemp concrete). 


The results highlighted that the HW gave a lower simulated indoor relative humidity compared to the CW 
due its higher resistance to water vapor. This led to an increase in the prediction of the comfort range. No 
significant differences were observed on the energy consumption of the office room. Indeed, the heating 
system simulated in this work was an ideal system and both walls’ configuration were adapted to have a 
similar thermal resistance. Future work will investigate the modeling of a heating/cooling system based on 
the response of a real system. Moreover humidification and dehumidification systems will be modelled. 
Since the wall materials have a non-negligible impact on the indoor relative humidity, it is expected that 
the energy consumption of these systems will defer depending on the composition of the wall. 


Future work on the occupants’ impact will focus on simulating residential buildings where the inhabitants 
have more activities (cooking, showering, sleeping …). This part is already implemented in No-MASS and 
will be coupled with the HM model. Other activities (for both office and residential buildings) includes the 
use of blinds, windows and lights.  
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ANNEX 


Table 1: Listing of the major parameters of the simulations 


Major 
assumptions 


No air transfer 


No rain simulated 


Opaque wall, no window simulated 


Time step Adaptive time step method for the HM model 
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5 min time step for No-MASS 


Exterior boundary 
conditions 


Convective heat and mass transfer 


Long-wave and short-wave radiation 


Latent and sensible heat transfer due to vapor exchange 


Indoor heat 
sources 


Heating system 


Occupants’ presence and activity (around 80 W per occupant in offices) 


Use of light (10 W/m2) 


Indoor moisture 
sources Occupants’ presence and activities (87 g/h per occupant in offices) 


 


Table 2:  Materials properties extracted from the literature  
Material ρ  


(kg.m-3) 
k  


(W.m-1.K-1) 
Cp 


(J.kg-1.K-1) 
δv*10-11  


 (s) 
dry cup 


δv*10-11  
 


δv*10-11  
(s) 


wet cup 
Concrete (1) 2450 2.00 1000 0.15  0.24 


Polystyrene (1) 50 0.04 1450  0.32(3)  
Plaster (1) 875 0.25 1000 1.90  4.75 


Hemp concrete 
(2) 


440 0.115 1560  5(3)  


 


Table 3:  Sorption properties 
Concrete (1) RH (%) 


w (kg/m3) 
20 
86 


40 
110 


60 
159 


80 
270 


95 
441 


 
 


 


Polystyrene (1) RH (%) 
w (kg/m3) 


20 
4 


40 
8 


60 
13 


80 
17 


90 
20 


97 
27 


 


Hemp concrete (2) RH (%) 
w (kg/m3) 


0 
0 


32 
14 


50 
20 


65 
28 


80 
33 


93 
42 


96 
62 


Plaster (Gnip et al., 2006): 𝑤 = 𝜌 × 0.077(1 + |−215.23 ln (𝑅𝐻)|1.628)−1+
1


1.628 


Table 4:  Liquid water permeability 
Concrete  δl (s) (4) 10-17   


Polystyrene  w (kg/m3) 
δl (s) (4) 


13 
10-17 


20 
10-15 


27 
10-14 
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Plaster  w (kg/m3) 
δl (s) (4) 


0.04 
10-17 


0.12 
10-15 


0.20 
10-14 


Hemp concrete (2) w (kg/m3) 
δl (s) 


28 
10-17 


42 
10-15 


62 
10-14 


(1) from (Labat et al., 2016) 
(2) from (Evrard, 2008) 
(3) single value given 
(4) assumption – no value available 
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Context of study
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Insulation 
performance


Indoor air 
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Energy 
consumption


50% of the global 
energy consumption


(Pérez-Lombard et al., 2008)


Heating, Ventilation 
and Air-Conditioning 


System (HVAC)


Ventilation: cleaning air of pollutants


Heating: thermal comfort


Humidification: humidity comfort, health, 
durability of materials


(Woloszyn, 2009) 
(Trcka, 2010)
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Context of study – Bio-based materials
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• Low environmental impact


• Local production


• Natural humidity regulator


Earth construction Hemp-based insulation
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Shibam, Yemen


(Hamard et al., 2013)
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Outline of the presentation
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1. Heat and Moisture transfer model (RM)
• Governing equations
• Validation example


2. Exterior boundary conditions


3. Interior boundary conditions
• Indoor air balance
• No-MASS
• Coupling No-MASS with RM


4. Case study


5. Conclusion and perspectives
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RM – Governing equations
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Mass conservation equation


Energy conservation equation


Storage of 
energy


Conduction Phase changeEnthalpy transport 
due to the mass flux


From mass balance


Liquid water sourceStorage of 
liquid water


Liquid 
transfer


No air transfer
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RM – Governing equations
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Temperature T [K] and Capillary Pressure pc [Pa] (Janssen, 2014), (Li et al., 2009)


Mass conservation


Energy 
conservation


Coupled non linear set of equations  Numerical method: Finite differences (1D), implicit scheme
(Patankar and Baliga, 1978), (Patankar, 1980)
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RM – Validation example
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• Semi-infinite wall
• Dirichlet boundary conditions: T=30°C, RH = 95%
• Initial conditions: T = 20°C, RH = 50%


Material’s properties specified in the standard


Standard EN 15026 (AFNOR, 2007)


Max deviation: 1,87% (0,80 kg/m3) Max deviation: 0,25% (0,04 °C)
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Exterior boundary conditions
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Atmosphere


Solar radiation


Wind


Convective heat and mass transfer


Latent and sensible heat transfer


Impact of the wind


Radiative heat transfer


Short-wave radiation


Long-wave radiation


No wind-driven rain
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Occupants’ presence and activities
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Nottingham Multi-Agent Stochastic Simulation 
(No-MASS) platform


Modelling of occupants’ 
presence and activities


Constant indoor source


Deterministic representation


Stochastic approaches


(Hutcheon, 1955), (TenWolde and Walker, 2001)


(Künzel et al., 2005), (Qin et al., 2011)


(Wang et al., 2011), (Wilke, 2013), (Feng et al., 2015)


Presence model Activity model
(Page et al., 2008) (Jaboob, 2015)


Calibrated and validated with 
experimental data


Calibrated and validated with Time 
Use Survey Data


Metabolic heat gains ISO 7730 (AFNOR, 2005)


Moisture production (Johansson et al., 2010)


(Chapman, 2017)
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No-MASS – Presence model


12


Based on an inhomogeneous Markov chain


0   0   1   1   1   0   1   0   1   1   0   1   1   1   … 


Time
0: absence
1: presence


Output


Input:
• Time-dependent profile of presence P(t) over a week
• Parameter of mobility μ


Present to Present


Absent to Present


Present to Absent


Absent to Absent


Constant
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Coupling RM with No-MASS
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Case study
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Office room located in Trappes (France)
Surrounded by offices at 20°C, 40%RH


Exterior wall


5 m


5 m2.5 m


Exterior boundary conditions (RT Bâtiment, 2012)


Interior boundary conditions: two agents (No-MASS)


Vapour production: 87 g/h per occupant (ASHRAE, 1997)


Activity: Information Technology (IT)


No window or shading device simulated + Lights: 10 W/m² (Steeman, 2009) 


+ Ideal heating system
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200 mm 130 mm 26 mm


Conventional Wall (CW)
Concrete – Polystyrene – Plaster


390 mm


Hygroscopic Wall (HW)
Hemp Concrete


Separating walls: Plaster boards (2*13 mm)
Floor and Ceiling: Concrete (200 mm)


1 year period simulated
Initial conditions: 20°C, 40%RH


Rth, CW ≈ Rth, HW 


Int IntExt Ext
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-3,6% energy consumption


200 130 26 390 


Conventional Wall Hygroscopic Wall


Same stationary thermal resistance
• Conventional wall: interior insulation
• Hygroscopic wall: insulation spread 


throughout the wall


Hygroscopic wall
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Case study – Indoor relative humidity
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January 1st – 7th July 1st – 7th


Max RH difference: 1% Max RH difference: 2,5%


Rvap, CW = 1011 < Rvap, HW = 109
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Case study – Comfort conditions


18


(Wolkoff and Soren, 2007)Comfort zone [40; 50]%RH
Conventional wall  68%
Hygroscopic wall  78%


Max PMV Max PPD


CW 0.74 16.44 %


HW 0.72 16.01 %


Comfort criteria ISO 7730 (AFNOR, 2005)


• No relevant conclusion
• Calculation based on an energy 


balance equation  limited impact of 
the RH


Other comfort criteria


Comfort zone


Better prediction of the comfort range
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Simulations
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Energy and Indoor Air Quality Impacts of DOAS Retrofits                                 


in Small Commercial Buildings 


James Montgomery, Christy Love, and Charlie Stephens 


 


 


ABSTRACT 


Heating, ventilating and air-conditioning (HVAC) typically accounts for 30% to 50% of commercial 
building energy use. Small commercial buildings often use oversized and inefficient rooftop air handling 
units (RTUs) to provide both air conditioning and ventilation. A conversion strategy to reduce energy 
consumption is the installation of a very high efficiency dedicated outdoor air system (DOAS) to provide 
ventilation with a separate heat pump system to provide heating and cooling. Decoupling the heating and 
cooling from ventilation allows for improved energy efficiency and control of space conditions. Upgrades 
to mechanical systems can also improve the indoor air quality (IAQ) and comfort through control of carbon 
dioxide (CO2) concentrations, dry bulb temperature, and relative humidity (RH).  


A pilot study of eight buildings was conducted to investigate the potential benefits of replacing existing 
RTUs with high efficiency heat recovery ventilators (HRVs) and air source heat pumps in the Pacific 
Northwest. This report contains results for a subset of seven buildings for which data is available. The 
building energy use before and after the conversion was determined using utility data, energy modeling and 
monitoring. Indoor environmental conditions were measured at hourly intervals for up to one year post-
conversion using CO2, temperature, and RH sensors. The data was analyzed to determine changes in energy 
use and IAQ before and after the conversion. 


This paper presents the pilot building results pre- and post-conversion. While several factors need to be in 
place to ensure optimal performance and cost effectiveness, the pilot shows that replacing RTUs with 
DOAS systems in existing commercial buildings can both reduce energy use as well as improve indoor 
environmental conditions. This conversion type is viable for a wide variety of building types and scale-up 
of the retrofits has the potential to significantly improve a previously underserved segment of the building 
stock.   


INTRODUCTION 


Buildings account for approximately 40% of the total energy use in the United States (Sanders et al. 2010). 
In the commercial building segment, Heating, Ventilating and Air-Conditioning (HVAC) typically 
accounts for 30% to 50% of the energy end use (CBECS 2012). Small commercial buildings will often 
utilize a packaged rooftop unit (RTU) system that includes direct expansion (DX) cooling and natural gas 
heating to provide space conditioning and ventilation air from a single source. This coupling of the 
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ventilation and air conditioning in a single system results in operational inefficiency. In addition, this 
equipment tends to be oversized, and as it reaches the end of its service life, contractors simply replace like 
for like. These practices, which are characteristic of small commercial buildings, compound the 
inefficiencies inherent in this type of HVAC system. Anecdotal evidence also indicates that outdoor 
ventilation air dampers in existing systems are often closed in these buildings, leading to poor indoor air 
quality. 


An alternative design approach is to decouple the ventilation and air conditioning using a dedicated outdoor 
air system (DOAS) for ventilation and a heat pump system for space conditioning. The existing packaged 
RTU can be replaced with a DOAS system during planned retrofits, and can provide significant savings 
through reductions in both fan energy and energy used for conditioning ventilation air. If ventilation air is 
provided with an intelligent, very high efficiency heat or energy recovery ventilator (HRV or ERV), and if 
the heating and cooling functions are provided by right-sized, high efficiency systems, annual HVAC 
energy savings in existing small commercial buildings can exceed 50% over the existing system. The use 
of a DOAS system also allows for possible improvements to indoor air quality compared to the standard 
RTU design. 


A pilot study sponsored by the Northwest Energy Efficiency Alliance (NEEA) was undertaken to predict 
and measure the energy savings from replacing packaged RTU systems with high-efficiency DOAS and 
heat pump systems in small commercial buildings throughout the Pacific Northwest. The target building 
sector for the pilot projects discussed in this paper is existing small commercial buildings (ideally under 
25,000ft2 (2,325m2)) in selected occupancies (small office, retail, schools, restaurants, and small assembly). 
The small commercial building sector (<50,000ft2 (4,650m2)) overall comprises over half of the commercial 
building floor space in the Pacific Northwest (NEEA 2014). The 2012 CBECS data (table B39) indicates 
that 62% of all commercial building floor area in the United States in buildings smaller than 25,000ft2 
(2,325m2) have a packaged heating system. This reflects a significant opportunity for improved HVAC 
systems performance in a market segment currently underserved by the standard practice of replacing like-
for-like during a retrofit scenario. 


This paper presents the results of predicted energy savings from calibrated whole-building energy modeling 
for the seven buildings analyzed for this paper. Monitoring data will also be presented to demonstrate the 
impact of retrofits on indoor air quality and comfort. 


METHODOLOGY 


Pilot Building and Conversion Descriptions 


The pilot study recruited buildings intending to undergo a retrofit of an existing RTU system with a standard 
like-for-like replacement approach. A DOAS and heat pump (HP) system retrofit was proposed as an 
alternative and design assistance was provided to the contractors as required. The DOAS system was 
selected to provide the required building ventilation and the HP designed to meet the calculated heating and 
cooling loads. In some instances, this resulted in a “right-sizing” of the equipment which could also add to 
energy savings. The HRV used in all pilots had a minimum sensible effectiveness of 82% as certified by 
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the Passive House Institute. The air source heat pumps selected varied by site and were a mixture of ductless 
split systems, ducted heat pump systems and Variable Refrigerant Flow (VRF) systems.  


Descriptions of the buildings included in the pilot are provided in Table 1. The study buildings discussed 
in this work included five offices and two restaurants in Oregon, Washington, and Montana. All buildings 
included packaged RTUs that were intended to be replaced with like systems but instead were retrofitted 
with a DOAS HRV system with heat pump heating/cooling as an alternative. 


Details of the pre-conversion and post-conversion HVAC systems are provided in Table 2. The building 
enclosure construction and operation was generally not changed during the conversion process. 


Table 1: Pilot project building information 


# Location 
Building 


Type Occupied Hours 
Conditioned 
Area, ft2 (m2) Building Description 


1 
Portland, 


OR Office M-F, 7am-6pm 
11,600 
(1,080) 


Combination of private offices, 
meeting/ conference rooms, and 
amenity spaces occupying the second 
storey of a heritage building. 


2 
Corvallis, 


OR 
Office M-F, 8am-5pm 13,200 


(1,225) 


Single storey office building with 
private offices around the perimeter 
and a large central conference room; 
also contains laboratory space and 
storage. 


3 
Corvallis, 


OR Restaurant 
Su-W, 11am-11pm 
Th-Sa, 11am-12am  


1,600 
(162) 


Single storey pizza restaurant with 
basement storage and office.  Seating 
area and take-out counter located on 
end of connected storefront unit. 


4 
Libby, 


MT 
Office w/ 
Garage 


M-F, 9am-5pm 5,600 
(520) 


Single storey office with attached 
truck garage located in a rural town 
center.   


5 
Portland, 


OR 
Restaurant M-F, 11am-9pm 


Sa-Su, 9am-9pm 
1,150 
(110) 


Single storey restaurant with seating 
area located in the middle of a 
connected storefront unit. 


6 
Seattle, 


WA Office M-F, 9am-5pm 
5,900 
(550) 


Third storey of a 3.5 storey mixed-use 
office and retail building in a strip 
commercial block in downtown 
Seattle.   


7 
Seattle, 


WA 
Office M-F, 8am-5pm 24,300 


(2,260) 
Two storey combined office and 
airport terminal building. 


Table 2: Comparison of pre-conversion and post-conversion HVAC systems 
# Pre-Conversion System Post-Conversion System 


1 


Nine packaged rooftop units with 
519,000 Btu/h (152 kW) gas-fired 


heating and 215,000 Btu/h (63 kW) 


Four high-efficiency HRVs for ventilation; 215,000 Btu/h 
(63 kW) heating, 192,000 Btu/h (56 kW) cooling, variable 
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DX cooling for ventilation, heating, 
and cooling. 


RTUs operate 7 days, 7 AM to 7 PM 


refrigerant flow (VRF) heat pump system with eight 
indoor units for zone-level heating and cooling. 


HRVs operate 7 days, 7 AM to 7 PM; VRF heat pump 
system operates 24/7 to maintain setpoint/setback. 


2 


Five packaged rooftop HVAC units 
with gas-fired heating and DX 


cooling. Two of the units serve the 
section of building included in the 


conversion with a combined 160,000 
Btu/h (47 kW) heating and 70,800 


Btu/h (21 kW) cooling. 
RTUs operate 7:15 AM to 5:00 PM, 


M-F 


HRV conversion applies to 2 out of 5 zones, 
approximately 27% of the conditioned floor area. 


One high-efficiency HRV for ventilation; HRV operates 
7:15am to 5:00pm M-F, otherwise off. 


Multi-zone ductless split heat pump with one outdoor unit 
(108,000 Btu/h heating (32 kW), 96,000 Btu/h (28 kW) 
cooling) and two indoor units for zone-level heating and 


cooling. 


# Pre-Conversion System Post-Conversion System 


3 


One packaged rooftop unit with gas-
fired heating and DX cooling for 
ventilation, heating, and cooling. 


Kitchen exhaust fans remove process 
loads and a swamp cooler provides 


make-up air. 
RTUs operate 7 days, 7 AM to 12 AM 


One high-efficiency HRV for ventilation; 4 mini-split heat 
pumps for heating (141,600 Btu/h (41 kW)) and cooling 
(130,000 Btu/h (38 kW)). Kitchen exhaust fans remove 
process loads and swamp cooler provides make-up air. 


HRVs operate 7 AM to 12 AM Sunday through 
Wednesday and 7AM to 1AM Thursday through 


Saturday; heat pump system operates 24/7 to maintain 
setpoint/setback. 


4 


Two electric boilers for heating 
(273,000 Btu/h (80 kW)) with office 
baseboards and garage unit heaters. 
One packaged rooftop unit with HP 
for ventilation and 77,000 Btu/h (23 


kW) cooling of the office. Two 
swamp coolers for cooling the garage.  


RTU operates 7 days to maintain 
setpoint/setback in the summer only. 


Boilers operate 24/7 to maintain 
setpoint/setback. 


One high-efficiency HRV for ventilation; 2 outdoor HPs 
(total 54,000 Btu/h (16 kW) heating/cooling) with wall 


heads in offices and ducted units in garage. Boilers remain 
for supplemental heat. 


HRV operates 7 AM to 6 PM M-F at design flow and 
minimum flow otherwise, boost mode used when garage 


door activated; heat pump system operates 24/7 to 
maintain setpoint/setback. 


5 


One packaged rooftop unit with gas-
fired heating and DX cooling for 
ventilation, heating, and cooling. 


Kitchen exhaust fans remove process 
loads and a swamp cooler provides 


make-up air. 
RTU operates 7 days, 7 AM to 12 AM 


One high-efficiency HRV for ventilation; mini-split heat 
pumps for heating and cooling. Kitchen exhaust fans 


remove process loads and a swamp cooler provides make-
up air. 


HRV operates 6AM to 12AM M-F, 7 AM to 12 AM Sa-
Su; heat pump system operates 24/7 to maintain 


setpoint/setback. 


6 


One packaged RTU providing DX 
heating/cooling, and ventilation for 


the top 3 floors of the building 


One high-efficiency HRV for ventilation; VRF system 
with 1 outdoor HP (188,000 Btu/h (55 kW) heating, 


168,000 Btu/h (49 kW) cooling) and wall heads indoors to 
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including the single storey included in 
the conversion. 


RTU operates 7 days to maintain 
setpoint/setback in the space. 


provide air conditioning for the single storey included in 
the conversion. 


HRV operates in DCV mode from 8 AM to 6 PM M-F 
with a minimum flow rate of 175CFM (83 L/s) 24/7. The 


HP system operates 24/7 to maintain setpoint/setback. 


7 


Three constant volume rooftop 
multizone air handlers with gas-fired 
heating (1,105,000 Btu/h (325 kW)) 
and DX cooling (914,000 Btu/h (270 


kW)) for ventilation, heating, and 
cooling. 


RTUs operate M-F, 7 AM to 6 PM 


Three high-efficiency HRVs for ventilation; VRF heat 
pump system (323,000 Btu/h (95 kW) heating, 288,000 
Btu/h (85 kW) cooling) with a mixture of ductless and 
ducted indoor units for zone-level heating and cooling. 
HRVs operate M-F, 7 AM to 6 PM; VRF heat pump 
system operates 24/7 to maintain setpoint/setback. 


Modeling and Monitoring Methodology 


Energy models were prepared for each building in the study using DesignBuilder. Models were calibrated 
using monthly utility bill data and actual meteorological year (AMY) weather files to match the year of 
utility bill analysis. The calibration was performed per ASHRAE® Guideline 14 for calibration of whole 
building energy simulation to monthly utility data with Coefficient of Variation of the Root Mean Squared 
Error (CVRMSE) < 10% and Normalized Mean Bias Error (NMBE) < 5%. An example of the calibrated 
to actual energy usage information is provided in Figure 1. 


 
Figure 1: Example of a comparison of calibrated pre-conversion AMY model results to actual 2014 monthly utility bill data for 
Building #2 (CVRMSEgas=6.42, NMBEgas=-2.07, CVRMSEelec=2.08, NMBEelec=3.77) 


The energy models were then modified to use typical meteorological year (TMY) data to produce a pre-
conversion baseline model for energy use comparison. The post-conversion model was then created by 
changing the HVAC system to match the post-conversion design. The predicted energy savings were 
determined by comparing the output of the pre-conversion baseline and post-conversion energy models 
using TMY weather files for the appropriate locations. This procedure is in alignment with the process 
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outlined by the International Performance Measurement and Verification Protocol (IPMVP) Option D: 
Calibrated Simulation. 


Electrical sub-metering equipment was installed on key building components to troubleshoot operation and 
for calibration of energy end use in the post-conversion models. It was used to ensure modeled system 
operation, such as HRV energy and flow, matched the observed conditions on site. The sub-metering was 
performed using energy monitoring equipment with current transducers installed in the site electrical 
panels. Data was recorded at 1-hr intervals for offline analysis. 


Utility data is collected for a minimum of one year post-conversion, and in some cases, used for an interim 
calibration of the model and comparison of modeled to actual data to date. At the time of writing this paper, 
half of the projects had just reached or were nearing the end of their one year post-conversion period, while 
the others will reach this milestone in 2018. 


Indoor environmental quality measurements were made using combined carbon dioxide, temperature, and 
relative humidity sensors. Sensors were placed in a subset of rooms in each building to capture key 
operation characteristics. Rooms monitored in office buildings included private office areas, open office 
areas, conference/meeting rooms, and/or lunch/breakrooms.  


Data was collected both pre-conversion (when possible) and post-conversion to allow for comparison of 
building performance. Monitoring equipment was installed as soon as the project was confirmed as a pilot 
and typically lasted 2-4 months prior to installation of the new HVAC system. Post-conversion monitoring 
is scheduled for a minimum of one year, followed by model calibration to actual post-conversion utility 
data. 


Building enclosure airtightness testing was performed both pre- and post-conversion to determine the 
impact of the HVAC conversion. The test procedure was performed in general conformance with the current 
US Army Corps of Engineers (USACE) test protocol. Prior to the testing, HVAC equipment was shut off 
with the dampers in their normal ‘off/closed’ position, all interior doors were propped open, and all exterior 
doors and windows were closed and locked. Computer-controlled fan-door systems were used to pressurize/ 
depressurize the building and measure and collect pressure data. Test pressures ranged from 20Pa to 80Pa 
during testing  


RESULTS 


Energy Modeling 


The pre-conversion and post-conversion modeled (TMY) annual energy consumption is shown for each 
building in Figure 2. The solid bars represent the pre-conversion results and the patterned bars represent 
the post-conversion results. Data is separated to include the office buildings on the left and the restaurants 
on the right to account for differences in scale of energy consumption. The data is also summarized in Table 
3. 
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All buildings in the study were predicted to consume less energy after the conversion. The conversions 
impact only the HVAC system and do not account for potential improvements from modification to other 
building characteristics such as lighting or process loads. Equipment and Process loads, such as lighting, or 
cooking, can add considerably to the energy use in the building and reduce the potential savings as a 
percentage of the total building energy consumption, especially in the case of the restaurants due to the high 
process loads used for cooking. The overall savings is predicted to range between 15% and 54% of the total 
annual energy consumption. When the HVAC system is isolated for comparison the savings figures are 
much larger with the range being 22% to 71% reduction. 


The greatest energy reduction in all buildings was predicted to occur for the heating energy. This is a result 
of the heat recovery in the post-conversion model reducing the energy required to condition outdoor air in 
the winter. Heating energy savings also result from the higher efficiency system installed compared to the 
baseline. The heat pumps used have a typical COP of >3.0 compared to the use of natural gas heating in 
most pre-conversion RTUs. Energy savings also consistently result for fans loads comparing the post-
conversion to the pre-conversion models. This is a result of the reduced fan size from decoupling of the 
ventilation system from the space conditioning which allows for lower total airflow rates in the building. 
The very high efficiency of the HRV fans also contributes to this reduction.  


The largest absolute savings are predicted for the restaurant buildings due to the significant heating load 
required for conditioning outdoor make-up air. The average reduction in HVAC energy use is predicted to 
be 22 kBtu/ft2 (69 kWh/m2) (46%) for the office buildings and 151 kBtu/ft2 (477 kWh/m2) (62%) for the 
restaurants. The amount of energy saved from the HVAC system conversion is dependent on a number of 
variables including space use, pre-conversion design, and weather.  


 
Figure 2: Comparison of pre-conversion and post-conversion energy consumption for office buildings (left) and restaurants 
(right) 


Table 3: Comparison of pre-conversion and post-conversion energy modeling results 


Project 
Number Location Occupancy 


HVAC Total 
Pre, 


kBtu/ft2 
Post, 


kBtu/ft2 Savings 
Pre, 


kBtu/ft2 
Post, 


kBtu/ft2 Savings 
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(kWh/m2) (kWh/m2) (kWh/m2) (kWh/m2) 


1 
Portland, 


OR 
Office 48 


(153) 
14 


(44) 
71% 63 


(200) 
29 


(91) 
54% 


2 
Corvallis, 


OR Office 
33 


(103) 
25 


(80) 22% 
57 


(180) 
50 


(158) 13%1 


3 
Corvallis, 


OR 
Restaurant 313 


(990) 
146 


(461) 
53% 1,082 


(3,418) 
914 


(2,890) 
15% 


4 
Libby, 


MT 
Office/Garage 


84 
(265) 


45 
(141) 


47% 
105 


(333) 
66 


(209) 
37% 


5 
Portland, 


OR Restaurant 
193 


(609) 
58 


(182) 70% 
773 


(2,444) 
638 


(2.017) 17% 


6 
Seattle, 


WA 
Office 19 


(60) 
10 


(33) 
45% 42 


(133) 
34 


(106) 
20% 


7 
Seattle, 


WA Office TBD TBD TBD TBD TBD TBD 


The modeled pre-conversion and post-conversion GHG intensity was calculated for the buildings to 
determine reductions (Figure 3). Emissions factors used were the averages based on the state grid energy 
mix and included 0.091 lbs CO2e/kBtu (0.14 kg CO2e/kWh) in Oregon, 0.379 lbs CO2e/kBtu (0.59 kg 
CO2e/kWh) in Montana, and 0.066 lbs CO2e/kBtu (0.10 kg CO2e/kWh) in Washington (EPA 2017). The 
emissions factor used for natural gas was 0.116 lbs CO2e/kBtu (0.18 kg CO2e/kWh). The GHG intensity 
reductions vary significantly within the sample of study buildings depending on the energy savings, fuel 
sources, and location. The greatest savings as a percentage was for Building #1 (61%) as a result of fuel 
switching from natural gas heating to electric heating in a state with a low emissions electricity source (OR). 
All buildings in the study are predicted to reduce GHG intensity by over 15% compared to the baseline. 


                                                      


 
1 Note: The conversion of Building #2 included 2 of the 5 RTUs accounting for only 27% of the total floor 


area and would result in larger savings if a complete building conversion were to be performed. 
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Figure 3: Comparison of pre-conversion and post-conversion GHG intensity for office buildings (left) and restaurants (right) 


Enclosure Air Leakage Testing 


The air leakage testing provided both qualitative and quantitative information for comparison between 
buildings. The use of smoke tracing during pressurization and depressurization allowed for a better 
understanding of where leakage was occurring. Common locations in a number of the buildings included 
windows, supply/return grilles, and mechanical penetrations. The leakage was found to occur 
predominantly around operable windows due to challenges with air seals. Airflow into or out of the 
supply/return ductwork both before and after conversion was attributed to leakage through dampers or from 
the existing ductwork. This was commonly found at washroom exhaust fans which typically had dampers 
that leaked during testing. The test in two of the buildings (#1 and #6) consisted of only a single floor in 
multi-storey buildings. In these cases, air leakage occurred through mechanical penetrations and shafts 
connecting the floors and represents leakage into other spaces within the building considered to be outside 
the test enclosure. 


A summary of the pre- and post-conversion enclosure air leakage testing results is provided in Figure 4. A 
wide range of air leakage was found between the buildings both before and after implementing the HVAC 
conversion. The typical air leakage values were found to be approximately 0.2 to 0.5 cfm/ft2 @75Pa (1.0 
to 2.5 L/s·m2). Building #3, a restaurant, was found to be an outlier with air leakage above 1.6 cfm/ft2 
@75Pa (8.1 L/s·m2). This high leakage value was attributed to the kitchen ventilation equipment openings 
which were not taped off but rather left in normally closed positions during testing. 
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Figure 4: Comparison of pre-conversion and post-conversion enclosure air leakage testing results 


The measurements from post-conversion result are typically close to those from the pre-conversion testing. 
The most significant decrease (51%) in air leakage was measured in Building #4. This conversion included 
removal of two swamp coolers used to ventilate and cool the garage section of the building and reuse of the 
penetrations for supply and extract air from the HRV. A significant amount of airflow was observed through 
these opening in the pre-conversion test but this was eliminated in the post-conversion due to the increased 
tightness of the damper on the HRV ductwork which prevented leakage. The only building with a significant 
increase (23%) in air leakage after the conversion was Building #6. The increase in air leakage was 
attributed to difficulty sealing ductwork from the pre-conversion HVAC system that was disconnected but 
remained in place. 


Indoor Environmental Quality 


Indoor environmental quality sensors installed within the buildings during pre-conversion and post-
conversion monitoring allow for troubleshooting of the system operation and confirmation that the HVAC 
equipment is maintaining the desired space conditions. The IEQ parameters in the buildings will be 
discussed in terms of both CO2 concentrations and space temperature. Relative humidity was monitored in 
the spaces but was not found to be a primary concern in the commercial buildings and has not been included 
in this analysis. 


Indoor Drybulb Temperature 


The primary purpose of the temperature monitoring was to confirm the building setpoint and setback 
temperatures, as well as for use in troubleshooting and optimizing operations. Figure 5 shows examples of 
hourly temperature data collected for four of the study buildings to illustrate typical trends. The greyed-out 
section of data collection refers to the construction period, which typically included a commissioning phase. 
Building #1 and Building #6 do not have any pre-conversion data as they were empty prior to the 
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renovation. Setpoint and setback temperatures varied with each building and were often adjusted by 
occupants after initial setup. They were typically in the range of 65°F to 75°F (18°C to 24°C). 
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Figure 5: Examples of indoor temperature measurements in Building #2 (top), Building #3 (middle-top), Building #4 (middle-
bottom) and Building #6 (bottom). 


The general temperature readings for the office buildings show reasonable control of the space conditions 
with both the pre-conversion and the post-conversion systems. There is some indication that the post-
conversion scenario provides tighter control of the space temperature, which could possibly be due to a 
combination of the improved system as well as re-adjustment of the settings. The data shows a trend of all 
spaces in each building having a similar temperature profile immediately following the conversion with 
subsequent deviation as the occupants acclimate to the new system and make adjustments. 


The data for Building #6 provides a good example of the impact of occupant adjustments to the system. 
The HP was originally set to hold the setpoint temperature at all times of the day and allow for the occupants 
to make manual adjustments. The control method was in place until the end of December 2016 at which 
point the HP controls were modified to allow for lower overnight setback temperatures (~63°F (17°C)). 
This was then found to require too long a time to heat the space in the morning due to the thermal mass of 
the enclosure (masonry) and a gradual increase in setback temperature can be seen in the adjustments from 
March 2017 to May 2017. 


In the case of Building #4 the legacy electric boiler and hydronic baseboard heating loop was retained to 
provide backup during peak heating demand. In practice, it was found that the boiler was operating during 
periods of non-peak demand. This was determined to be a result of two factors of building operation. The 
setpoint on thermostats controlling boiler operation were raised above the threshold that would allow for 
the new heat pump system alone to meet demand which activated the boiler more frequently than 
anticipated. It was also found that the boiler demand was increased during the snowy winter season by 
manual increases in the thermostat setpoints in the garage area to heat the indoor space temperature and 
transfer heat through the roof insulation and act as a snow melting system. The impact of these adjustments 
can be seen in the high indoor temperatures throughout the winter months post-conversion. 


The data from Building #3 (a restaurant) shows significantly greater variation in the space temperature in a 
given day as well as throughout the year. This is a result of the high process loads from the kitchen 
equipment which is open to the dining area. Given that the restaurant provides both take-out and delivery 
service, the front and rear delivery doors are frequently opened. The Front and Back measurements are 
similar though the Back sensor is closer to the kitchen area resulting in typically higher temperature 
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readings. As the outdoor temperature rises above ~70°F (21°C) the indoor space temperature also rises 
indicating that the air conditioning system cannot keep up with the cooling loads in the space. 


Carbon Dioxide Concentrations 


Examples of the hourly CO2 concentration data are shown in Figure 6. All buildings were monitored but 
data is shown for only a sample of the buildings for brevity. The greyed-out section of data collection refers 
to the construction/commissioning period. Building #1 and Building #6 do not have any pre-conversion 
data as they were empty prior to the renovation. The CO2 concentrations follow typical profiles for all 
buildings in the study both pre- and post-conversion. The office buildings have low overnight 
concentrations that increase throughout the day when occupant density is highest. The CO2 measurements 
in the restaurant (Building #3) show higher concentrations than the office buildings due to higher occupancy 
densities during peak operation and potential impact of gas cooking equipment. CO2 concentrations in all 
buildings are maintained below levels of concern with no measurements above 4,000ppm.  
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Figure 6: Examples of indoor carbon dioxide measurements in Building #2 (top), Building #3 (middle-top), Building #4 (middle-
bottom) and Building #6 (bottom). 


Building #2 is operating at constant air volume during occupied hours whereas Building #6 operates with 
variable flow rate to control to return duct CO2 concentration. A comparison of the post-conversion CO2 
readings in Building #2 and Building #6 shows that the ventilation system can effectively control CO2 
concentration with either control strategy if programmed correctly. 


The CO2 concentrations within the buildings were compared to determine the relative performance of the 
pre-conversion and post-conversion ventilation system. The metrics used for comparison were the 
frequency of readings above 1,000ppm, representing high concentration, and the average CO2 concentration 
during occupied hours, representing the typical system effectiveness. Results are shown in Table 4. Entries 
with N/A indicate that no data was available for that time period. 


Table 4: Comparison of pre-conversion and post-conversion CO2 concentrations (during operating hours) 


Project 
Number 


Building Type 
Frequency 


above 1000ppm 
Pre-conversion 


Frequency 
above 1000ppm 
Post-conversion 


Average 
Occupied 


Concentration 
Pre-conversion 


(ppm) 


Average 
Occupied 


Concentration 
Post-conversion 


(ppm) 
1 Office N/A 0.2% N/A 500 
2 Office 0.7% 0.1% 615 565 
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3 Restaurant 23% 15% 900 740 
4 Office w Garage 2.6% 0.1% 620 545 
5 Restaurant 7.2% N/A 760 N/A 
6 Office N/A 0.0% N/A 500 
7 Office 0.0% 2.7% 480 560 


The average occupied CO2 concentrations in the pre-conversion data varied between 480ppm to 900ppm. 
These readings are typically lower in the post-conversion data with a range between 500ppm and 740ppm. 
These concentrations are generally considered low and are indicative of effective ventilation. The frequency 
of readings above 1,000ppm (the threshold for ventilation design) was found to be between 0.0% and 23% 
in the buildings pre-conversion. This changed to 0.0% to 15% for readings post-conversion. The most 
significant improvement in the CO2 readings was found in Building #3 which lowered the average CO2 
concentration from 900ppm to 740ppm and the frequency above 1,000ppm from 26% to 15%.  


Only one building (Building #7) was found to have higher concentrations of CO2 after the conversion. The 
average CO2 concentration in Building #7 rose from 480ppm pre-conversion to 560ppm post-conversion. 
Because the post-conversion levels are still well within acceptable limits, this indicates that the space was 
likely overventilated prior to the conversion. Delving further into the hourly CO2 data for Building #7 
(Figure 6) shows that the instances of elevated CO2 concentration typically occur in the conference room 
which uses a CO2 sensor to open a damper to start providing ventilation when CO2 concentrations in the 
space reach 1000ppm (indicating occupancy). The largest spikes in CO2 concentration also occur after 
occupied hours when the HRV would be scheduled off. This type of reactionary system control allows for 
reduced ventilation in the space when unoccupied but inevitably results in high CO2 concentrations when 
in use because it waits until the 1000ppm limit is reached prior to starting the space ventilation during 
occupied hours and has no ventilation when the space is used during unoccupied hours. 


The CO2 concentration measurements collected in this work indicate that most of the HVAC systems pre-
conversion were providing adequate ventilation to the spaces. The conversion typically improved CO2 
concentration metrics indicating that the ventilation was improved in conjunction with significant 
reductions in energy consumption for all buildings.  


CONCLUSIONS AND LESSONS LEARNED 


The high efficiency DOAS and heat pump conversion has been successfully performed in six of the 
buildings discussed in this work. One building (#5) is under construction at the time of writing. The 
conversion of existing RTU HVAC systems to DOAS with heat pump conditioning was successfully 
demonstrated as a feasible approach for small commercial buildings. Calibrated whole building energy 
modeling was used to predict energy savings. Models will be calibrated again using post-conversion utility 
bills and actual weather data once an entire year has passed. The predicted energy savings varied by 
application but was found to be in the range of 13% to 54% with HVAC energy savings from 22% to 71%. 
Monitoring of indoor environmental conditions was used to confirm proper system operation and identify 
any trends in building performance. The indoor space temperature was found to be well controlled both 
pre-conversion and post-conversion, provided the occupants selected appropriate operating settings. 
Comparison of CO2 metrics identified an improvement in air quality for most buildings with the new 
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ventilation system. Given that the buildings did not have significant ventilation issues prior to conversion, 
the indoor environmental data primarily shows that significant energy reductions can be achieved while 
also maintaining or improving air quality and comfort metrics. 


The project team interacted with contractors, owners, and occupants throughout the project to identify any 
challenges with integration and assist in troubleshooting the system where required. This has led to the 
identification of key lessons learned from the project that will assist with future installations as well as 
broader scale adoption of this system. Four key lessons can be categorized as follows: 


1) Air leakage: During the commissioning process airflow rates were measured at the HRV supply 
diffuser outlets. In most installations, the supply airflow at the outlets was found to be lower than 
the design conditions by up to 25%. The initial solution from contractors was to increase the airflow 
rate at the HRV by adjusting the flow setting until space supply flowrates were met. Although this 
could correct for the undersupply of ventilation air, it increased the energy consumption of the 
system. Further investigation into the root cause identified a number of locations where air leakage 
could be felt from the ductwork at fittings. Efforts to improve duct seals reduced the amount of 
leakage into unwanted space. The work identified challenges with repurposing existing ductwork 
due to the potential leakage and the added importance of preventing duct leaks in the low airflow 
DOAS designs compared to standard recirculating air systems. 


2) Contractor education: In several of the pilots, the initial bids assumed the same capacities as the 
old equipment. They also tended to rely heavily on design assistance from heat pump equipment 
suppliers, typically leading to more zones and extra features that added cost, such as a simultaneous 
heating and cooling option for the VRF system. For effective broad scale implementation of this 
type of program, contractors will need independent, easy-to-use tools and/or technical support for 
right-sizing and selecting equipment. 


3) Specification and procurement: The pilot relied on a single HRV model as it was the only unit 
available with sufficiently high heat recovery effectiveness, controllability, and very low fan power. 
In effect, the pilot included a specification that only one equipment manufacturer could meet. This 
proved a challenge for government owners with procurement policies to obtain three quotes.  


4) Occupant education: Another key to achieving significant energy reductions was the proper 
commissioning and operation of the new system. Building owners/operators were required to 
change operation of the building system to account for the separation of the ventilation from the air 
conditioning systems, which increased the number of control panels within the building. Initial 
feedback from some building occupants identified hesitation to adjust setpoint temperature despite 
dissatisfaction with the indoor temperature. Others made changes without understanding the 
impact, or expressed confusion about which controls to adjust to solve a particular comfort issue. 
Proper instruction around the intended system operation, as well as periodic follow-up (for 
example, part-way through each season for the first year) is required to ensure both comfort and 
energy goals are achieved. 
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Background
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Pilot Project Overview


 Early pilot work funded by the Northwest Energy Efficiency 


Alliance (NEEA)


 New high efficiency Heat Recovery Ventilation (HRV) unit


 Vertical mounting for existing RTU ductwork


 1000 cfm max flow


 Greater than 80% sensible heat recovery efficiency
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Pilot Project Overview


 Target Building Sector: 


 Small commercial (< 25,000 ft
2
)


 Includes small office, retail, schools, restaurants, small 


assembly


 Makes up approx. half of the commercial building floor area in 


the Pacific Northwest.


 Smaller HVAC systems; typically not engineered.
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Pilot Project Overview
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Pilot Project Overview


Dedicated Outdoor Air System
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Pilot Projects


 8 pilot projects to date


#4 Office


Libby MT
#6 Office


Seattle WA


Dorm #8


Darby MT
#1 Office


Portland OR


#3 Restaurant 


Corvallis OR


#5 Restaurant


Portland OR


#2 Office


Corvallis OR


#7 Office


Seattle WA
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# Location
Building 


Type
Occupied Hours


Conditioned 


Area, ft
2


(m
2
)


1 Portland, OR Office M-F, 7am-6pm
11,600


(1,080)


2 Corvallis, OR Office M-F, 8am-5pm
13,200


(1,225)


3 Corvallis, OR Restaurant
Su-W, 11am-11pm


Th-Sa, 11am-12am 


1,600


(162)


4 Libby, MT
Office w/


Garage
M-F, 9am-5pm


5,600


(520)


5 Portland, OR Restaurant
M-F, 11am-9pm


Sa-Su, 9am-9pm


1,150


(110)


6 Seattle, WA Office M-F, 9am-5pm
5,900


(550)


7 Seattle, WA Office M-F, 8am-5pm
24,300


(2,260)


Wide range 


of climates


Applicable to most 


building types


Size ranges from 


~1,150ft
2


to 24,300ft
2
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Pilot Project Overview


 PART 1: Establish Baseline Conditions


 PART 2: Calibrate Baseline Energy Model 


 PART 3: DOAS Conversion


 PART 4: Establish Post-Conversion Conditions


 PART 5: Calibrate Post-Conversion Energy Model
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Methodology
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Pre-Conversion Baseline Model Calibration


 Calibration based on monthly electricity and natural gas bills
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Post-Conversion Comparison


 Comparison of modeled TMY to actual post-conversion use


 Re-calibration done after 1-year post-conversion data
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Monitoring Equipment


 Energy Data


 Utility Billing


 Electricity Sub-metering


 Indoor Environmental Quality


 Carbon Dioxide


 Temperature


 Relative Humidity
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Air Leakage Testing


 Conducted pre- and post-conversion


 US Army Corps of Engineers (USACE) test protocol
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 Energy Savings


Summary of Project Results
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Summary of Energy Savings


 Pre and Post-Retrofit energy end use breakdown compared 


Offices Restaurants
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Summary of Energy Savings


Pre,


kBtu/ft
2


(kWh/m
2
)


Post,


kBtu/ft
2


(kWh/m
2
)


Savings


Pre,


kBtu/ft
2


(kWh/m
2
)


Post,


kBtu/ft
2


(kWh/m
2
)


Savings


1
Portland, 


OR
Office


48


(153)


14


(44)
71%


63


(200)


29


(91)
54%


2
Corvallis, 


OR
Office


33


(103)


25


(80)
22%


57


(180)


50


(158)
13%


3
Corvallis, 


OR
Restaurant


313


(990)


146


(461)
53%


1,082


(3,418)


914


(2,890)
15%


4
Libby, 


MT
Office/Garage


84


(265)


45


(141)
47%


105


(333)


66


(209)
37%


5
Portland, 


OR
Restaurant


193


(609)


58


(182)
70%


773


(2,444)


638


(2,017)
17%


6
Seattle, 


WA
Office


19


(60)


10


(33)
45%


42


(133)


34


(106)
20%


7
Seattle, 


WA
Office TBD TBD TBD TBD TBD TBD


22% to 71% 13% to 54%
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 Air Leakage


Summary of Project Results
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Air Leakage Testing


 Typical leakage ~0.2 to 0.5 cfm/ft
2


@75Pa (1.0 to 2.5 L/s·m2
) 


 Building #3 (restaurant) was an outlier <1.6 cfm/ft
2


@75Pa (8.1 L/s·m2
) 


due to kitchen equipment openings


 51% decrease in Building #4: removal of two swamp coolers


 23% increase in Building #6: difficulty sealing ductwork between floors
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 Temperature


Summary of Project Results
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 Primary use: confirm space setpoint/setback being met


 Secondary use: troubleshooting and optimizing operation


 Significant daily variations in space temperature


 Challenges maintaining setpoint during summer
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 Carbon Dioxide


Summary of Project Results
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Building #3 – Restaurant, Oregon 


 Pre-conversion CO
2


variation is significant, concentration 


often in excess of 1,000ppm


 Post-conversion concentration shows minor reduction in peak 


concentration


 Greatest concentration is after HRV operating hours (staff 


clean-up)
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Carbon Dioxide Concentration


Project 


Number
Occupancy


Frequency 


above 


1000ppm 


Pre


Frequency 


above 


1000ppm 


Post


Average 


Occupied Pre


Average 


Occupied 


Post


1 Office N/A 0.2% N/A 500


2 Office 0.7% 0.1% 615 565


3 Restaurant
23% 15%


900 740


4 Office/Garage
2.6% 0.1%


620 545


5 Restaurant
7.2% N/A


760 N/A


6 Office N/A 0.0% N/A 500


7 Office 0.0% 2.7% 480 560


Project 


Number
Occupancy


Frequency 


above 


1000ppm 


Pre


Frequency 


above 


1000ppm 


Post


1 Office N/A 0.2%


2 Office 0.7% 0.1%


3 Restaurant
23% 15%


4 Office/Garage
2.6% 0.1%


5 Restaurant
7.2% N/A


6 Office N/A 0.0%


7 Office 0.0% 2.7%


Project 


Number
Occupancy


1 Office


2 Office


3 Restaurant


4 Office/Garage


5 Restaurant


6 Office


7 Office


0% to 24%


0% to 15%


480 to 


900ppm


500 to 


740ppm
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Lessons Learned







29


Lessons Learned


 Successful DOAS conversion depends on several 


factors, including:


 Reduction in ventilation air volumes; demand controlled 


ventilation (DCV)


 Very low ventilation fan power (0.5 Watts/cfm or less)


 Very high ventilation heat/energy recovery efficiency


 Can be a challenge due to limited equipment meeting 


required specifications


 Implementation has led to a number of lessons 


learned:
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Air Leakage


 Commissioning of HRV airflow at diffusers found rates up to 25% below 


design conditions


 Initial solution from contractors was to increase the airflow rate at the 


HRV until space supply flowrates were met


 Root cause identified to be air leakage at ductwork at fittings 


 Challenges repurposing existing ductwork due to the leaks


 Care required at new duct joints
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Contractor Education


 Several pilots initially specified old equipment capacity


 Relied heavily on design assistance from heat pump equipment 


suppliers


 Typically leads to extra features


 Tools and/or technical support for selecting proper equipment 


required for broad scale implementation
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Occupant Education


 Operation changes required to account for the separation of the ventilation 


from A/C


 Occupants initially hesitant to adjust setpoint temperature despite 


dissatisfaction with the indoor temperature


 Others made changes without understanding the impact


 Proper instruction around the intended system operation and periodic follow-


up is required to ensure both comfort and energy goals are achieved
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Discussion + Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.buildingsciencelabs.com


OR CONTACT US AT


 jmontgomery@rdh.com








 
 


Paper 62                                                                                                     Page 1 of 16 
 


FENESTRATION AIR LEAKAGE – A COMPARISON OF FIELD 
MEASUREMENTS WITH LABORATORY TESTED VALUES 


Negar Pakzadianmoghaddam and Hitesh Doshi 


 


 


ABSTRACT 


Field testing based on a statistical approach was carried out on a newly installed fenestration product to study 
the nature of distribution of air leakage measurements. A total of 32 fenestration units were tested. The 
measured values from these tests were also compared to the laboratory tested value of the same product and 
to the values as suggested in field testing guidelines as provided in AAMA 502. The results as presented in 
this paper indicate that field measured values follow a normal distribution with a mean and a variance. The 
results also show that while a number of test results fall within a certain range of the laboratory value and 
also the AAMA 502 stipulated value there are number of values that are higher than them. The results indicate 
that consideration needs to be given to such expected distribution of measured values in stipulating the use 
and interpretation of the values obtained from testing. 


MAIN THRUST OF THE REPORTED WORK 


The main thrust of this paper is understanding the nature of variability between air leakage as measured in 
the field to that measured in the laboratory for the same type of fenestration product. The air leakage value 
of a fenestration product as measured under controlled condition in the laboratory, in most instances, forms 
the basis for the selection of the fenestration product to meet stipulated requirements. The purpose of this 
paper is not to argue against such an approach. Performance of products under controlled conditions is 
necessary to compare products and their relative performance at the time of design decisions.  


However, the question as to how the laboratory measurement compares to the installed product is an 
important one to ask. It is not unreasonable for designers and specifiers to expect that the installed 
performance will be, within reason, close to the performance predicted by laboratory performance. 


It is understood that there are many reasons for the installed performance to be different from the laboratory 
performance. This paper does not purport to suggest that they should be the same. However, the magnitude 
of difference between the two is important for the design community to take into account whether they are 
considering the contribution of air leakage to the HVAC, thermal comfort or energy considerations. 


An issue that often arises particularly with condominium projects is the determination of whether the 
performance of the installed fenestration product is similar to the specified product. While it is true that 
certification and labelling process provides a level of assurance in this regard it does not take into account 
the impact of installation. After all what good is a certified product if it does not work as specified?  
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Finally any performance metric of a fenestration product will have some inherent statistical variation. 
Specifying products based on one value, as is done in selecting fenestration products, has no room to account 
for such statistical variation. In more established areas of structural design the values of resistance of 
structural products are based on some statistical measure. Limit state design incorporates variations in both 
loads and resistances based on some statistical measures. 


As will be shown in one of the following sections there is very little information about the statistical variation 
of air leakage rates of a fenestration product. Furthermore, there is very little information about the 
differences between the laboratory measured air leakage rate and the installed air leakage rate of the same 
product. 


This paper reports on installed air leakage of the fenestration product using a statistical approach. It compares 
it against the air leakage rate upon which the tested product was certified. While it is possible to begin to 
hypothesize the reasons for the differences, the purpose of this paper is to: 


 Layout a framework for carrying out similar studies on other products 


 Begin to highlight the magnitude of variation and its potential impacts 


A REVIEW OF AIR LEAKAGE ISSUES RELEVANT TO THIS WORK 


Field Testing to Verify Laboratory Tested Performance of Fenestration 


The widely used Fenestration Standard, NAFS, AAMA (2011), clearly stipulates in section 0.1.1- 
Applicability that provisions in the standard apply to laboratory testing only. For field testing in the US the 
NAFS makes reference to AAMA 502 (2012). The AAMA 502 provides guidance in terms of the manner in 
which the field testing might be carried out and also guidance in terms of the interpretation of results with 
respect to performance values that are stipulated in the AAMA. For Canada the NAFS makes no reference 
in terms of using AAMA 502. Some reference to the similar guidance in Canada can be found in CSA A440.4. 
In the Annex D (informative) to A440.4 it provides information on the field testing of window and door 
installations.  


AAMA 502 (AAMA, ND) addresses the need to carry out field testing that is often necessary to verify the 
performance against the values that are used for certification. It clearly stipulates the parameters for the time 
in which testing can be done after installation. The standard is limited to the field testing of newly installed 
fenestration products. It is intended for testing prior to issuance of the occupancy permit and for a period not 
to exceed 6 months after installation of the fenestration product. The CSA A440.4 stipulates that the standard 
“does not require routine field testing”. There are no time limit stipulations in CSA A440.4.  


For air leakage testing AAMA 502 allows for the testing to be carried out at the same pressure differences as 
required for NAFS but allows the air leakage to be 1.5 times the value that is used for certifying the product 
as per the NAFS. The CSA A440.4 indicates the air leakage testing to be carried out at a pressure of 75 Pa. 
With respect to the air-leakage testing, the annex recognizes the difficulty in doing the test for air exfiltration 
and suggests that air infiltration may be acceptable way of determining the air leakage characteristics. It 
provides a detailed list of allowable rates of air leakage for field testing based on the original window rating 
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and the size. CSA A440.4, also has a separate section for doors in which it stipulates the maximum air-
leakage rates for doors based on the original rating. The maximum values stipulated for sliding doors are as 
follows: Rating A1 – 2.79 m3/h, Rating A2 – 1.65 m3/h, rating A3 – 1.00 m3/h.  


Other than the two standards indicated above there is some mention in Woods et. al. (1995) about determining 
the rationale for field testing.  They suggest that field air leakage testing on existing buildings, for values of 
greater than 15% of the design values for windows and doors would call for intervention.  


Both the AAMA 502 and the CSA A440.4 indicate that the field testing for air leakage is to be done in 
accordance with ASTM E783-02 (2010). However it is evident that the acceptable values for field testing are 
not similar. It would seem that AAMA 502 appears to be more widely used compared to similar requirements 
in CSA A440.4. 


There has been discussion in popular media about the field testing with respect to water leakage in accordance 
with AAMA 502. An example of it is a BSC Experts Session in 2014, Baker (2014) talks in much detail 
about windows and water leakage testing in relationship to field performance. In it the question of “how 
much testing?” has been raised. Baker suggests that for punched windows and door a total of 1% to 2% of 
the total number of units installed to be tested. AAMA 502 suggests a minimum of three units to be tested in 
the field.  


Neither the suggestion made by Baker (2014) nor suggestions made in AAMA 502 are indicative of any 
statistical basis for determining the sample sizes for testing in the field. It would seem they are more reflective 
of the practicality and the cost of field testing which in itself may be reason enough to determine the extent 
of field testing to be done. On the other hand, Section 9 of ASTM E783-02 (2010) provides some guidance 
in terms of sampling based on statistical considerations.  


Practical considerations related to field testing are well addressed by Goncalves et al (2007). They provide 
some guidelines to decide on the choice of sample selection for testing. They recommend at least three tests, 
one each at the beginning, the middle and end of the installation.  


Variations Between Field Measured Air Leakage and Laboratory Tested Air Leakage 


ASTM E783-02 (2010) raises caution in terms of comparing field results to laboratory results. Section 5.3 
indicates that correlation between actual performance of in-service products and the response to these tests 
has not been established because of insufficient data. 


A review of published and publicly available information provides very little guidance in terms of the 
correlation between air leakage stated as part of the product labelling and the field performance of the same 
products. A few experts that we contacted were unaware of any recent studies in this regard. One expert 
suggested that, if such information is available, it would not readily be made public. 


To find any study coming close to providing any correlation one has to go back to 1979, Weidt et al (1979) 
and Weidt et al (1980). These two studies are based on the same piece of work which was undertaken for the 
Lawrence Berkeley Laboratory and where the air-leakage characteristics of 192 newly installed windows in 
residential buildings were compared to the industry and government standards and manufacturer’s reports. 
The main result of the study was that the air leakage of newly installed windows can be significantly higher 
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that might be expected from laboratory tests. The report indicates that the main determinant of the difference 
between field results and the specified results were the type of window operation (i.e. casement) had the least 
variation, sliders had moderate variation and hung windows had the most variation. 


It appears that the concern about the variations between the laboratory tested values and field performance 
drove the study in 1979. According to Weidt et al (1980) “designers and builders who specify and purchase 
windows frequently assume that these laboratory test results are indicative of these laboratory test results are 
indicative of the window’s field performance capabilities and make their selections accordingly”. This is 
similar to concerns today which have driven the refinements of AAMA 502. Yet there are no modern studies 
providing similar comparisons as this study done in 1979. 


The findings of the Weidt study are startling. They reported that 40% of all windows tested possessed air 
leakage higher than industry and government standards and 60% of the windows tested exceeded the 
specification of the manufacturers. Further breaking down by window operation the study found that the 
proportion by which the field tested values were higher than the manufacturers values were as follows: 
casement – 33%, double slider – 70%, double hung – 79%, single slider – 84% and single hung – 100%.  


The study also compared air leakage characteristics of 25 windows from the time they were manufactured to 
the time they were installed in the field. The decline in performance was noted to be 29%. 


In comparing the results from windows of different manufacturers and also results of windows installed by 
different installers the study noted some impact of these variables but not as great as the operation type. 


Three defects that appeared to be contributing to the higher leakage rates were: weather-stripping 
discontinuity, fitting of the sashes and hardware seal. 


Interestingly enough the study found that the method of report air leakage (as crack length, as area of window 
and as area of room) made a difference between the type of window which performed better between the 
double and the single operating windows.  


The most important aspect of this study is that the results provide statistics in terms of means and standard 
deviations. There are two graphs from the study that are worth sharing in this paper. Figure 1 shows a scatter 
plot indicating for each of the window tested the extent to which the field measurements were different than 
the manufacturer’s specifications. The results that fall on the right side of the line at 45 degree from the origin 
indicate tests where the measured values were more than manufacturer’s specifications. Figure 2 provides 
the mean, range and the standard deviation of the measured values by different window operation types. 
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Figure 1: Weidt (1979) – Variation between field test performance and manufacturer’s specification 


 
Figure 2: Weidt (1979) – Distribution of variations in field air leakage by window type 
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The Importance of Air Leakage on Building Performance 


There exists a significant body of work related to air leakage characteristics of whole buildings. In particular 
the energy loss through infiltration has shown to be excessive. Orme (2001) developed a methodology to 
determine a high-level impact of air change related energy used for buildings in 13 countries. The paper 
estimates that air change is estimated to amount to 53% of delivered space conditioning energy use. Air 
changes occurs through intended ventilation and unintended ventilation. The 53% accounts for intentional 
and unintentional air changes. But the study provides a level of magnitude saving that may be possible 
through controlling air changes in buildings. 


Woods et. al (1995) report savings of 12% on cost basis following measures which include improvements of 
air tightness of windows and doors in two high rise apartment buildings.  


Alfano et al (2016) report on the results of window retrofit on air-tightness on older building. This recent 
paper provides a good overview of the various issues involved with air leakage and energy in buildings. They 
indicate that at EU policy level improving building air-tightness is crucial issue. Yet there are major 
differences in the way the issue is taken into account. They also point to the importance of air-tightness on 
the Indoor Environmental Quality and the design of mechanical ventilation system. 


Waite et al. (2009) did a review of literature to determine the extent of whole-building air infiltration. They 
determined that for energy modelling purposes a high value of 7.9 L/s·m2 was appropriate with a similar low 
value of 0.76 L/s m2. They then used the range of values and modelled the impact of the different air leakage 
rates on a building located in Miami, Las Vegas and Chicago. They also compared the reduction in air leakage 
strategy to improvements in SHGC, improvements in R value of roof and improvements in R value of the 
wall. Their results indicate that improvements in air leakage rate from 7.9 L/s m2 had a greater impact on 
energy reduction than other measures. In heating dominated climate of Chicago the reduction in air leakage 
provide a benefit of 5.3% for moderately tight condition to 9.4% for very tight condition. 


Most studies that focus on the benefits of improving the air-tightness of buildings examine it from a whole-
building perspective. In high-rise apartment buildings where operable fenestration is a norm, the air leakage 
characteristics of the fenestration can form a substantial portion of the whole-building air leakage. It is 
therefore important that designers particularly in such buildings are aware about the differences between the 
specified air leakage values and the field tested air leakage values. 


Some Thoughts from the Literature Review 


The energy implications of air leakage from the point of view of whole building have been of interest. As 
one of the studies indicated, the implications if reducing air leakage can be as significant as improving R 
values in roofs or walls or improving SHGC. As we improve the air tightness of buildings and with energy 
recovery from ventilated air, the air leakage characteristics of operable fenestration products will become 
relatively more important. The values of air leakage specified in the certification process need to reflect in 
some form the air leakage values achieved after installation. Recent changes to field testing standards such 
as AAMA 502 appear to deal with this issue. However we still do not know the level of variation, statistically 
speaking, in the field-installed window. Although the Weidt (1979) study is decades old it did show that 
variations can be significant. Some of these variations may be reduced by better quality control during 
manufacturing and more care during installation. However, without undertaking a study on such variations 
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it may be viewed as mere speculation. 


DESCRIPTION OF THE METHOD 


Selection of Building for Field Testing1 


A building under construction was selected for the field testing of air leakage of the fenestration product. The 
building is located in a built-up-area of Toronto, Ontario, Canada. The exterior envelope of the building had 
been constructed and the interior finishes were constructed to varying degrees. The building HVAC system 
was not operational. The building is over 60 storeys and is typical of condominium buildings being 
constructed in Toronto at the time of this study – its exterior envelope uses window-wall construction, and 
the structure is cast-in-place concrete with unenclosed cantilevered balconies.  


The choice of the building was predominantly dictated by the need to study fenestration that would not have 
been subjected to extended use, and the ability to get a sample size adequate for statistical purposes. The 
chosen building provided that opportunity. 


Selection of Type of Fenestration for Testing 


This building provided an opportunity to choose fixed windows, operable windows and sliding patio doors 
for testing. In this study sliding patio doors were chosen for testing predominantly because of the ease of 
access to the exterior side through the balcony. Such access would be necessary as part of the testing. The 
laboratory test results that formed the basis of the certification of the patio door and the details of the patio 
door were made available by the manufacturer.  


Selection of Samples for Testing 


From the architectural floor plans, the elevations, and the information provided in the fenestration shop 
drawings, it was determined that there were many different types of patio doors that had been used in the 
building. The samples to be tested were selected on a randomized basis. However, before a random selection 
could be made, it was necessary to identify all patio doors into their type categories. The shop drawings 
indicated the location of each window-wall type throughout the building. Each window-wall consisted of a 
combination of a fixed portion, an operable window portion and in balcony locations a patio door. One type 
of patio door – which will be called Type I in this study – was chosen to be studied. The drawings indicated 
that there were 460 Type I sliding doors on this project. All these Type I doors were categorized under the 
same classification in terms of their air-leakage characteristics. A further examination revealed that Type I 
doors that were installed had two different heights. For the purpose of this study the population of the doors 
to be studied was based on them being the same height. There were 310 doors with the same height and same 
air-leakage characteristics that formed the final population for this study. The distribution of the doors by 


                                                      
 
1 To maintain anonymity of the building and the fenestration product this paper uses generic information so as not to 
disclose the specific types while at the same time providing all the information that pertains to the technical aspects of 
the issues discussed 
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floors is shown in Table 1. 


Table 1: Distribution of Type I Patio Doors by Floors – Total and Tested 
Floor Nos of Type I Patio Doors 


 Total Tested 
Podium None None 
To 10th  24 0 
11th – 15th  11 4 
16th -20th   18 2 
21st – 25th  26 3 
26th – 30th  33 2 
31st – 35th  27 2 
36th – 40th  41 3 
41st – 45th  22 1 
46th – 50th  54 7 
51st – 55th 33 5 
55th and more 21 3 
Total 310 32 


For the purpose of this study a random sample from the total population 310 doors was taken. Each of the 
310 doors was assigned a number and a random number generator was used to select the required numbered 
of doors to form the study sample. 


Typically the size of the sample in such a study needs to be determined based on the level of confidence and 
the confidence interval desired from the expected results. It is assumed for this study that the air leakage of 
the doors would follow a normal distribution. In this particular instance, the variables that impact the air-
leakage characteristics are the variations in the manufacturing process and the variations in the installation 
process. Variations related to degradation from use and environmental factors is minimal, as the doors are 
tested before they have been substantially used. 


As was indicated earlier, there are no previous studies that provide an estimate of the variance to be expected 
in air leakage rates related to manufacturing and installation considerations. In order to get a reasonable 
sample size to allow use of normal probability distribution, a sample size of more than 30 was selected. For 
this sample size a 95% confidence interval would allow the use a z-value of 1.96. The air-leakage rate for 
this door based on laboratory testing is 0.5 l/s/m2. It would be reasonable to expect low variability and 
therefore the standard deviation can be expected to be small. A sample size of 30 would be statistically 
adequate for a study to determine the mean that would be representative of the population with a confidence 
level of 95% with a standard deviation of 25% of the mean and the margin of error of 10%.  


For this study, air leakage was measured for 32 patio doors. To allow for situations such as problems with 
access or other factors that would preclude a specific randomly selected door from being tested, a total of 40 
doors were randomly chosen, of which 32 were tested. 


Description of the Sliding Door 


The description of the sliding door as stated in the laboratory test results is stated here. The installed door 
was the same as the laboratory door but with different dimensions. 
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The door is described as a thermally broken aluminum exterior sliding door set on a frame with a width from 
the inside to the outside of 149 mm (Figure 1). It has one fixed panel and one operable panel. It has a fiberglass 
fly screen in aluminum frame on rollers. The frame finish is anodized aluminum. The handle and locking 
hardware consists of a pull-handle on each side of the operable door, a single-point hook lock, and an interior 
lock. The overall door frame size of the laboratory-tested sample was 1830mm wide x 2260mm high. The 
operable and fixed panel were each 1716mm wide x 890mm high. The weatherstripping of polyester pile was 
used at all fixed and operable rails, at the operable-panel lock stile, and at the fixed and operable interlocks. 
Composite dust plugs were used at the end of interlock stile. All corners in the frame were square-cut and 
butted aluminum sealed with butyl tape and secured with long pan-head screws. All corners in the panels 
were mitered and sealed with sealant and secured with two aluminum corners and one plastic corner bracket. 


 
1 – IGU, 2- Fly screen, 3 – Fixed panel, 4-Threshold,  
5-Thernal break, 6- Roller, 7- Thermal break, 8-Sliding panel 


Figure 3: Cross-section at the sill of the door assembly 
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Figure 4: Elevation view of the door assembly  


The air leakage reported in the laboratory test report was 0.5 l/s/m2 at 75Pa pressure difference in infiltration 
and exfiltration as tested in accordance with ASTM E283. 


Field Air Leakage Testing 


All the sliding doors that were tested for this study were done in accordance with ASTM E783. A calibrated 
Wind Maker Plus test kit was used to conduct the testing. Figures 1 to 3 show the test apparatus and a typical 
test assembly. 
 


  


Figure 5: Typical test assembly 
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Figure 6: Wind Maker test equipment 


 
Figure 7: Air flow and Pressure measuring devices 


In general the test procedure consisted of the following steps: 


1) The patio door was examined from the inside and outside for signs of conditions that may impact air 
leakage measurements. 


2) Ambient conditions of temperature and relative humidity were measured. Wind speeds were noted 
based on local weather reports. 


3) A chamber was created on the interior using polyethylene sheets. The fan apparatus was connected 
to the chamber. 


4) The exterior was isolated with polyethylene sheets taped to the frame. 


5) The chamber was depressurized and infiltration was measured at 4 different pressure differences: 25, 
50, 75 and 100 Pa. Visual observations using smoke pencils and infra-red thermographic camera 
were made to study paths of air leakage. 


6) The exterior polyethylene sheet was removed and Step 5 was repeated. 


The 32 tests were done over a period of 5 days. The weather conditions on these days varied widely. The 
results obtained from field tests were tabulated and corrections applied to bring the air-leakage measurements 
to 20o C. 
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RESULTS AND ANALYSIS 


The measurements were made at 4 different pressure differences but this paper focuses on the measurements 
made at 75Pa, to allow direct comparison to the air-leakage rate as reported in the laboratory test. Further 
details about the procedures and results can be found in Pakzadianmoghaddam, N. (2017). A preliminary 
review of the 32 test results indicated that there were 2 outliers on the higher end and 4 outliers on the lower 
end of the air leakage test results. These were further removed from the analysis. The data collected on each 
date reflects environmental conditions similar for those dates and are shown in Table 2. The air leakage 
results of the remaining 26 tests organized by the dates on which they were done are shown in tables 3 to 6.  


Table 2: Temperature and Wind Conditions During Testing 


Date 
Inside Temp. 


(oC) 
Outside Temp. 


(oC) 
Wind 


Dir - Speed Km/h 


Nov. 19, 2016 12 to 15 0.585 W – 20 to 26 


Dec. 1, 2016 7 to 8 0.503 W – 24 to 38 


Dec. 3, 2016 5 to 13 0.199 NW – 11 to 25 


Dec. 16, 2016 13 0.714 W – 24 to 31 


Dec. 28, 2016 20 0.293 W - 25 


Table 3: Air Leakage at 75 Pa – Nov. 19, 2016 
Test 


Number 
Level 


Air leakage 
(L/s)/m2 


1 47 0.585 


2 46 0.503 


3 43 0.199 


4 20 0.714 


5 17 0.293 


6 14 0.515 


7 14 0.749 


Table 4: Air Leakage at 75 Pa – Dec. 1, 2016 
Test 


Number 
Level 


Air leakage 
(L/s)/m2 


8 64 0.775 


9 64 0.521 


10 58 0.407 


11 54 0.604 


12 11 0.654 


Table 5: Air Leakage at 75 Pa – Dec. 3, 2016 
Test 


Number 
Level 


Air leakage 
(L/s)/m2 


14 53 0.483 


15 53 0.894 


17 50 1.112 


18 50 0.592 


20 35 0.423 


21 35 0.604 


22 26 0.785 


23 26 0.846 


Table 6: Air Leakage at 75 Pa – Dec. 16, 2016 
Test 


Number 
Level 


Air leakage 
(L/s)/m2 
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25 36 0.130 


26 22 0.526 


27 22 0.886 


28 22 1.155 


Table 7: Air Leakage at 75 Pa – Dec. 28, 2016 
Test 


Number 
Level 


Air leakage 
(L/s)/m2 


31 48 0.904 


32 54 0.628 


Based on the 26 test results various statistical measures have been determined. A box plot showing the 
minimum value, the maximum value, the median and the interquartile ranges are shown in Figure 8. The 
frequency distribution of the air-leakage measurements using a bin interval of 0.25 L/s m2 are shown in 
Figure 9. The median value is 0.604 L/s m2 with an interquartile range of 0.5 to 0.8 and the maximum and 
minimum values of 0.13 L/s m2 and 1.155 L/s m2 respectively.  


 


Figure 8: Box plot of Sample Air Leakage Rate 


The air-leakage frequency based on a bin interval of 0.25 L/s m2 is shown in Figure 9. The mean air-leakage 
rate of the sample is 0.634 L/s m2, and the standard deviation of the sample is 0.249 L/s m2 based on 26 
measurements. The distribution follows a normal Gaussian distribution.  
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Figure 9: Frequency Distribution of Air Leakage Measurements 


A summary of the various air leakage rates that can be used for comparison are listed in Table 8. The air-
leakage rates stipulated in A440.4-07, Table D3 for sliding doors have been used. The values in A440.4-07 
are not provided in a manner that are consistent with present standards and the rates shown in Table 8 had to 
be normalized to the area of the door from the crack length. 


Table 8: Air Leakage Rates for Comparative Analysis 


Source 
Air leakage 


(L/s)/m2 


Laboratory Tested Value 
Used for Certification1 0.500 


Mean of Field Tested Value 0.634 


Median of Field Tested Value 0.604 


Minimum of Field Tested Value 0.130 


Maximum of Field Tested Value 1.155 


1.5 x Laboratory Value 
(AAMA 502 Allowable) 0.750 


A440.4-07 Allowable – A1 0.977 


A440.4-07 Allowable – A2 0.577 


A440.4-07 Allowable – A3 0.350 


In comparing the field-measured air-leakage rates with different benchmarks, it becomes evident that the 
comparison is not straightforward. For instance, in order to compare the field-measured values to the criteria 
set out by AAMA 502 or by A440.4-07, it is not clear if the average values should be used or that no field-
measured value should be greater than the criteria stated in those standards. If the latter is the case then it will 
be seen that 20 out of 26 or approximately 77% of the tested product will not meet the laboratory measured 
result, and 8 out the 26, or about 31%, will not meet the AAMA 502 criteria based on the laboratory field 
result. Similar conclusions can be drawn about the allowable values for A2 and A3 rated doors in A440.4-
07. Only with the A1 rated doors in A440.4-7 the results show that over 90% of the tested product will meet 
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the requirements. These results are similar to the results that reported in Weidt et al (1979) particularly for 
the products that were sliders. Another way to examine the data is the amount by which the measured values 
have exceeded the benchmarks. Comparing the field values of the product with the AAMA 502 benchmark 
it is noted that the highest value of 1.155 exceeds the AAMA 502 benchmark by 54%. The rationale for the 
benchmarks is not evident in any of the publicly available documents.  


The dilemma that the scenario presents from a practical standpoint becomes evident in looking at the above 
discussion. However this is only one aspect of the issue. The bigger issue is that the measured values should 
follow a certain distribution. This should be expected in any measurement of such performance values. In 
this particular instance the measured values are distributed normally. In such a scenario the method of 
sampling becomes a very important aspect of choosing to do the field tests. AAMA 502 indicates that three 
tests are to be performed. It is possible that the samples selected for the 3 tests could be from the 79% that 
would have met the AAMA 502 benchmark. What would that result tell us about the acceptability of the 
fenestration product relative to the field testing? ASTM E783 provides some guidance in terms of sampling 
for field testing in this regard. It is recognized that practical and cost considerations often far outweigh the 
decisions regarding sample selection much more than the statistical nature of variation to be expected. 


The bigger work upon (Pakzadianmoghaddam 2017) which the reported work is based examined the 
installation of the sliding doors and carried out additional testing using infra-red camera and smoke-pencil 
tests. From the testing conducted there, additional information is available about the reasons for the different 
air-leakage rates of the tested assembly. It was not the intention to report such reasons in this work. Such 
variations are considered as part of the random variations that are to be expected in any product and they 
have been treated as such in this paper. 


CONCLUSION 


The purpose of this paper was to examine the nature of differences between the air leakage determined in a 
laboratory condition to that measured in the field for the same product that is newly installed. The results 
indicate that in conducting tests based on random sampling the measured values will follow a distribution 
with a mean and a variance. In this particular case measurements made on sliding door indicate that the 
measurements follow a normal distribution. The mean value of the field measurements is higher than the 
laboratory measurements but are within the range of the AAMA 502 allowable values. However there are 
values that are greater than the allowable values. Based on this work it can be said that it is important to base 
the comparison of field and laboratory tested values on the recognition that these measurements will be based 
on some variations. The nature of such variations need to be further studied and taken into account when 
comparing field and laboratory values. 
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About this presentation


Why – Motivation


How – Test procedure and methods


What – Results


What – Discussions/Comparisons







How the laboratory fenestration air leakage measurement 
compares to the installed product?


Motivation of my work
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Motivation of my work


Study undertaken for Lawrence Berkeley Laboratory


Weidt et al (1979) and Weidt et al (1980) 


Compared air leakage characteristics of 192 newly installed windows in 
residential buildings to the industry, government standards and 
manufacturer’s reports.  


Today’s Concerns 
No modern day studies providing similar comparisons


Performance capabilities 
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“Designers and builders who specify and purchase windows
frequently assume that these laboratory test results are
indicative of the window’s field performance capabilities and
make their selections accordingly”. Weidt et al. (1980)
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- Air leakage of newly installed windows can be significantly higher 
than might be expected from laboratory tests.


- 40% of all windows tested possessed air leakage higher than 
industry and government standards.


- 60% of the windows tested exceeded the specification of the 
manufacturers. 


- 29% Decline in air leakage characteristics of 25 windows from the 
time they were manufactured to the time they were installed.


- The study noted some impact of manufacturers and installers on 
air tightness performance but not as great as the operation type.


Motivation of my work
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Motivation of my work


Weidt et al. (1979) – Variation between field and 
laboratory test results 


Weidt et al. (1979) – Variations in field air 
leakage by window type
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Motivation for my work


Variations between field measured air leakage and laboratory 
tested air leakage


ASTM E783-02 (2010) Section 5.3


The correlation between actual performance of in-service 
products and the response to these tests has not been 
established because of insufficient data.
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Motivation for my work


AAMA 502 CSA A440.4. V/S


Field air leakage testing fenestration standards
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Questions that need answering


How does the field tested values compare to laboratory tested 
values?


Is there a recognizable statistical variation in field tested 
values?


What is the magnitude of this difference?
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Method


- Selection of building


- Reviewing the drawings


- Selection of type of fenestration 
for use within the study/selection 
the test samples


- Visual review of test samples


Field air leakage tests
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Method-Identifying the study population
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- A sample size of 30 would be statistically adequate for a study to determine the 
mean that would be representative of the population with a confidence level of 95% 
with a standard deviation of 25% of the mean and the margin of error of 10%. 


- Typically the size of the sample in such a study needs to be determined based on the 
level of confidence and the confidence interval desired from the expected results. 


- There are no previous studies that provide an estimate of the variance to be 
expected in air leakage rates related to manufacturing and installation 
considerations.


- It is assumed for this study that the air leakage of the doors would follow a 
normal distribution. 







Method


Typical test assembly


Wind Maker test equipment


Air flow and Pressure measuring devices


Floor Number of Type I Patio Doors


Total Tested


Podium None None


To 10th
24 0


11th – 15th
11 4


16th -20th
18 2


21st – 25th
26 3


26th – 30th
33 2


31st – 35th
27 2


36th – 40th
41 3


41st – 45th
22 1


46th – 50th
54 7


51st – 55th
33 5


55th and more 21 3


Total 310 32
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Distribution of the doors in different floors 







Method - Variable test conditions


Date Inside Temperature (°C) Outside Temperature (°C) Wind Direction/Speed (Km/h)


Nov. 19, 2016 12 to 15 0.585 W – 20 to 26


Dec. 1, 2016 7 to 8 0.503 W – 24 to 38


Dec. 3, 2016 5 to 13 0.199 NW – 11 to 25


Dec. 16, 2016 13 0.714 W – 24 to 31


Dec. 28, 2016 20 0.293 W - 25


Temperature and wind conditions during testing


In Accordance with ASTM E783
Calibrated Wind Maker Plus
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The results obtained from field tests were tabulated and corrections applied to 
bring the air leakage measurements to 20° C.







Method - Test procedure
1. The patio door was examined from the inside and the outside 
for signs of conditions that may impact air leakage measurements.


2. Ambient conditions of temperature and relative humidity were 
measured. Wind speeds were noted based on local weather 
reports.


3. A chamber was created on the interior using poly sheets. The 
fan apparatus was connected to the chamber.


4.The exterior was isolated with poly sheets taped to the frame.


5. The chamber was depressurized and infiltration was measured 
at 4 different pressure differences: 25, 50, 75 and 100 Pa. Visual 
observations using smoke pencils and infra-red thermographic 
camera were made to study paths of air leakage.


6. The exterior poly sheet was removed and the step 5 was 
repeated.
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Results - Air leakage results at 75 Pa
Test 


Number
Level


Air leakage
(L/s)/m2


1 47 0.585


2 46 0.503


3 43 0.199


4 20 0.714


5 17 0.293


6 14 0.515


7 14 0.749


Test 
Number


Level
Air leakage


(L/s)/m2


8 64 0.775


9 64 0.521


10 58 0.407


11 54 0.604


12 11 0.654


Test 
Number


Level
Air leakage


(L/s)/m2


14 53 0.483


15 53 0.894


17 50 1.112


18 50 0.592


20 35 0.423


21 35 0.604


22 26 0.785


23 26 0.846


Test 
Number1


Level
Air leakage


(L/s)/m2


25 36 0.130


26 22 0.526


27 22 0.886


28 22 1.155


Test 
Number


Level
Air leakage


(L/s)/m2


31 48 0.904


32 54 0.628


NOV. 19, 2016


DEC. 1, 2016


DEC. 3, 2016


DEC. 16, 2016


DEC. 28, 2016


The air leakage reported in the laboratory test report was 0.5 l/s/m² at 75Pa pressure 
difference in infiltration and exfiltration as tested in accordance with ASTM E283. 16







Results - Distribution at 75 PA


Minimum value 0.13 L/sm²
Maximum value 1.15 L/sm²
Median 0.60 L/sm²
Mean 0.63 L/sm²
Standard deviation 0.24 L/sm²


Interquartile ranges 
0.5 – 0.8 L/sm²
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Results - The air leakage frequency distribution 
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Air Leakage Rate Intervals - L/s m²


Based on a bin interval of 0.25 L/s m²
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The distribution follows a normal Gaussian distribution. 







Source
Air leakage


(L/s)/m2


LABORATORY TESTED VALUE /USED FOR CERTIFICATION1 0.500


MEAN OF FIELD TESTED AIR LEAKAGE RATE 0.634


MEDIAN OF FIELD TESTED AIR LEAKAGE RATE 0.604


MINIMUM OF FIELD TESTED AIR LEAKAGE RATE 0.130


MAXIMUM OF FIELD TESTED AIR LEAKAGE RATE 1.155


1.5 X LABORATORY VALUE (AAMA 502 ALLOWABLE) 0.750


A440.4-07 ALLOWABLE – A1 0.977


A440.4-07 ALLOWABLE – A2 0.577


A440.4-07 ALLOWABLE – A3 0.350


Analysis - The air leakage rates
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Air leakage rates for comparative analysis







Analysis - The air leakage testing standards


AAMA 
502


CSA 
A440.4. V/S


- When to test ?
- How to test ?
- How many tests ?
- What is an allowable rate?


20







- Comparison of mean to the AAMA allowed value


Analysis - Discussions


21


77% will not meet the laboratory measured test result.


31% will not meet the AAMA 502 criteria based on the laboratory field result.


- Comparison of mean to CSA A440.4 allowed value


Highest value of 1.155 L/s m² exceeds the AAMA 502 benchmark by 54%


Not clear if the average values should be used or that no field measured 
value should be greater than the criteria stated in AAMA/CSA Standard ? Or 
the amount by which the measured values have exceeded the benchmarks 
is important?


Similar conclusions can be drawn about the allowable values for A2 and A3 rated doors 


Among the tested fenestration products:
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What is lacking:
Setting a practical standpoint
Defining a method of sampling 


Analysis - Discussions







Conclusions
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Thank you


This research was completed as part of Ryerson’s master of building science  


Read Jones Christoffersen financially supported this presentation 
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Questions
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A COMPARTMENTALIZATION & VENTILATION SYSTEM RETROFIT 
STRATEGY FOR HIGH-RISE RESIDENTIAL BUILDINGS  


IN COLD CLIMATES 


Matt Carlsson, P.Eng, MASc, Marianne Touchie, P.Eng, PhD, Russell Richman, P.Eng, PhD 


 


 


ABSTRACT 


This research proposes an alternative rehabilitation strategy for aging high-rise multi-unit residential 
buildings (MURBs) involving suite compartmentalization and decentralizing the ventilation system. Energy 
efficiency retrofits of MURBs today tend to focus on increasing the thermal performance and air-tightness 
of the enclosure, which neglects the inherent inefficiency and ineffectiveness of pressurized corridor 
ventilation systems, and often amplifies deficiencies. An alternative approach is to isolate the suites from the 
corridors, and install balanced heat recovery ventilators in each. Ventilation can then be maintained at design 
rates, and regulated according to need. This proposed retrofit was investigated for an existing high-rise 
MURB in Vancouver. Computer simulation using EnergyPlus™ (v.8.4.0) was used to examine the impact 
of the proposed retrofit on the case study building.  Results show annual heating energy decreased by 51% 
and overall GHG emissions decreased by 29%. The main benefit of the proposed retrofit, however, is 
improved zone air distribution of the mechanical ventilation system. Because building enclosure air-tightness 
improvements can negatively impact air distribution in buildings with pressurized corridor ventilation 
systems, the proposed retrofit should be applied in combination with, or before, an enclosure retrofit. Thermal 
resilience should also improve, with longer passive surviveability durations from a reduction in uncontrolled 
air leakage induced by stack effect. 


INTRODUCTION  


Background and Problem 


Most existing high-rise multi-unit residential buildings (MURBs) in Canada use a central ventilation system 
to pressurize the common corridors on each floor with fresh air, relying on air leakage past the door undercuts 
and out through the exterior envelope to ventilate the suites. Wind pressures, stack effect, and window 
operation all work to disrupt airflow patterns, leading to either wasteful over-ventilation or unhealthy under-
ventilation of most suites. It has long been known in the building science community that these systems are 
both inefficient and ineffective. Research by Canada Mortgage & Housing Corporation showed that 
“conventional corridor air supply and bathroom/kitchen exhaust systems do not, and cannot, ventilate 
individual apartments” (CMHC, 2003). This conclusion was based on the determination that standard 
building design and construction practices have done little to prevent uncontrolled airflows within a MURB, 
or through its enclosure. In order to try to compensate for poor ventilation distribution performance, central 
ventilation systems are generally oversized in an attempt to simply overcome other driving forces on airflow. 
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A study of 10 Canadian high-rise MURBs built in the early 1990’s found design airflows ranging from 154% 
to 461% of the minimum outdoor air capacity requirements of ASHRAE Standard 62, with an average of 
264% (Edwards 1999). Oversized ventilation systems represent an important energy savings opportunity in 
building retrofits.  


A study of 39 MURBs in BC found that central ventilation systems provided on average 69% of the overall 
space heating energy (RDH Building Engineering Ltd. 2012). Another study of 13 high-rise MURBs in the 
Vancouver area concluded that conditioning of the central make-up air accounted for 39% of their total 
heating energy consumption (Hanam et al. 2011). Measurements at the case study building showed over half 
the heating energy went to condition this ventilation air, yet as much as 92% of that air leaked outdoors 
through unintended pathways without reaching the suites (Ricketts and Straube, 2014). This ventilation 
strategy is relatively energy intensive, yet much of this energy is wasted since not all the air reaches the living 
spaces it was intended for.  


Retrofits of MURBs generally focus on increasing the insulation and air-tightness of the enclosure to improve 
overall thermal performance. This can amplify the deficiencies of pressurized corridor ventilation systems, 
worsening indoor air quality (BC Housing 2015). One study examining the effect of enclosure retrofits on 
six MURBs in Canada showed that the average air leakage rates through the exterior enclosure were reduced 
by 31% (CMHC, 2013). Although air leakage can be a significant source of energy loss, enclosure air-
tightness improvements without ventilation strategy changes will tend to just redirect more ventilation air out 
through unintended pathways and penetrations.   


Case Study Building 


A 13-storey MURB in Vancouver underwent an envelope retrofit in 2012 to improve durability, air-tightness 
and thermal performance. Various building performance characteristics were measured before and after the 
retrofit, including air-tightness and energy consumption. Ricketts et al. found that on average only 
approximately 8% of the mechanical ventilation air was reaching the suites, with the remaining air being lost 
to the outdoors through unintended pathways (e.g., duct leakage, elevator shaft, stairwell, etc.) (RDH 
Building Engineering Ltd. 2012). In addition, suites on the lower floors were significantly under-ventilated, 
and those on the upper floors were over-ventilated, largely due to the upward internal airflow trend caused 
by stack effect. Figure 1 below illustrates the case study building during and after the enclosure retrofit, as 
well as the corresponding energy model.  
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Figure 1: Case study building during and after enclosure retrofit, and corresponding energy model visualization 


Retrofit Proposal – Suite Compartmentalization and In-Suite Balanced Ventilation with Heat 
Recovery 


An alternative approach to rehabilitating high-rise MURBs is to focus on enabling efficient and effective 
ventilation. By isolating each suite through air-tightness measures, uncontrolled airflows into and out of the 
suites is reduced. Stack-induced pressure differentials across the exterior enclosure decrease, causing suite 
ambient pressure to equalize with atmospheric pressure, thereby reducing airflows in and out through the 
enclosure.  


The central ventilation system delivery rate can be reduced significantly to just the level required to serve the 
common corridors, resulting in a corresponding decrease in natural gas consumption used to condition the 
outside air. 


Fresh air would then be provided by a dedicated heat recovery ventilator (HRV) in each suite, allowing 
ventilation rates to be controlled predictably. The HRV’s balanced intake and exhaust flows help to avoid 
pressurization or depressurization, and reduce uncontrolled air leakage. Demand-controlled ventilation is 
made possible so individual suites are not unnecessarily ventilated while unoccupied. The suite-based system 
also encourages more energy conscious behaviour as occupants’ window and balcony door opening habits 
would have a greater impact on their utility bills. 


Research Objective 


The objective of this research is to investigate potential impacts of the proposed retrofit strategy on the energy 
use of a case study MURB in Vancouver. The impact on overall heating energy use, fuel mix, and carbon 
footprint is examined through computer simulation using a calibrated energy model. 
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METHOD 


Building Performance Simulation - Base Model Setup 


Comprehensive physical and operational characteristics of the building were known from extensive 
observations and measurements at the site, and these data were incorporated into the EnergyPlus model. Input 
parameters were based on as-constructed drawings, a complete heating and ventilation equipment inventory, 
miscellaneous gas and electrical appliances, equipment nameplate data and/or performance spot 
measurements, operating and occupancy schedules, thermostat set points, and detailed site-based hourly 
weather data. Mechanical ventilation effectiveness testing results including measured air distribution rates to 
the corridors and suites were incorporated in the model. The airflow resistance characteristics of the enclosure 
(flow coefficient and exponent) from fan pressurization and depressurization testing were available, as well 
as some average pressure differential measurements across the exterior walls, allowing infiltration rates to 
be estimated for inputs in the model.  


Energy End-Use Analysis – Utility Bills 


Monthly energy use data were available for both natural gas and electricity. Natural gas data was broken 
down by end use for domestic hot water (DHW), makeup air unit (MAU), and fireplaces. Electricity use was 
divided in two readings – one for all common areas of the building, and one for all suites combined. The 
proportion of total suite electricity use attributed to heating was estimated by analysing the summertime 
monthly suite-level electricity on a floor by floor basis, and separating this base load from the total. This 
approach yielded a better base load estimation than regression analysis against heating degree days for any 
reasonable balance point temperature. 


Calibration Procedure 


The energy model was calibrated to the above energy end use breakdown according to ASHRAE Guideline 
14, using the statistical comparison technique (ANSI/ASHRAE 2002).  Unknown parameters were adjusted 
in successive simulation iterations in order to satisfy the calibration acceptability indices.  


A custom weather file was created using data from a weather station located on the roof of the case study 
building, and simulations during the model calibration stage were run using this weather file.  


The simulated natural gas consumption for each sub-metered end use (MAU, DHW, fireplaces) was tuned in 
first to match the corresponding recorded usage profiles. Calibration to natural gas use was done before 
electricity use because each sub-metered end use was distinct, with their driving factors fairly well 
understood. In contrast, the electricity data included many different types of end uses, regulated and 
unregulated, all lumped together. In addition, the MAU and fireplaces would have a strong influence on the 
heating energy portion of the electricity data, so their energy profiles needed to be established before the 
electricity data could be disaggregated with any confidence.  


Electricity consumption for the common areas of the building was a fairly steady operational base load easily 
matched to the metered profile. The weather-dependent heating energy portion of the overall suite-level 
electricity was separated from the weather-independent base load portion through a floor by floor analysis of 
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summertime electricity use (no air conditioning units were present). Coarse calibration of electricity for 
heating was done with rate and schedule adjustments to natural ventilation, which was not measured but 
observed to occur. Fine adjustments were then made to other variables governed by occupant behaviour, such 
as lighting and equipment usage schedules, to refine the profile shape of both the heating and overall suite-
level electricity use together.   


An average mechanical ventilation rate of 2.9 L/s per suite and average infiltration rate of 0.3 L/s/m2 of 
exterior wall area were used based on measured data.  


All energy use profiles fell well within the acceptability indices of +/- 5% mean bias error (MBE) and +/- 
15% coefficient of variation (root mean squared error) (CV(RMSE)) for calibration to monthly data. Overall 
natural gas achieved a 0.7% MBE and 6.8% CV(RMSE), and overall electricity achieved a 0.3% MBE and 
8.9% CV(RMSE). 


The simulation was run again with a typical meteorological year weather file for the nearby airport (YVR 
CWEC) in order to produce more typical performance results. Fireplaces and natural ventilation were 
eliminated from the energy model at this point as they are functions of occupant behaviour, and while 
necessary for the calibration procedure they are not of particular interest in the comparative analysis.  


Modelling of the Proposed Compartmentalization and Ventilation System Retrofit 


The compartmentalization retrofit of the suites was modelled by eliminating the mechanical ventilation 
airflow from the corridors. This was determined to be a conservative approach as any conditioned ventilation 
air which might enter the suites in reality (from opening doors or leakage) would have a negligible effect on 
their heating load.  


Infiltration was adjusted by assuming the average pressure differential across the exterior would decrease 
from 4 Pa (Gowri et al. 2009) down to 1Pa, and recalculating a new estimated infiltration rate of 0.13 L/s/m2 
using the measured airflow resistance characteristics. Transient increases in infiltration due to wind pressure 
were simulated using the linear wind coefficient of the ZoneInfiltration object in EnergyPlus. A coefficient 
of 0.224 was used based on the DOE-2 infiltration model as recommended by Gowri, Winiarski, & Jarnagin 
(Gowri et al. 2009). 


The ventilation system retrofit was modelled by adding a balanced HRV to each suite. The bathroom exhaust 
fans were eliminated as their function would now be handled by the HRV. Continuous supply and exhaust 
rates were set to 55 L/s to meet ASHRAE Standard 62.1-2010/2013 and account for a zone air distribution 
effectiveness factor of 0.8 (ASHRAE 2010). HRV specifications were chosen based on currently available 
equipment for the design flow rate, with an estimated static pressure of 75Pa, a power draw of 60W, an 
efficiency of 75%, and a dynamic reset to match the occupancy and area requirements of section 6.2.7.1.2 
(ASHRAE 2010). The central ventilation rate was reduced to 0.3 L/s/m2 to meet guidelines for common 
corridors (ASHRAE 2010).  


RESULTS 


Simulation of the proposed retrofit shows a 51% (48.5 ekWh/m2) reduction in total annual heating energy 
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(Figure 2), with the electrical portion decreasing by 20% (10.5 kWh/m2), and natural gas component 
decreasing by 87% (38.0 ekWh/m2). The proposed retrofit results in an increase in space heating load 
associated with mechanical ventilation due to the increase in ventilation rate by the HRVs. However this 
increase is offset by the reduced space heating load due to the decreased infiltration rates predicted, and the 
significantly reduced natural gas consumption by the MAU now only serving the corridors.  


 


Figure 2: Total annual heating energy breakdown – space heating and mechanical ventilation 


Figure 3 below shows the overall annual GHG emissions for the building (all sources), which decreased by 
29%, or 20.2 tCO2e (3.9 kgCO2e/m2), with total emissions from electricity decreasing by 10% (1.3 tCO2e, or 
0.25 kgCO2e/m2), and total emissions from natural gas decreasing by 51% (35.5 tCO2e, or 6.9 kgCO2e/m2).  
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Figure 3: Total annual GHG emissions by fuel type – all sources 


DISCUSSION 


Because the energy impact of the proposed retrofit is highly dependent on, and sensitive to, the resulting 
changes in airflow patterns, the base model was calibrated with as much fidelity as possible to the building’s 
actual measured performance. Despite this, it has been demonstrated that it is not possible to fully predict 
airflow patterns at all times in any high-rise building due to the many fluctuating influences (Ricketts 2014). 
Best judgement should be used when applying any results presented here to other buildings, or to predict 
actual future performance.  


The main motivation behind the proposed retrofit strategy should however not be to reduce a building’s 
operating cost, especially considering the cost of electricity is generally higher than natural gas, where both 
are available. The main motivation should be to achieve recommended ventilation rates for each suite, and 
improve indoor air quality.  


Other collateral benefits of the proposed retrofit should also be considered, such as the resulting reduction in 
GHG emissions.  


In 2013, 33% of all natural gas in the province of B.C. was consumed by residential buildings (Statistics 
Canada, 2014), 58% of which was used for space heating (NRCan, 2017). With apartment buildings alone 
accounting for 17% of all residential GHG emissions in the province (NRCan, 2017), the proposed retrofit is 
an opportunity to reduce provincial GHG output and support B.C.’s Greenhouse Gas Reductions Target Act 
(Province of British Columbia, 2017).  


At the national level, residential buildings accounted for 15% of Canada’s overall GHG emissions in 2013, 
with space heating making up 64% of the total residential sector output (NRCan, 2017). Although GHG 
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emission factors and typical fuel mixes vary by province, the benefits of the proposed retrofit would apply 
across the other provinces of Canada. The GHG emission factor for electricity in B.C. is relatively low at 25 
gCO2e/kWh compared to the 2013 Canadian national average of 150 gCO2e/kWh (Environment Canada, 
2015), so the benefits of the proposed retrofit should be more significant in most other provinces. The GHG 
reduction potential would also be amplified in the other provinces as their climates are generally much colder 
than B.C.’s, resulting in higher heating energy demand and greater stack effect pressures. The proposed 
retrofit is therefore an opportunity to contribute to municipal, provincial, and national GHG emission 
reduction objectives across the country, and particularly in regions where the majority of grid electricity is 
produced from renewable sources. 


CONCLUSION 


A compartmentalization and ventilation system retrofit strategy on a high-rise MURB in Vancouver was 
simulated, and the impact on overall heating energy, fuel mix, and carbon footprint determined. Results show 
a decrease in total annual heating energy of 51% (48.5 ekWh/m2). Electricity for heating decreased by 20% 
(10.5 kWh/m2), and natural gas for mechanical ventilation decreased by 87% (38.0 ekWh/m2).  


The building’s overall carbon footprint decreased by 29%, or 20.2 tCO2e (3.9 kgCO2e/m2) annually. For 
regions where the majority of grid electricity is produced from renewable resources, the proposed retrofit is 
an opportunity to contribute to provincial and national GHG emission reduction objectives.  


The findings of this research support the general hypothesis that suite compartmentalization in a high-rise 
MURB will reduce the energy losses due to uncontrolled airflows. The in-suite ventilation system necessary 
to supply air to the suites offers further energy savings through heat recovery, as well as enabling demand 
control to reduce energy while suites are unoccupied.  


The main motivation behind the proposed retrofit, however, is to improve mechanical ventilation 
effectiveness to achieve the recommended ventilation rates, and improve the indoor air quality for the 
building’s occupants. Air-tightness improvements to the building enclosure, when made in isolation, can 
negatively impact the ventilation air distribution to suites by central corridor pressurization systems. The 
proposed retrofit measures should therefore be considered with any enclosure retrofit plan for high-rise 
MURBs. 
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Problem
Pressurized corridor ventilation strategy


Inefficient – wasteful


• Ventilation through exhaust & exfiltration
• Often oversized
• Always on
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RTU







Problem
Pressurized corridor ventilation strategy


Ineffective – constantly undermined


• Stack effect
• Wind pressures
• Window operation
• Duct/other losses
• Elevator operation
• Enclosure retrofits
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Background
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Stack effect
• Upper floors receive recycled air from lower floors
• Lower floors experience infiltration
• CO from parking garage can be drawn into lower suites
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Background


Case study building
• Vancouver (1983)
• 13-storey MURB
• Pressurized corridor ventilation
• Electric baseboard heaters
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Background


• Envelope retrofit 2012
• Improved thermal 


performance & air-tightness
• Space heating load decreased
• Ventilation performance poor 


(probably worse)
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Background


Post-retrofit testing:
• MAU made up 69% of all 


heating energy
• 92% of supply air lost to duct 


leakage & vertical shafts
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Background
Overall performance
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Objective
Research question:


1. For the case study building, what is the impact of a 
compartmentalization & in-suite ventilation system 
(ISVS) retrofit, on:


• Heating energy & fuel mix
• GHG emissions?
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Background


Retrofit proposal


1. Compartmentalize suites 
2. Install ISVS (HRVs)
3. Reduce supply air to corridors
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Background


Retrofit proposal - compartmentalization
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Methodology


Weather file - 2013
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Methodology


Energy use analysis – 2013 
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Methodology


Energy use analysis – 2013 
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JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Total


Floor 13 1941 2001 2079 1359 949 762 740 764 904 1562 2293 3057 18409


Floor 12 1477 1144 1102 901 839 799 860 880 819 1038 1121 1286 12266


Floor 11 812 1072 1430 889 624 518 453 727 730 732 698 706 9391


Floor 10 1013 835 834 776 770 708 731 761 766 824 881 1063 9959


Floor 9 2247 1770 1773 1278 1219 1207 1264 1375 1399 1698 1760 2025 19015


Floor 8 1680 1402 1401 1105 1556 1466 1024 931 942 1350 1746 2010 16612


Floor 7 3059 2529 2141 1377 1095 867 855 941 1186 1813 2406 3042 21312


Floor 6 2026 1725 1750 1279 903 667 581 543 744 1385 2083 2784 16470


Floor 5 2101 1754 1839 1204 900 656 549 700 770 1357 1571 1912 15312


Floor 4 1356 1089 1108 890 810 621 590 749 806 1356 1553 1715 12642


Floor 3 3343 2617 1980 1182 922 698 609 596 863 1787 2623 3130 20351


Floor 2 2394 1885 1698 1141 963 757 651 728 892 1584 2201 2464 17359


Floor 1 3929 3628 3194 2007 1699 1035 547 536 778 2217 2776 3591 25938


TOT kWh 27378 23450 22328 15388 13250 10761 9451 10232 11599 18703 23711 28784 215037


 Monthly Suite Electricity Consumption by Floor 2013 [kWh]


jan feb mar apr may jun jul aug sep oct nov dec Total El. Htg Energy


Floor 13 1201 1260 1338 618 208 21 0 24 163 821 1552 2316 9524


Floor 12 677 344 302 101 39 0 61 81 20 239 322 486 2672


Floor 11 359 619 977 437 171 66 0 274 277 279 246 253 3958


Floor 10 305 128 126 68 63 0 23 53 58 116 173 355 1469


Floor 9 1040 563 566 71 12 0 56 168 192 491 553 818 4531


Floor 8 749 470 470 174 625 535 92 0 11 419 815 1079 7893


Floor 7 2205 1675 1286 523 241 12 0 87 332 959 1552 2187 13512


Floor 6 1483 1182 1207 735 360 124 38 0 201 841 1539 2240 12405


Floor 5 1553 1206 1290 656 352 107 0 152 222 808 1023 1363 11185


Floor 4 766 498 517 299 220 30 0 159 216 766 963 1125 8014


Floor 3 2747 2021 1384 586 326 102 12 0 267 1191 2027 2534 15652


Floor 2 1744 1234 1047 490 313 106 0 77 241 933 1550 1814 12003


Floor 1 3392 3092 2658 1470 1163 499 11 0 242 1681 2240 3054 21958


TOT kWh 18220 14292 13170 6230 4092 1603 293 1074 2441 9545 14553 19626 124,777                        


 Monthly Heating Electricity by Floor 2013  [kWh]
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2013 OVERALL ENERGY USE = 174 kWh/m2







Methodology


Base model – setup
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Performance 


characteristic


Value Source


Windows & balcony 


doors


USI 1.57 W/m2-K ASHRAE
SHGC 0.2 ASHRAE
VT 0.7 ASHRAE


Exterior enclosure


Effective R-value -
walls


RSI-2.84 m2-K/W (R-16.1 oF-ft²-
hr/Btu)


RDH


Effective R-value - roof RSI-3.5 m2-K/W (R-19.9 oF-ft²-
hr/Btu)


RDH


Air leakage (avg.) 1.81 L/s/m2 @75 Pa RDH


Equipment property Value Source


Baseboard heater capacity (-01 suites) 11.0 kW RDH


Baseboard heater capacity (-02 suites) 7.0 kW RDH


Baseboard heater capacity (-03 suites) 10.5 kW RDH


(zone setpoint temperature) 23 C RDH


Fireplace heating capacity 8.8 kW RDH


Fireplace radiant fraction 0.4 RDH


Fireplace heat fraction lost 0.6 RDH


MAU flow rate 1440 L/s (avg.) Airflow testing (RDH)


MAU motor 1.12 kW (1.5 hp) RDH


MAU supply fan efficiency 60% Engineered Air


MAU heating coil capacity 73.2 kW RDH


MAU heating coil efficiency 80% Engineered Air


MAU supply air temperature 20.7 C Test data (RDH)


Bathroom fan exhaust rate 33 L/s RDH


Bathroom exhaust fan power 60W RDH


Bathroom fan efficiency 60% RDH


Bathroom exhaust fan static pressure 50 Pa assumed


DHW boiler capacity 178.7 kW RDH


DHW supply temperature 55 C RDH


DHW boiler efficiency 82% RDH


DHW consumption 2.75 L/m2-day RDH


DHW pump rated power 250 W RDH







Methodology


Base model - 2013 calibration


17







Methodology


Base model - 2013 calibration
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Methodology


NMBE (+/- 5%) CV(RMSE) (+/- 15%)


Overall natural gas 0.7% 6.8%


NG for DHW 0.3% 5.6%


NG for MAU 1.6% 14.9%


NG for fireplaces 1.4% 3.3%


Overall electricity 0.3% 8.9%


Common areas 0.7% 4.5%


Suite-level heating electricity 0.5% 4.3%


Suite-level total electricity -1.6% 13.8%
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Base model - 2013 calibration







Methodology
Retrofit model


Compartmentalization
• Eliminate MAU supply air to suites – corridors only


ISVS
• Add HRV to each suite
• Remove bathroom exhaust fans


Also
• Reduce MAU supply airflow as per ASHRAE 62 for corridors
• Reduce infiltration
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Results
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Retrofit – fan energy
• 141% increase in total fan energy







Results


Retrofit – overall heating energy
• 51% reduction in total annual heating energy (87% NG, 20% electricity)


• 48% decrease in infiltration heat loss 
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Results


Retrofit – GHG emissions
• 29% reduction (20.2 tCO2e) in total annual GHG emissions
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Conclusion
For existing high-rise MURBs, the proposed retrofit can:
• Reduce overall heating energy
• Reduce GHG emissions
• Improve mechanical ventilation distribution effectiveness


Collateral benefits
• Reduce airborne pollutants from parking garage
• Facilitate natural ventilation
• Reduce heating bill inequities
• Increase passive surviveability duration (thermal resilience)


 A compartmentalization retrofit should be considered 
together with – or before – an enclosure retrofit
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Context
In British Columbia (2013):
• 33% of all natural gas in B.C. was consumed by residential buildings. 


(Of that, 58% for space heating)
• apartment buildings alone accounting for 17% of all residential GHG 


emissions 


In Canada (2013):
• residential buildings accounted for 15% of Canada’s overall GHG 


emissions
• Space heating was 64% of the total residential building sector GHG 


emissions. Of that:
• Apartments = 15%
• Natural Gas = 56%


Source: (NRCan, 2017)
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ABSTRACT 


Unventilated wood-framed roofs/decks, in which polyurethane foam (closed cell or open cell) is installed 
inboard of the roof/deck sheathing, are becoming more common in roof and deck applications in the Lower 
Mainland of British Columbia. In the flat roof/deck application, it has been seen as a viable alternative to 
ventilated roofs/decks in which ventilation, in general, has proven ineffective in dealing with incidental 
moisture. In the sloped roof application, it has been seen as a viable alternative to ventilated attics by 
locating the attic within the thermal envelope, thereby eliminating the potential moisture-related issues 
associated with ventilated attics.  


It is acknowledged that spray foam can improve the airtightness of assemblies which, in turn, can help 
reduce the risk of moisture-related issues. That said, in the absence of a holistic approach in the design of 
roofs/decks using spray foam, the satisfactory long-term performance can be compromised. Such a 
holistic approach must take the following factors into consideration to ensure the overall successful long-
term performance of the assembly: 


 The possibility of imperfect installation or implementation of the environmental control layers 
(vapour retarder, air barrier, rain penetration control layer, and thermal insulation). Deficiencies 
can occur during construction or during in-service phases. 


 Potential exposure to moisture sources other than rain and interior/exterior vapour, such as 
plumbing leaks, construction moisture, etc.  


 Microclimate of each building (trees, overhangs, roof/deck finishing, etc.) and its impact on the 
solar drying potential. 


 Lack of easy identification and location of possible future leaks, which can pose the risk of moisture 
being trapped for a long period before being discovered. This can lead to moisture-related damage 
including potential structural damage.  


This paper explores the above four factors in relation to the unventilated wood-framed roofs/decks with 
polyurethane foam. Supported by physics, various site investigations, and in-depth hygrothermal analysis, 
this study examines the drying potential and tolerability of this assembly to construction and in-service 
moisture sources. In addition, the practicality and the ease of identifying, locating and repairing future leaks 
are discussed.  


The study suggests that, under current practices, careful and holistic consideration of the above-mentioned 
factors is often not implemented during the design. Under the right conditions, this can pose the elevated 
risk of compromising the satisfactory long-term performance of these assemblies. This paper also presents 
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practical solutions on how to address these risks, followed by the consideration for the ease of locating and 
repairing future leaks. 


BACKGROUND 


When it comes to wood-framed sloped or flat roof assemblies in the lower mainland of British Columbia, 
one common practice over the years has been to install fibrous insulation (in the form of batt and loose fill) 
between the roof joists/trusses. In this interior insulated assembly, a vapour retarder and an air barrier are 
installed on the room side of the insulation. In addition, given that the roof waterproofing materials have 
very low vapour permeance, a ventilated air space is provided between the insulation and underside of the 
roof sheathing. The intent of the ventilated air space is to bypass the vapour diffusion resistance of the roof 
waterproofing materials and, as such, reduce the risk of condensation underneath the sheathing due to the 
incidental moisture that bypasses the vapour retarder and air barrier. The ventilation would also help in 
reducing the risk of ice damming in the sloped roof application, as well as reducing summer overheating in 
attics that are located outboard of the thermal envelope. 


The above roofing assembly meets the building science principles as far as the four building envelope 
control layers are concerned. When installed properly, this assembly is expected to function as intended. 
That said, there are some shortcomings associated with this roof assembly in certain applications which are 
listed below:  


 Flat roofs or decks: Ventilation has been found not to be an effective strategy in dealing with the 
incidental moisture in these assemblies (Ball, 1961). This has to do with the limited stack effect 
due to the small height of the ventilation gap, uncertainties in the wind and its directions, as well 
as limitations caused by surrounding obstructions as far as air flow is concerned. In addition, 
providing ventilation inlets and outlets in decks that are surrounded with walls and guard walls, 
poses constructability and aesthetic challenges. 


 Sloped roofs with an attic outboard of the thermal envelope: Due to the added level of the thermal 
insulation in the attic ceiling as per the push for improving the energy efficiency, combined with 
the push to improve airtightness, the temperature of the attic is becoming colder than before 
(Hutcheon, 1995). In other words, attics are no longer benefiting from the passive heating that used 
to be available in the old days. This translates to reduced efficiency of the attic ventilation in 
addressing incidental moisture since, as the air temperature drops, so does its capacity to hold 
moisture. 


 Air tightness: Sealed 6 mil polyethylene sheet has been one of the common methods of achieving 
the air barrier in these assemblies. Based on the experiences of the author, achieving effective and 
reliable long-term airtightness around ceiling penetrations and transitions is questionable under the 
current building practices and methods of application. One example is where pipes/ducts run 
through the interior partition top plates and then into the attic. Another example pertains to HVAC 
supply air inlet/outlet where the air seal between the duct and polyethylene sheet often gets cut 
during the installation of the ceiling board while cutting around these inlets/outlets.  


As a result, the industry has been looking into alternative roof assemblies that would address the above 
challenges. One of the alternative roof assemblies that has been introduced in the construction market 
incorporates polyurethane spray foam, either closed cell medium density, or open cell low density with a 
vapour retarder paint, applied directly underneath of the roof/deck sheathing. This assembly is generally 
referred to as “unventilated roof”. 
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The proponents of this roof assembly are of the opinion that this is a good alternative to the ventilated roof 
assembly, and would address some of the challenges of that system. This is because: 


 Due to its expanding nature, when applied properly, foam is expected to result in an effective air 
tightness in the ceiling and around penetrations. 


 Given the high level of air tightness that is expected to be achieved with the spray foam when 
applied in sufficient thickness, the risk of incidental moisture reaching the roof sheathing due to air 
leakage is expected to be negligible. As such, provision of ventilation between the insulation and 
underside of the roof sheathing would not be required. 


 In the sloped roof application, this design would allow for the attic to be located inside the thermal 
envelope, thereby eliminating the potential moisture-related issues associated with ventilated attics. 
In addition, HVAC equipment housed inside the attic will no longer need to be insulated and air 
tight and their efficiency will be increased. 


The opponents of this roof assembly on the other hand, are of the opinion that there are some risks associated 
with this assembly, such as accumulation of moisture and the resulting damage to the assembly, as well as 
difficulty of identifying and addressing leaks in a timely manner. 


Two insightful studies have been undertaken on the hygrothermal performance of the unventilated sloped 
roof assemblies using spray foam. The first study, performed by Straube et al. (2010), examines various 
simulations for each of seven climate zones in the United States and Alaska. The study focusses on 
exploring the risk of condensation due to vapour diffusion and air leakage. The second study, performed 
by Grin et al. (2013), examines the hygrothermal performance of these assemblies with the focus on various 
degrees of rain leakage. Three United States climate zones were used in the latter analysis, one of which 
includes a marine climate with significant rainfall. Seattle was selected as the representative city for this 
marine climate zone. Based on the author’s experience, the findings related to Seattle in that study are 
sometimes referred to in discussions around the performance of unventilated roof and deck assemblies in 
the Lower Mainland due to similarities in the climates. However, the application of the findings of Grin’s 
study to Lower Mainland of British Columbia must be done with caution and careful consideration for the 
following reasons:  


 The unventilated closed cell foam roof used in the study for Seattle, is a hybrid assembly in which 
2” closed cell foam is applied under the sheathing, followed by 5 ¼” fibrous insulation below the 
foam. Such hybrid assembly is generally rare in the Lower Mainland as the required thermal 
insulation is typically provided by applying the necessary thickness of the foam itself (5” or more 
depending on the thermal performance requirements). The thicker application of closed cell foam 
will have a direct impact on the inward drying of the incidental rain leakage, as is seen later in this 
paper.  


 The unventilated open cell foam roof used in the Seattle study incorporates 8” of open cell foam 
with no vapour retarder paint, whereas such assemblies generally incorporate a vapour retarder 
spray paint in the Lower Mainland. The presence or lack of vapour retarder will have a direct impact 
on the winter wetting and summer drying of the assemblies.  


 It is acknowledged that there are similar characteristics between the Seattle weather and that of the 
Lower Mainland. That said, the amount of annual rainfall varies depending on the location. For 
example, the annual rain in Vancouver is higher than that of Seattle (Environment Canada, n.d.; 
Shaw, 2017). Such a change will have an impact on the final analysis especially when the 
microclimatic aspects of the building site (surrounding trees, shades, etc.) are factored in. 
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 The study uses “average hourly rainfall event” for the hygrothermal modelling for Seattle. This is 
a reasonable approach that can provide reliable results in many cases. However, when it comes to 
locations that experience a high degree of rain, prolonged periods of sustained rain, and cloudy 
conditions such as Lower Mainland, using “average hourly rainfall event” in lieu of hourly rainfall, 
may not fully capture the actual performance of the assembly when it comes to worst-case scenario. 
For that reason, using the actual hourly rainfall data would be prudent. 


 The study uses dark coloured shingles for a sloped roof orienting north. It is acknowledged that 
using a north-oriented roof is a sensible approach when it comes to analysing the assembly 
performance under worst-case scenario of reduced sun exposure. However, even when oriented 
north, the choice between dark and light-coloured shingles can have significant effect on the overall 
performance (Straube et al. 2010). For that reason, for locations that receive high rainfall, such as 
Lower Mainland, it would be prudent to use a roof shingle with light colour in modelling scenarios. 
This can also indirectly mimic the effects of the microclimatic of the building such as surrounding 
trees, etc. 


This research study, conducted by the author, was initiated based on the information collected during: 


 Site visits to several hundred single family wood-framed construction projects in the Lower 
Mainland. 


 Consultation with a wide range of single family home builders, architects, and designers in the 
Lower Mainland. 


 Interviews with multiple spray foam applicators involved in the single-family sector in the Lower 
Mainland. 


 Conversations with some municipalities in the Lower Mainland as to the extent of the usage of 
unventilated spray foam roofs/decks in single family projects. 


Based on the collected information (Heidarali, 2017a), it became apparent that unventilated spray foam roof 
and deck assemblies are being widely used in wood-framed construction projects in the Lower Mainland, 
especially in the single-family house sector. In addition, it was confirmed that in many cases, a holistic 
review and consideration is not implemented during the design and construction phases of these assemblies, 
which in some instances has led to performance failures. To that note, this research study performs a holistic 
review of the unventilated roof assembly in the Lower Mainland during the design, construction, and in-
service phases. 


This study is being conducted in several phases. This paper covers the first phase of the study and includes: 


 Theoretical aspects of unventilated spray foam assemblies from the building science standpoint. 


 Practical implications of the existing design and construction practices in the Lower Mainland, 
taking into account factors that can affect the overall long-term performance from moisture, 
thermal, accessibility, and constructability standpoint. 


 Practical solutions for augmenting the long-term performance of these assemblies. 


The remaining phases will capture the findings from site investigations during initial construction and in-
service phases, as well as during renovations after multiple years of operation. The findings will be 
published in the future. 
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CONDENSATION CONTROL IN ROOFS: BACK TO BASICS 


Thermal insulation was introduced in the building envelope assembly with the intent to reduce the 
transmission heat loss and gain through the building envelope, with a resultant improvement in the energy 
efficiency of the building. But, improving the energy efficiency is not the only impact that comes with the 
thermal insulation. Thermal insulation can also have an impact on the moisture performance of the 
assembly, and such an impact can be positive or negative depending on the location of the thermal 
insulation.  


When the thermal insulation (with no resistance to vapour diffusion) is introduced inside a building 
envelope assembly (such as inboard of the roof sheathing), a large temperature gradient across the assembly 
will be developed. The temperature of the components outward of the insulation (such as roof sheathing) 
would now follow, more or less, the outdoor temperature, meaning the temperature of the roof sheathing 
would be very cold in winter. In cold climates, the air inside the heated buildings has higher humidity ratio 
(kgwater/kgdry air) than the outside air during winter. As such, when the inside air reaches the components 
outboard of the insulation, which are at a much lower temperature than the dew point of the indoor air, 
condensation will occur. 


As such, when it comes to the interior insulated building envelope assemblies in cold climates, the below 
considerations need to be taken into account in order to minimize the risk of condensation: 


 Consideration 1: Install a material with sufficiently low vapour permeance, referred to as vapour 
retarder, on the high water vapour pressure side of the assembly (Hutcheon, 1995). In the context 
of the building physics, this generally translates to the room side of the thermal insulation.  
And, 


 Consideration 2: Materials located outboard of the thermal insulation to have sufficiently higher 
vapour permeance than the interior vapour retarder to avoid the condition of double vapour retarder 
in the assembly. The intent is to reduce the risk of moisture accumulation and to permit the escape 
of water vapour by diffusion (Hutcheon, 1995). In the case of having a relatively low permeance 
material outboard of the thermal insulation, the diffusion resistance of such material must be 
bypassed by incorporating air movement behind that material. And, 


 Consideration 3: Incorporate an air barrier in the assembly to minimize the exfiltration of the 
interior air towards the cold sections of the wall, where favourable conditions for condensation 
exists (Hutcheon, 1995). 


Now that we looked into condensation control measures in interior insulated assemblies, we will turn into 
exterior insulated assemblies (insulation located outboard of the sheathing), and will explore the risk of 
condensation in these assemblies. 


Unlike the interior insulated assembly where the sheathing temperature will follow that of the outdoor 
temperature, in an exterior insulated assembly the sheathing temperature follows the interior temperature, 
which is generally kept in the comfort range 18˚C or higher. This temperature is well above the dew point 
of the interior air. As such, the risk of condensation is eliminated (Hutcheon, 1995). With respect to 
Considerations 1-3 mentioned above, the implications of the condensation risk being eliminated are as 
follows: 
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 Consideration 1 (vapour retarder) is not a necessity.  


 Consideration 2 (high permeance materials outboard of insulation) must still be met by this 
assembly to avoid the risk double vapour retarder, moisture accumulation in the insulation and the 
consequent reduction in its thermal performance. 


 Consideration 3 (air barrier) would also not be applicable as far as the control of condensation is 
concerned. However, an air barrier would still be needed to minimize heat loss and gain, as well as 
to manage indoor air quality.  


Now that we have covered the condensation considerations for both interior and exterior insulated 
assemblies, we will now look into the unventilated roof assembly and see how it relates to the context 
above.  


The unventilated roof assembly is an interior insulated assembly, in which the insulation, in this case 
polyurethane foam, is located inboard of the roof sheathing and in direct contact with it. Its ability to address 
the three considerations listed above is explored below: 


In the closed cell foam assembly, Consideration 1 (vapour retarder on the room side of the insulation) is 
provided by the foam itself, as this foam provides sufficient resistance to outward vapour diffusion, 
specifically when it is applied at thicknesses required by the energy efficiency requirements of the BC 
Building Code 2012. In the open cell assembly, a vapour retarder paint, sprayed over the inside face of the 
insulation, is claimed to serve as the vapour retarder for the assembly, although actual field performance of 
that needs to be closely looked at and evaluated. More on that to follow in the “Practical Considerations” 
section of this paper.  


With regards to Consideration 3 (air barrier), both closed cell and open cell foam, when applied properly 
under proper surface condition and temperature, are expected to provide a high level of airtightness. 
Therefore, Consideration 3 is also addressed by these assemblies. That leaves us with Consideration 2.  


As discussed earlier, Consideration 2 calls for materials outboard of the thermal insulation to have 
sufficiently higher vapour permeance than the vapour retarder on the inside. In unventilated assemblies, the 
permeance of the roof waterproofing membrane is much lower than that of the closed cell foam and the 
vapour retarder paint. This is contrary to Consideration 2 and therefore poses the risk of moisture 
accumulation in the assembly due to outward vapour diffusion during cold seasons. When sustained for a 
period of time, this moisture accumulation can pose the risk of moisture-related damages (“WUFI help”, 
2017a). Now the question that may arise is, “if these assemblies are susceptible to the risk of moisture 
accumulation, then how come they are widely used?” In order to answer this question, it is important to see 
how the sun interacts with these roof assemblies.  


When sun hits the roof surface, it heats up the waterproofing membrane. Depending on the solar absorptivity 
of the membrane, its temperature can become much hotter than the outdoor air temperature (Stephenson, 
1963). Given that the insulation is directly in contact with the roof sheathing (no air space in between), this 
increase in temperature is transferred to the sheathing. The combination of high temperature of the 
sheathing, as well as the accumulated moisture within it (as a result of the outward vapour diffusion), results 
in a very high water vapour pressure. Depending on the amount of moisture in the sheathing, this sun-
induced water vapour pressure can be significantly higher than the vapour pressure inside the building. This 
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results in an inward water vapour flow (Baker et al. 1976), helping to dry the accumulated moisture towards 
the inside of the building. In other words, despite not meeting Consideration 2, unventilated roof/deck 
assemblies, can exhibit successful performance when sufficient sun drying potential is available.  


Now the questions that may come up are: 


 What degree of sun inward drying would be necessary to ensure satisfactory moisture performance? 


 How sensitive are these assemblies to insufficient sun drying potential? 


 


HYGROTHERMAL SIMULATIONS 


In order to answer the above questions, a series of hygrothermal simulations were performed on two 
unventilated flat deck assemblies, one with closed cell foam (Assembly A) and one with open cell foam 
with one perm vapour retarder paint applied over the foam (Assembly B). These assemblies represent the 
majority of the unventilated foam deck assemblies, designed and constructed in the Lower Mainland 
(Heidarali, 2017a). To get a sense of comparison, the above simulations were also performed on an exterior 
insulated deck assembly, in this case a conventional assembly (Assembly C). Sd1 =100 m (permeance of 2 
ng/pa.m2.s or 0.035 US perm) was assigned for the SBS modified bitumen self-adhered membrane over the 
plywood.  


The simulations were performed using WUFI Pro 6.1 one dimensional heat and moisture modelling 
software, using Vancouver weather data. The materials were selected from the WUFI database. The 
moisture performance of these assemblies was evaluated under changes in the solar absorption of the 
waterproofing membrane: Low solar absorption of 0.2 was selected to represent light coloured roofing 
membrane or to mimic conditions where exposure to sun is low. High solar absorption of 0.8 was selected 
to represent dark coloured roof membrane. 


The simulations were performed for four years under several variables including: 


 No rain leakage versus 0.1% of the rain as leakage on the entire plywood sheathing thickness. The 
figure of 0.1% of the rain corresponds to approximately 1.17 kg of water spread over 1 m² of the 
plywood over an entire year. To get a practical grasp on this amount of leakage, it could be 
compared to a small bottle of water. When leakage does occur, it would be expected to be more 
than this amount, especially in areas of high and prolonged rainfall as those in the Lower Mainland. 
However, given the uncertainties associated with leakage, it was decided to use this rather 
conservative value in order to provide an unbiased analysis and yet get a practical insight.  


 Exposure to humidity class 2 versus humidity class 4 under ISO 13788 standard. Humidity class 2 
corresponds to dwellings with normal occupancy and ventilation, whereas, humidity class 4 
corresponds to buildings with high interior humidity generation (ISO 13788, 2012).  


                                                      


 
1 Sd-value is referred to as vapor diffusion thickness and it is mainly used to characterise vapor retarders, vapor 
barriers, and surface coatings. Higher thickness translates to higher resistance to vapour diffusion (“WUFI help”, 
2017b) 
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 Change in the permeance of the waterproofing membrane. Sd = 100 m (permeance of 
approximately 2 ng/pa.m².s or 0.035 US perm) to represent a single layer of SBS-modified 
membrane versus Sd = 1500 m (permeance of 0.14 ng/pa.m².s or 0.002 US perm) to represent 
situations where several built-up layers of waterproofing membrane are in place (eg: re-roofing 
over existing roof waterproofing). 


The thickness of the insulation in the open cell and closed cell foam assemblies is shown in Figures 1 and 
2. The assemblies meet or exceed the thermal performance requirements under Zones 4, 5, and 6 of 2012 
British Columbia Building Code, which is 4.67 (m².K)/W or 26.51 (hr.ft².F)/Btu. These insulation 
thicknesses are generally found in the unventilated roof and deck assemblies in the Lower Mainland. When 
it comes to the exterior insulated conventional assembly, the insulation thickness is selected in such a way 
(taking into account the available insulation thickness in the market) so that the nominal thermal insulation 
would be close to nominal thermal performance in the other two assemblies (Figure 3).  


 
Figure 1: Assembly A 


 


 
Figure 2: Assembly B 
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Figure 3: Assembly C 


The analysis was performed using 48 simulations. In 24 simulations, no rain leakage was assumed in the 
assemblies, and then the performance of the assemblies was evaluated based on the change in the solar 
absorption of the waterproofing membrane, change in the vapour pressure difference across the assembly, 
and change in the permeance of the waterproofing membrane. Similar analysis was performed for the 
remaining 24 simulations, but this time a rain leakage of 0.1% was introduced across the whole plywood 
sheathing thickness. Figure 4 shows the results of the analysis of the plywood moisture content for all three 
assemblies without rain leakage, subject to interior humidity class 2 and with a lower diffusion resistance 
of the waterproofing membrane (Sd = 100m). By comparison, Figure 5 shows the results of the analysis of 
the plywood moisture content for all three assemblies with 0.1% rain leakage, but keeping the other criteria 
the same as Figure 4. These two figures were included in this paper as they demonstrate the behavioural 
trends of the assemblies under the most moderate conditions. All remaining figures showed the same trends 
but with more exacerbated effects as will be explained in the summary of findings below (Heidarali, 2017b). 
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Figure 4: Plywood moisture content, no rain leakage 


 
Figure 5: Plywood moisture content, 0.1% rain leak 
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Summary of findings Figure 5: Plywood moisture content, 0.1% rain leak for no rain leakage: 


 When the solar absorption of the waterproofing is low (a = 0.2), there is an upward trend in the 
moisture content of the plywood sheathing in both open cell and closed cell assemblies in all 
scenarios. This was the case irrespective of the change in the vapour pressure difference (humidity 
class 2 vs 4), and irrespective of the diffusion resistance of the waterproofing membrane (Sd=100 
vs Sd=1500). The upward trend in plywood moisture content is much higher when assemblies are 
subject to humidity class 4. This is expected since this humidity level translates to higher vapour 
pressure difference, leading to higher outward vapour diffusion. 


 When the solar absorption of the waterproofing membrane is high (a = 0.8), the moisture content 
of the plywood sheathing in the closed cell assembly follows a downward trend. This was the case 
irrespective of the vapour pressure difference (humidity class 2 vs 4), and irrespective of the 
diffusion resistance of the waterproofing membrane (Sd=100 vs Sd=1500). 


 One notable observation is the difference between the wetting and drying periods in the 
unventilated versus conventional assemblies. When the plywood in unventilated assemblies (open 
and closed cell) experiences the highest moisture gain towards the end of winter, the same plywood 
in the conventional assembly is experiencing drying and lowest moisture content during that period. 
This effect is more pronounced under humidity class 2 (normal humidity level) as can be seen in 
Figure 4. This is an interesting finding and has useful implications. The reason behind this opposing 
behaviour has to do with the location of the insulation. During cold seasons, the plywood 
temperature in unventilated assemblies will be very similar to cold outdoor air, and its 
corresponding high relative humidity, translating to high equilibrium moisture content in the 
plywood. On the other hand, plywood in the conventional assembly in winter, is exposed to warm 
indoor air and its corresponding low relative humidity, translating to lower equilibrium moisture 
content during winter. 


Summary of findings for 0.1% rain leakage: 


 Irrespective of low or high solar absorption of the roof membrane, there is an upward trend in the 
moisture content of the plywood in the closed cell assemblies. This was the case irrespective of the 
vapour pressure difference (humidity class 2 vs 4), and irrespective of the diffusion resistance of 
the waterproofing membrane (Sd=100 vs Sd=1500). A similar upward trend is also present in the 
open cell assemblies when the solar absorption of the waterproofing membrane is low, again 
irrespective of the vapour pressure difference (humidity class 2 vs 4), and irrespective of the 
diffusion resistance of the waterproofing membrane (Sd=100 vs Sd=1500). The upward trend in 
plywood moisture content is much higher when assemblies are subject to humidity class 4. This is 
expected since this humidity level translates to higher vapour pressure difference, leading to higher 
outward vapour diffusion. 


 Even when the solar absorption of the waterproofing membrane is high (a = 0.8), the moisture 
content of the plywood in the closed cell assembly follows an upward trend. 
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Summary of findings shared between no rain leakage and 0.1% rain leakage: 


 When the solar absorption of the waterproofing membrane is low (a = 0.2), the plywood moisture 
content ends up being higher in the open cell foam assembly compared to the closed cell foam 
assembly irrespective of the change in the vapour pressure difference (humidity class 2 vs 4), and 
irrespective of the diffusion resistance of the waterproofing membrane (Sd=100 vs Sd=1500). One 
might have expected the opposite result given that the inward diffusion drying through the open 
cell foam and its one perm vapour retarder paint is higher than the closed cell foam. This is true; 
however, the caveat here is that when the solar absorption is low, the inward drying would also be 
reduced. As such, the inward diffusion drying would not be sufficient to overcome the higher rate 
of outward vapour diffusion in the open-cell assembly, resulting in accumulation of moisture in the 
plywood sheathing. 


 Increasing the diffusion resistance of the waterproofing membrane from Sd = 100 m to Sd = 1500 
m does not have a noticeable impact on the overall results in both the closed cell and open cell 
assemblies. This is because the permeance of the waterproofing membrane at Sd = 100 m, is already 
significantly lower than the interior vapour retarder in both assemblies, to a point that the majority 
of the vapour pressure drop occurs across the waterproofing membrane and not the interior vapour 
retarder. As such, further increasing the diffusion resistance of the waterproofing membrane is not 
going to have a noticeable impact on the distribution of the vapour pressure across the assembly.  


 The plywood moisture content stays at a very low level in all the evaluated scenarios in the exterior 
insulated conventional assembly. The change in the solar absorption of the waterproofing 
membrane does not have a noticeable impact on the moisture content of the plywood. This is 
expected since the presence of the insulation outboard of the plywood sheathing reduces the rate of 
inward heat flow induced by the sun. The change from humidity class 2 to humidity class 4 only 
resulted in a small increase in the moisture content of the plywood. This is logical as the plywood 
is maintained at a warm temperature throughout the year. 


It should be noted that the above Figures and discussions did not include the results of the plywood moisture 
content in the open cell foam assembly under high solar absorption. The reason for this is explained below:  


One of the key criteria for checking the validity and reliability of the simulation in the WUFI software is to 
compare the change in the “total water content” (referred to as Balance 1) of the assembly, with the sum of 
the “surface flows” across the component surfaces (referred to as Balance 2). These two figures should be 
the same and if not, their difference must be “small enough” when compared to the total water gained or 
lost from the system, or when compared with the total water content of the assembly (Bludau, 2017). 
Determining “small enough” requires judgment and testing. 


When high solar absorption rate (a = 0.8) was used for the waterproofing membrane in the open cell foam 
assembly with a one perm vapour retarder paint, the moisture content of the plywood sheathing showed 
downward trend when exposed to humidity level 2 under no rain leakage, upward trend when exposed to 
humidity 4 under no rain leakage, and upward trend when exposed to 0.1 % rain leakage for both humidity 
levels 2 and 4.  When reviewing the water content balances to verify the validity of these results, a large 
difference between Balances 1 and 2 was noted. This was not the case when a low solar absorption rate was 
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selected for this assembly, nor was this the case for any other simulations under this study.  


To troubleshoot this matter, a wide range of numerical adjustments and improvements were incorporated 
such as very fine grids, adaptive time step control, as well as incorporating the extended numerical settings 
such as symmetric diffusive part, pivoting in matrix solver, and rational interpolation in sorption isotherm. 
None of these measures managed to address this issue. After ensuring that the discrepancies did not have 
anything to do with the settings of the simulations, the author examined the physics surrounding the open-
cell assembly when exposed to very high moisture and temperature gain and proposed the following 
hypothesis: 


One perm vapour retarder paint has much higher permeance than that of the waterproofing membrane. This 
causes a large transfer of vapour from the inside towards the plywood during cold seasons, thus, posing 
significant increase in the moisture content of the plywood. When the solar absorption of the waterproofing 
membrane is high, the temperature of the plywood increases significantly higher than the ambient air 
temperature under sunny periods. The combination of high moisture in the plywood, and high temperature, 
produces a large inward vapour drive. Such inward vapour drive may sometimes be too demanding to be 
handled numerically, leading to either discrepancies in the water balances or high numbers of convergence 
errors.  


To test the above hypothesis, an alternative simulation was performed, in which the one perm vapour 
retarder paint was replaced with a smart vapour retarder membrane, installed inboard of the deck joists. 
Smart vapour retarder’s permeance changes in relation to the Relative Humidity (RH) it is exposed to: 
When exposed to low level of RH, the permeance of the material reduces, offering relatively high resistance 
to vapour flow. On the other hand, when exposed to higher levels of RH, the permeance of the material 
increases. Compared to one perm paint, this will result in reduction of outward vapour diffusion during 
winter while maximizing the inward vapour diffusion during summer. For these reasons, a smart vapour 
retarder membrane was selected to see if this change would address the water balance issues. It did. After 
incorporating this change, the water Balances 1 and 2 became equal, confirming the validity of the proposed 
hypothesis.  


The author consulted with the software developers on these findings. The author was advised that these 
findings have led to important clues with regards to the performance of high porosity materials, when 
subject to a large amount of water vapour in their pores, and when subject to large changes in temperature. 
To that note, this matter is currently being investigated and tested by the software developers.  


For the above reasons, the author decided not to include the plywood moisture content results for the open 
cell foam assembly under the condition of high solar absorption since the results were not reliable. 
Nonetheless, the recommendations set forward in this paper remain the same as they cover best and worst 
case scenarios for these assemblies. 


PRACTICAL CONSIDERATIONS 


The previous section provided an analysis on the hygrothermal performance of the unventilated deck 
assemblies under various environmental and assembly conditions. By choosing conditions that cover both 
ends of the spectrum, the study managed to provide a well-rounded picture that can give practical insight 
as to how assemblies may perform under many different conditions. This section is going to look into the 
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practical implications of the findings of the previous section, as well as issues such as the microclimate of 
the building, identification of future leaks, access to utilities, and vapour retarder spray paint. 


1. Microclimate of the Building and its Relation to Sun Inward Drying 


The above analysis demonstrated the sensitivity of the open cell and closed cell foam assemblies to the 
adequate level of sun drying potential. It can be concluded that the satisfactory performance of these 
assemblies relies strongly on the adequate exposure to the sun, as well as having a roof finishing with high 
solar absorption. Failing to have either of these, would pose the risk of moisture accumulation even under 
normal indoor environmental condition, compromising the long-term performance of the assembly. The 
moisture accumulation would be exacerbated in the presence of rain leakage, or other sources of incidental 
moisture.  


The practical consideration of such finding is important when it comes to the microclimate of each building. 
Among the two components of solar radiation (direct and diffuse), the direct solar radiation is the most 
useful when it comes to inward drying potential. Surrounding trees, overhangs, projections, shading 
elements, neighboring buildings, etc., can reduce the exposure to the “direct” component of the solar 
radiation, and as such, the inward drying potential (Photo 1). Depending on the site condition, such 
reduction can be to a point that it negatively impacts the successful moisture performance of these 
assemblies. Decks under protection, in particular, such as those shown in Photos 2 and 3 demand the most 
attention.  


In addition to the microclimate of the site, roof/deck finishing and colour can also impact the inward drying 
potential. For example, light colour roofing membrane, or in general high solar reflective roofing materials, 
reduce the inward drying, and pose the risk of moisture accumulation in the deck sheathing in both open 
and closed foam assemblies. 


 
Photo 1: Shade provided by surrounding trees, neighbouring building along the back, and overhangs 
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Photo 2: Unventilated deck under protection (outside view) 


 
Photo 3: Unventilated deck under protection (inside view) 


2. Identification of Future Leaks 


Ease of identification of future leakage (rain, plumbing, etc.) is another practical consideration that needs 
to be taken into account. As the simulations showed, even when the inward solar drying is maximized, there 
is a risk associated with trapping the rain or other leaks inside these assemblies, which over time, can 
contribute to the wood decay of the roof structural components (sheathing and joists), without being evident 
on the interior. This is an important consideration for builders and their liabilities, as delay in identification 
of leaks and their causes can result in costly repair. 


3. Access to HVAC Ducts, Pipes, and Electrical Wiring 


When it comes to the design of building envelope assemblies, the primary focus, as far as the building 
science community is concerned, has been on the required environmental control layers such as air barrier, 
vapour retarder, rain penetration control, and thermal insulation. However, this is only part of the equation. 
Another important consideration that needs to be taken into account is related to future access to plumbing 
pipes, wiring, and HVAC ducts that are housed within these assemblies. 


When it comes to sustainable and durable building envelope design, considerations must be in place to 
allow for easy access to the HVAC ducts, wiring, and plumbing pipes whether it is related to future repairs, 
maintenance, alteration, etc. Those that have seen foam used in deck and flat roof assemblies, must have 
seen the end results after the foam application: the majority of the HVAC pipes, wiring and plumbing pipes 
get encapsulated in the foam (Photos 4 and 5). The solution of moving these elements to the lower section 
of the deck joist to avoid encapsulation in the foam is not practical from the structural standpoint in many 
cases. 


Now, imagine one would need to get access to the plumbing pipes to address a shower leak. Locating the 
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pipes would be a tedious task and almost impossible without disturbing and removing a good portion of the 
foam. And, when it comes to removing the foam, this is a demanding task as per the experience of the 
author: In the case of closed cell foam, one would likely end up using a jack hammer to remove the foam. 
During this process, damage to adjacent wires and equipment in most cases is inevitable. Removal of the 
open cell foam would be easier, but still requires a significant amount of work and effort. And that would 
not be the end of the challenges. Once the repair is done, the insulation needs to be reinstalled. In the case 
of fibrous batt insulation, this is a rather straight forward process. However, when it comes to the foam, the 
installation demands special applicator, foam truck, sealing off the area completely to avoid the toxic gases 
spread inside the occupied building, and providing ventilation to remove the gases. The practical aspect of 
the latter during occupancy is questionable.   


 
Photo 4: Duct prior to foam application 


 
Photo 5: Duct covered by foam 


4. Vapour Retarder Spray Paint 


In the Lower Mainland, unventilated assemblies that incorporate low density open cell polyurethane foam 
generally incorporate a vapour retarder paint (typically one perm or less), applied over the inside face of 
the foam to serve as a vapour retarder. Those who may have witnessed the site application of this paint, 
including the author, may have developed questions as to the reliability and feasibility of this practice. A 
coloured foam does not necessarily mean that the effective vapour retarder is in place. Verification of the 
paint thickness on an uneven surface and its uniformity is practically challenging. In addition, the method 
of application plays a significant role in the end results: When applied in too many layers, it can negatively 
impact the inward drying potential. When too little of it is applied (as caused by spraying from the distance 
shown in Photos 6 and 7), it will not provide sufficient resistance to outward control. In other words, the 
actual field performance of this approach is subject to many uncertainties.  


Some proponents of this approach are of the opinion that even if the vapour retarder paint is not perfect, it 
is not going to necessarily harm the system performance given that the air leakage (as the primary 
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mechanism of vapour transfer) is successfully managed by the foam. It is acknowledged that vapour 
diffusion has a very negligible role in water vapour transport compared to the air leakage. However, this 
holds true in assemblies where the materials outboard of the thermal insulation have a higher vapour 
permeance than the interior vapour retarder (Consideration 2 stated at the beginning of this paper). In 
situations where the permeance of materials outboard of the insulation is very low and much lower than the 
interior vapour retarder (such as waterproofing membrane), the role of the vapour diffusion becomes more 
pronounced as was demonstrated by the hygrothermal simulations. Failure to have an effective vapour 
retarder on the inside in these situations, can result in the risk of moisture accumulation in the sheathing, 
especially where adequate exposure to sun is not available. As seen in the simulations, under limited 
exposure to sun-induced inward drying potential, the unventilated assembly using open cell foam and one 
perm vapour retarder paint, exhibited the highest moisture accumulation in the sheathing among all the 
assemblies. 


 
Photo 6: Application of vapour retarder paint over open cell 
foam 


 
Photo 7: Application of vapour retarder pain over open cell 
foam 


RECOMMENDATIONS 


At the beginning of this paper, a background on the unventilated roof and deck assemblies using 
polyurethane foam insulation was provided. This was followed by the basic building science principles and 
considerations pertaining to condensation control in roofs in cold climates. Evaluation of the unventilated 
roof/deck foam assemblies was then undertaken with respect to these principles, followed by detailed 
hygrothermal analysis of these assemblies. This led to a discussion on the limitations of these assemblies 
and practical considerations that need to be taken into account in the design and construction of these 
assemblies.  


This section of the paper is going to provide solutions and practical recommendations with respect to the 
design and construction of the sloped roof incorporating spray foam, as well as offer alternative solutions 
for the flat roof/deck assemblies.  
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Recommendations for Sloped Roof 


The overall moisture performance of the unventilated sloped roof assembly using polyurethane foam can 
be improved by incorporating a drained air space between the sheathing and the roof waterproofing 
membrane. The drained air space can be achieved by installing a permeable roof membrane over the roof 
sheathing, followed by installation of strapping over it (Photos 8 and 9). In the case of asphalt shingles or 
any other finishing -that requires solid surfaces, an additional layer of sheathing and underlayment needs 
to be installed over the strapping. For solid roof finishes such as metal roof, the additional sheathing and 
roof underlayment would not be necessary as the metal panel can be fastened through the strapping.  


It must be noted that the proposed cavity is not there for ventilation purposes although it can be designed 
to serve that purpose. The main intent of this air space is to provide a drainage path for incidental rain that 
bypasses the roof waterproofing system. The air space also bypasses the diffusion resistance of the 
components outboard of the insulation, making the assembly aligned with Consideration 2 covered earlier 
in the paper. By incorporating this strategy, the assembly will no longer be dependent on the availability of 
sufficient inward solar drying to function satisfactorily. In addition, it provides redundancy in the system 
in dealing with incidental rain. 


 
Photo 8: Strapping over roof felt 


 
Photo 9: Strapping along the edge of the roof 


When it comes to sloped roofs, two general configurations are available; attic and cathedral. In the sloped 
roof with an attic, there is plenty of room to install the HVAC ducts, plumbing pipes, and wiring inside the 
attic. As such, these will not be encapsulated inside the foam. In the case of cathedral roof however, the 
situation is different as the available space is determined by the roof joist depth. Running the HVAC ducts 
and plumbing pipes along the lower section of the joists in many cases is not practical due to the structural 
constraints (holes through the web of the joist need to be located as close as possible in the middle height 
of the joist). Therefore, to avoid being encapsulated inside the foam, the joists can be strapped down by 
installing 2” x 4” or 2” x 6” below the joists, resulting in a service cavity. This service cavity will provide 
sufficient room for the installation of ducts, pipes and wires below the foam. This strategy will provide easy 
access to these elements should a need to get to them be necessary. With the exception of pipes and ducts 
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that need to go up through the roof (leave a sleeve in place before hand), all the ducting, piping and wiring 
should then be installed after the foam is in place. 


Some sloped roofs are designed with a very low slope. In fact, slopes as low as 2½” to 12” is commonly 


seen these days in the contemporary roof designs of wood framed residential buildings in the Lower 
Mainland. When it comes to these types of roofs, it would be prudent to consider the option of exterior 
insulation, instead of unventilated foam assembly or, any other interior insulated assemblies given the 
numerous benefits that they offer. Unlike steep roofs where the installation of the exterior insulation can be 
challenging for workers, low slope roofs provide much easier access. Photos 10 through 12 show an 
example of low slope roofs in a recently built custom house in West Vancouver. Exterior insulated 
conventional assembly was selected for these roofs. 


2. Recommendations for Flat Roof and Deck 


Incorporating a drained air space between the sheathing and the roof waterproofing membrane (similar to 
what was explained earlier), in theory, can also help improve the overall moisture performance of the 


 


Photo 10:  House with 2½” to 12” sloped roof 


  
Photo 11: Installation of 2 layers of 2 ½” 
polyisocyanurate insulation over the sloped roof Photo 12: Installation of the SBS base sheet over the sloped roof 
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unventilated flat roof/deck assemblies. However, based on the author’s experience and experiments, such 
practice comes with practical challenges in flat roof/deck applications. Some examples include sloping the 
air space, incorporation of drains in the air space to collect the incidental water, sourcing permeable 
underlayment that functions adequately in flat roof applications, and proper sealing of the strap 
penetrations. These are just some of the considerations that need to be allowed for, all of which pose 
constructability challenges, require substantial coordination, and are very costly solutions.  


When it comes to flat roofs and decks, the option of exterior insulation seems to be the most logical and 
optimum approach. Not only does it come with several benefits from the thermal, moisture performance, 
and durability stand point, but also based on the author’s experience, its cost can be very competitive with 
the unventilated spray foam assembly. This option would also allow for easy future access to the ducts, 
pipes, and electrical wiring inside the joist space. And last and somewhat foremost from the builder’s stand 
point, all the building envelope control layers (air barrier, vapour retarder, insulation and rain penetration 
control) will be installed by one crew, the roofer. As such, in the case of a failure in the future, there would 
be one single point of responsibility.  


There seems to be a hesitation to use the exterior insulation system in the deck assemblies (especially in 
single family projects), which stems from a misconception that “there is just not enough room to incorporate 
insulation outboard of the deck sheathing unless the deck ceiling is dropped”. This misconception has led 
many builders to believe that the unventilated option would be the only available option for decks. The 
experience of the author has proved otherwise as described below.  


Exterior insulation can successfully be implemented above the deck without the need to drop the ceiling, 
and yet still maintain sufficient clearance between the top of the deck and under the door.  All it takes to 
make this happen is to have a meeting with the structural engineer, the architect and the builder at the 
beginning of the project to work out the details and coordinate this matter from the structural stand point. 
As an example, reducing the joist height to 2” x 8”, combined with adding an additional one or two 2” x 6” 
plate under the door, can easily provide room for the installation of 5” to 6” of rigid insulation, while also 
leaving 2” to 3” of clearance at the bottom of the door. This solution is implemented in the two recently 
completed projects in West Vancouver as shown in the below Photos 13 through 16. 


 
Photo 13: Smaller deck joists to accommodate exterior insulation 


 
Photo 14: Smaller deck joists allowed for sufficient 
room to install exterior insulation over deck 
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Photo 15: Two layers of 2 ½” insulation polyisocyanurate on top of 
the deck 


 
Photo 16: Clearance between door and top of deck 
after installation of exterior insulation 


Based on the experience of the author, some proponents of the unventilated roof assembly criticize the 
conventional assembly due to the insulation being sandwiched between two impermeable membranes, and 
the risk of rain leakage becoming trapped between the two membranes. As such, they are of the opinion 
that this roof option does not necessarily offer advantage over the unventilated foam assembly. It is 
acknowledged that the conventional deck assembly does not meet Consideration 2 stated earlier in the 
paper. It is also acknowledged that the risk of rain leakage becoming trapped between the membranes, and 
the consequent reduction of the insulation thermal performance is a concern. This, in fact, was one of the 
main reasons that led to the introduction of the inverted assembly. That said, despite this shortcoming, there 
are a wide range of advantages offered by this exterior insulated assembly that make it far superior to any 
interior insulated assembly including the unventilated assembly. These include resistant from the risk of 
condensation, ease of visual review of the wet sheathing from the inside and its ability to dry inward, 
reduced disruption to the interior of the building and occupants in the case of future leak repair, ease of 
future access to utilities inside the roof joists, and addressing the thermal bridging of the roof joists. 


3. General Recommendations 


 For unventilated assemblies using open cell foam, it would be prudent to incorporate a smart vapour 
retarder membrane in lieu of the vapour retarder paint. Given that the waterproofing membrane 
outboard of the foam has a very low permeance, incorporating a smart vapour retarder membrane 
would help address the shortcoming of the vapour retarder paint. The smart vapour retarder 
membrane not only provides sufficient reduction of the outward diffusion wetting during winter, it 
also maximizes the inward diffusion drying during summer. This membrane needs to be installed 
inward of the roof joists, and should be detailed as an air barrier (sealed at joints and penetrations). 
Failing to do so will result in the interior air bypassing this membrane via convection and coming 
in contact with the open cell foam, thus reducing the effectiveness of the smart vapour retarder 
membrane. 


 When it comes to open cell or closed cell polyurethane foam, specific attention must be given to 
the mixing of the foam, surface condition and temperature, method of application, and ventilation 
during application. As such, it is critical to ensure that the foam application is conducted by 
approved and licensed applicators. Prior to the foam application, all the surfaces must be checked 
to ensure they are not wet or damp. The foam should only be applied when the rain penetration 
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control is completely in place at the field of the roof/deck assemblies, as well as at the transitions 
with adjacent assemblies. 


CONCLUSION 


To perform satisfactorily, the unventilated wood-framed roof/deck assemblies have a strong reliance on the 
inward drying induced by the sun. In addition, these assemblies can be sensitive to rain leakage or other 
incidental moisture, even when the exposure to sun is maximized. In this context, these assemblies 
somewhat rely on “perfection” to perform as intended, a condition that cannot always be relied upon.   


When it comes to design and construction of these assemblies, a holistic approach needs to be implemented. 
In terms of moisture and thermal management, such a holistic approach should incorporate provisions that 
would make these assemblies tolerable to lack of ideal exposure to sun, and more forgiving to deficiencies 
in building envelope control layers and/or incidental leakage. This is especially important in the Lower 
Mainland of BC where prolonged periods of sustained rain and cloudy conditions are prevalent. 


In addition, such a holistic approach should take into consideration factors beyond just moisture and thermal 
management. Ease of accessibility to HVAC ducts, plumbing pipes and wiring; ease of identification of 
future leaks and the associated repair; actual field performance of coatings applied to the foam; and long 
term durability are some of the key considerations that demand specific attention as far as sustainable roof 
design is concerned. 


Based on the experience of the author in visiting numerous construction projects, the above holistic 
approach, in most cases, is not currently implemented in the design and construction of the unventilated 
roof/deck assemblies in the wood-framed construction of the Lower Mainland of British Columbia, in 
particular the single-family house sector. The unventilated roof/deck assemblies are currently seen and 
regarded as “a standard assembly”, and “a solution for every application”. The microclimate of buildings 
and its impact on the sun exposure does not seem to be given the required attention when it comes to the 
selection of these assemblies. Continuing on this path can open the door to unnecessary surprises down the 
road. 


This paper discussed the practical challenges associated with the unventilated roof and deck assemblies 
using polyurethane open and closed cell foam, and it presented practical recommendations for addressing 
those challenges. These recommendations intend to improve the overall performance of these assemblies 
with the intent to improve long term performance, and reduce the risk of unnecessary surprises and costly 
repairs in the future.  


When it comes to unventilated roof assemblies, the perspective of “a standard assembly and solution for all 
applications” needs to be replaced with a perspective that regards these assemblies as “a potential solution 
for certain applications”. In other words, these assemblies need to be checked on a case by case basis. The 
role of engineers involved in these assemblies should be expanded beyond just simply inspecting the foam 
application and its thickness, to encompass all the considerations described in the holistic approach above.  
Builders and end-users must be provided with unbiased information pertaining to all aspects of these 
assemblies, including those covered in this paper, to help them make informed decisions. 
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USING OPTIMISATION 
SOFTWARE IN SUPPORT OF 


BUILDING CODE DEVELOPMENT







BC Step Code







Home buyersHome builders


• What will it cost
to own?


• What will 
it cost to build?


Purpose:
Use energy and cost optimization to explore three primary 
questions about high performance housing


Legislators


• What can reasonably 
be achieved?







There are many ways
to improve energy performance.


Which ones are most cost effective?







Component Options # of choices


Walls R16, R18, R22, R24, R30, R40 6 


Windows 3 double, 4 triple (U-1.8 to U-0.8) 7


Foundation walls R11.3, R17, R20, R25 4


Under-slab ins. R0, R11, R15, R20 4


Exposed floors R26.5, R29, R35, R40 4


Attic R40, R50, R60, R70, R80, R100 6


Air sealing target 3.5 ACH, 2.5 ACH, 1.5 ACH, 1.0 ACH, 0.6 ACH 5


DHW heating Electric & gas tank, 2 x tankless, heat pump 5


Space heating 92% & 95% AFUE, combo, CCASHP 4


Drain water HR None, 30%, 42%, 55% 4


HRV None, 60%, 70%, 75% & 84% SRE 5


PV None, 5 kWp, 8 kWp, 10 kWp 4


Total number of possibilities 129,024,000


.. and consider options together and the number of 


possible pathways grows exponentially







part 9 archetypes considered
• Laneway house (750 ft2, 2 storeys, on slab on grade)
• Small single family (1,100 ft2, single storey on heated crawlspace)
• Medium single family (2,550 ft2, 2 storey with basement)
• Medium single family with complicated shape  
• Large single family (5,500 ft2, 2 storey with basement)
• Quadplex (5,526 ft2, 1,382 ft2/unit, 3 storey over underground parkade) 
• 6-plex (same building as quadplex with 921 ft2/unit)
• 6-unit row house (10,300 ft2, 1,720 ft2/unit, 3 storey over underground 


parkade) 
• 11-unit row house (same building as 6-unit row with 936 ft2/unit)
• 10 unit MURB (17,800 ft2, 1,780 ft2/unit, 3 storey over underground 


parkade) 
• 20 unit MURB (same as 10 unit MURB with 890 ft2/unit)







Climate Zones


• Vancouver – 2,817 HDD


• Summerland – 3,350 HDD – HOT2000


• Cranbrook – 4,478 HDD


• Fort St John – 5,745 HDD


• Fort Nelson – 6,723 HDD


• Uranium City, SK (Zone 8) – 7,500 HDD – HOT2000







• From my Ph.D. 
thesis


– Had used genetic 
algorithms for 
optimization


– Similar for any 
type of 
optimization 
algorithm


Optimization Tool Process







Fort Nelson 11 Unit Row House







MEUI Impacted by Archetype
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Mechanical Energy Use Intensity (MEUI) for Medium Single 
Family House


MEUI Vancouver MEUI Summerland MEUI Cranbrook


MEUI Fort St John MEUI Fort Nelson MEUI Zone 8


• Step 2 CZ 4: 60


CZ 5: 90


CZ 6-8: 100


• Step 3 CZ 4: 45


CZ 5: 75


CZ 6-8: 85


• Step 4 CZ 4: 35


CZ 5: 45


CZ 6-8: 55


• Step 5: 25 kWh/m2
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Thermal Energy Demand Intensity (TEDI) for Medium Single 
Family House 


TEDI Vancouver TEDI Summerland TEDI Cranbrook


TEDI Fort St John TEDI Fort Nelson TEDI Zone 8


• Step 2 CZ 4: 45


CZ 5: 60


CZ 6-8: 70


• Step 3 CZ 4: 40


CZ 5: 50


CZ 6-8: 60


• Step 4 CZ 4: 25


CZ 5: 40


CZ 6-8: 50


• Step 5: 15 kWh/m2
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Peak Thermal Load for Medium Single Family House


PTL Vancouver PTL Summerland PTL Cranbrook


PTL Fort St John PTL Fort Nelson PTL Zone 8


• Step 2 CZ 4: 35


CZ 5: 55


CZ 6-8: 55


• Step 3 CZ 4: 30


CZ 5: 45


CZ 6-8: 50


• Step 4 CZ 4: 25


CZ 5: 40


CZ 6-8: 45


• Step 5: 10 W/m2







Limitations of the Study


Limited to the archetypes studied


– Differences between 2-storey + basement to single storey


Limited to the upgrades considered 


Only ~0.008% of combinations evaluated 


Limited to orientation considered  (East & North)







Visualization of Large Data Set


• Optimization creates a large data set


• A lot of analysis can be derived from the data 


• Different visualization techniques can be 
implemented to better draw out trends


• Machine learning could be applied to dataset to 
create other predictive tools 







Visualization used in LEEP Using Tableau







Colouring Different ECMs







Building Pathfinder


www.buildingpathfinder.com/launch/







• Results of the overall Metrics Research study are posted at: 
www2.gov.bc.ca/gov/content/industry/construction-industry/building-
codes-standards/energy-efficiency/energy-step-code/resources


More Information



https://www2.gov.bc.ca/gov/content/industry/construction-industry/building-codes-standards/energy-efficiency/energy-step-code/resources





• Questions: rcharron@nyit.edu


Thank You



mailto:rcharron@nyit.edu
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USING OPTIMISATION SOFTWARE IN SUPPORT OF                          
BUILDING CODE DEVELOPMENT 


Remi Charron, NYIT-Vancouver 


 


 


EXTENDED ABSTRACT 


The BC government has introduced a Step Code that will help the BC Building Code (BCBC) transition 
from current energy requirements to near net-zero energy requirements by 2032.  The idea is to show a 
clear path to all stakeholders as to how the BCBC will transition in the next 15 years.  The Step Code will 
also provide municipalities with a mechanism to require or incent energy requirements that are more 
stringent than the current BCBC.  An extensive modelling exercise was carried out to analyze the design 
and cost implications of achieving the various steps outlined in the Step Code (Integral Group, et al., 2017). 


Given the quantity of possible energy conservation measures (ECMs) and combinations thereof, as well as 
the significant number of climate zones in BC, the use of an optimization software tool to analyze the 
impacts of the Step Code was determined to be important.  At the same time, using HOT2000 and the 
EnerGuide Rating System (ERS) as part of the analysis was also deemed important as this is the energy 
modelling tool that will predominantly be used in the energy modelling to verify compliance with the energy 
Step Code.  The Housing Technology Assessment Platform (HTAP), developed by Natural Resources 
Canada (NRCan) in 2010, is a tool that does optimization using HOT2000 as the energy modelling tool, 
meeting both requirements.  


HTAP has been used internally at NRCan to support a number of initiatives.  Its results have been presented 
to a number of builders across the country as part of the Local Energy Efficiency Partnerships (LEEP) 
workshops.  Having developed a similar optimization tool for his doctoral thesis (Charron, 2007), NRCan 
approached a consultant, Remi Charron, to utilize HTAP to support the Step Code metrics research project.  


The advantage of using HTAP instead of HOT2000 as a standalone tool is that it adds the capability to 
utilize: 


 Batch processing and optimization capabilities that automate the task of evaluating different 
combinations of ECMs, housing archetypes and locations; and  


 High performance computing resources that shorten the time required to evaluate hundreds-of-
thousands of different home designs. 


HTAP automates configuring, dispatching, and collecting the results from HOT2000 energy simulation 
runs using an objective function that factors in capital and operating costs. Based on the value of the 
objective function for a set of ECMs evaluated, HTAP automatically selects more design variants with the 
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aim to improve the objective function. HTAP can optimize for a range of criteria, including upgrade costs, 
utility bills, energy use, and home ownership affordability. Traditionally done manually by energy advisors, 
this HTAP process greatly increased the variety of Step Code-related design options that could be explored. 


MODELLING DETAILS 


Six different house archetypes were evaluated in HTAP: 


 10-unit low-rise multi-unit residential building (MURB), 165 m2/unit, (1,780ft2/unit), 3 storey over 
underground parkade 


 6-unit row house, 159 m2/unit, (1,720ft2/unit), 3 storey over underground parkade 


 Quadplex, 128 m2/unit, (1,382ft2/unit), 3 storey over underground parkade 


 Large house, 511 m2 (5,500 ft2), 2 storey with basement 


 Medium house, 237 m2 (2,550 ft2), 2 storey with basement 


 Small house, 102 m2 (1,100 ft2), single storey on heated crawlspace 


Each archetype was modelled in 6 different climate zones : 


 Climate Zone 4: Vancouver – 2,825 HDD 


 Climate Zone 5: Summerland – 3,350 HDD 


 Climate Zone 6: Cranbrook – 4,400 HDD 


 Climate Zone 7a: Fort St John – 5,750 HDD 


 Climate Zone 7b: Fort Nelson – 6,710 HDD 


 Climate Zone 8: Uranium City, SK – 7,500 HDD 


Note that Uranium City in Saskatchewan was selected to represent climate zone 8 as there were no 
representative British Columbia locations within the HOT2000 climate database.   


Table 1 shows which ECMs were evaluated for the different archetypes and climates. 
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Table 1: Energy Conservation Measures Evaluated in HTAP for Step Code Metrics Study 


 


For each archetype and climate, HTAP evaluated between 10,000 and 20,000 individual combinations of 
ECMs in HOT2000.  In order to expedite the process, cloud computing through Amazon Web Service was 
used. 


RESULTS  


Representative results of data obtained from the HTAP analysis for the medium house are presented in the 
Figures, with Figure 1 showing Peak Thermal Load (PTL), Figure 2 showing the Thermal Energy Demand 
Intensity (TEDI), and Figure 3 showing the Mechanical Energy Use Intensity (MEUI).  
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Figure 1: HTAP results for the medium house showing peak thermal loads of the thousands of ECM combinations modelled  


 
Figure 2: HTAP results for the medium house showing the thermal energy design intensity (TEDI) of the thousands of ECM 
combinations modelled  
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Figure 3: HTAP results for the medium house showing mechanical energy use intensity (MEUI) of the thousands of ECM 
combinations modelled  


Unlike the other steps, Step 5 of the Step Code has the same targets irrespective of climate: MEUI 
25 kWh/m2, and either TEDI of 15 kWh/m2 or PTL of 10 W/m2. As can be seen in the figures, there is a 
significant difference between where the performance metrics trend towards as energy efficiency is 
increased depending on the climate.  With the ECMs considered in this study, Step 5 was not obtained in 
the coldest three climate zones for the medium house as shown in the Figures.  More analysis is required to 
determine if and how Step 5 could be adjusted to account for climate.  


On the other end of the spectrum, the research showed that meeting the requirements of the lower steps 
involves only modest construction premiums. In most situations, builders can achieve lower steps for less 
than a 2% construction cost premium above that of a home built to the requirements of the BC Building 
Code.   


With the millions of data points generated with HTAP for the Step Code metrics study, there is a significant 
amount of additional analysis that can still be carried out to extract useful information.   


REFERENCES 


Charron, 2007. Development of a Genetic Algorithm Optimisation Tool for the Early Stage Design of Low 
and Net-Zero Energy Solar Homes, Ph.D. Thesis, Concordia University 


Integral Group, et al., 2017, Energy Step Code – Building Beyond the Standard – 2017 Metrics Research 
Full Report, research report published by BC Housing.  
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Introduction
Protected Membrane Roofing
 A.K.A. Inverted or Upside-down roofing,
 Protects the waterproofing membrane,
 Moves insulation to exterior of building envelope.







Introduction
BSCE Water Absorption Experiment







Introduction
Moisture Absorption by Diffusion 
Dow Chemical Co. Experiment 
(Dechow & Epstein, 1978)


Performance reduced to 1/3 of rated R-value at 30% MC by volume.  


Boundary Conditions:
 Saturated (100% RH) and 50oC
 Lab Condition 50% RH and 20oC







Introduction
Reroofing the Windiest Place on Earth with a 
Modified Bitumen Protected Membrane
(Tobiasson and Buska, 1981)


Site Conditions:
 Wind Speeds up to 103 m/s (231mph)
 Snow depths up to 9.8m







Introduction
XPS Types







Introduction
Objective
- Access existing PMR sites,
- Obtain XPS samples from PMR assemblies,
- Assess levels of moisture accumulation and associated 


change in thermal resistance 
- Obtain site specific information


- years in service, 
- assembly details, 
- sample locations on roof.







Sampling
Site Data


Site 


Location


Installation Date Years in 


Service


Assembly details Roof Area


Calgary 2003 11 50mm pavers, 25mm Sand, 50 mm insulation (XPS), Membrane, concrete 0% slope N/A


Vancouver 1993 22 70mm precast concrete paver, filter fabric, 38mm insulation (XPS) [*24.8kg/m3], liquid 


applied urethane membrane, structural decking with 2% slope


N/A


Vancouver 1988 27 100 mm cast-in-place (CIP) concrete, 38mm insulation (XPS), 1.6mm rubberized 


asphalt/polyethylene waterproofing membrane, concrete deck with 1.5% slope


50


Burnaby 1985 30 90mm CIP Concrete, 38mm insulation (XPS), EPDM Membrane, concrete deck with 2% 


slope


25


Vancouver 1980 37 Bricks on bedding sand, filter fabric, 50mm insulation (XPS) [*32kg/m3], 2-ply SBS Mod. Bit 


membrane


400


Vancouver 1989 28 Pavers on neoprene pedestals, filter fabric, 50mm insulation (XPS) [*32kg/m3], rubberized 


asphalt HDPE membrane


3500


*DENSITY BASED ON XPS LABELING AND PRODUCT DATA SHEETS







Site 


Location


Installation Date Years in 


Service


Assembly details Roof Area


Burnaby 1985 32 Concrete Slab, 50mm insulation (XPS), Polyethylene slipsheet, 3-ply built-up roofing 


membrane with asphalt flood coat, concrete structure


1440


Vancouver 1985 32 Aggregate ballast, filter fabric, 50mm insulation (XPS), rubberized asphalt HDPE membrane 320


Vancouver 1979 3


8


Aggregate ballast,  filter fabric, insulation (XPS) [**32kg/m3], polyethylene slip  sheet, 


rubberized asphalt HDPE membrane


156


Victoria *??? 30+ Aggregate ballast, filter fabric, 


50mm insulation (XPS) [**32kg/m3], waterproofing membrane


312


UBC *??? 30+ Aggregate ballast, 50mm insulation (XPS, built-up roofing (BUR) Membrane 336


UBC *??? 30+ 50mm precast concrete pavers on pedestals, 100mm insulation (XPS), 2-ply SBS mod. bit 


membrane


45


U of C *??? 30+ 50mm precast concrete pavers, 75mm insulation (XPS), TPO membrane 750


Sampling
Site Data


*INSTALLATION DATES TO BE CONFIRMED WITH ONGOING STUDY
**DENSITY BASED ON XPS LABELING AND PRODUCT DATA SHEETS







Sampling 
Site Data


• Types of Ballast
– Stone aggregate,
– 2” concrete pavers on pedestals,
– continuous concrete slab,
– bedding sand and brick pavers,


• No waterproofing assemblies
with drainage below the XPS,


• 0.5 – 2% slope existing on 3 of sampled assemblies.







Sampling
Site Data


Common Site Conditions:
• Over conditioned space,
• No drainage below insulation,
• Climates:


– West coast,
– Canadian interior.







Sampling
Typical Locations


Qty. 3 full 2ft. X 4ft. Boards 
3 typical locations:
• Vertical Upturn (A)
• Drain (B)
• Field (C)







Sampling
Procurement
Local: Wrap samples in 3mil, 42 Gal. bags, seal with poly 


tape
Shipped: Wrapped in aluminum foil and 3mil bags. Sealed 


with poly tape







Sample Analysis
Preparation
• Bulk cuts with table 


saw,
• Precision cuts with 


utility knife,
• From 1 – 2ft x 4ft. 


Board:
– 3 - 12” x 12” HFM,
– 9 – 4” x 1” density,
– 3 – 4” x 1” moisture.







Sample Analysis 
Moisture Content Measurements


• Moisture Contents measure via precision balance (+/- 0.1 mg)


• Compared to dry mass 
• Convective Oven (set to 70°C, measured to ASTM C1498)







Sample Analysis
Thermal Conductivity Measurement


Mean temperature 24.0°C 75.2°F


Temperature 


difference
20.0°C 68.0°F


Upper temperature 34.0°C 93.2°F


Lower temperature 14.0°C 57.2°F


• Heat Flow Meter (NETZSCH)
• Q-Lab G.U.I.
• Settings per ASTM C518







Test Results
Moisture Content


Sample Label Roof Age


Dimensions (mm)
Volume 
(mm³)


Weights (g) Dry 
Density 
(kg/m³)


Moisture 
Content  


by Volume


Moisture 
Content  


by Volume Assembly Description


Length Width Thickness Wet Oven Dry
(% of dry 
density)


(% of Vol)


Samples from 2016 Study


11-01 11 100 32 38 122770 94.4 3.13 26 30 74 50mm precast concrete pavers


11-02 11 99 29 36 103852 3.32 3.29 32 1 0.03 50mm precast concrete pavers


11-03 11 102 30 35 105839 35.0 3.08 29 11 30 50mm precast concrete pavers


11-04 11 100 29 37 108005 41.2 2.90 27 14 35 50mm precast concrete pavers


22-01 22 103 38 38 148112 57.9 4.73 32 12 36 70mm concrete brick paver, 2% Slope


22-02 22 101 38 37 142660 54.8 4.65 33 12 35 70mm concrete brick paver, 2% Slope


22-03 22 102 38 37 143808 53.7 4.76 33 11 34 70mm concrete brick paver, 2% Slope


27-01 27 102 38 36 140805 39.8 5.81 41 7 24 100 mm CIP concrete, 1.5% slope


27-02 27 102 37 37 139810 40.8 5.73 41 7 25 101 mm CIP concrete, 1.5% slope


27-03 27 101 38 37 140392 16.4 5.80 41 3 8 102 mm CIP concrete, 1.5% slope


30-01 30 102 101 36 369051 137.0 15.5 42 9 33 90mm CIP Concrete, 2% slope


30-02 30 103 104 37 394432 156.9 16.5 42 10 36 90mm CIP Concrete, 2% slope


30-03 30 101 100 37 377024 136.9 16.1 43 9 32 90mm CIP Concrete, 2% slope


30-04 30 101 101 36 366323 162.1 15.5 42 10 0.4 90mm CIP Concrete, 2% slope


30-05 30 101 101 37 383625 177.2 16.6 43 11 0.4 90mm CIP Concrete, 2% slope







Test Results 
Moisture Content


 The samples from the 11 year old roof represent both the maximum and the minimum 
moisture contents 


 About half of the samples have moisture contents between 30 to 36%. 
 The thermal conductivity values vary from 0.0295 to 0.1752 W/(m.K)
 Which corresponds to between 1.02 and 6.07 times the ASTM reference thermal conductivity value.
 Two samples retained over 80% of their expected thermal resistance value, 
 About two-third of the samples’ thermal resistance values are less than half the value of dry sample


Sample Label Roof Age
Dimensions (mm)


Volume 
(mm³)


Weights (g) Dry 
Density 
(kg/m³)


Moisture 
Content  


by Volume


Moisture 
Content  


by Volume Assembly Description


Length Width Thickness Wet Oven Dry
(% of dry 
density)


(% of Vol)


Samples from Ongoing Study


1130WP - Drain


37


299 299 52 4621417 1598 N/A 36 9 31
Interlocking brick pavers on bedding 


sand


1130WP - Field 297 298 51 4497959 1586 N/A 36 10 32
Interlocking brick pavers on bedding 


sand
1130WP -


Upturn
298 298 52 4616534 752 N/A 36 4 13


Interlocking brick pavers on bedding 
sand


777D - Drain
28


302 304 51 4672223 285 N/A 36 2 2 Pavers on pedestals, 2% slope
777D - Field 300 302 52 4689241 608 N/A 36 4 9 Pavers on pedestals, 2% slope


777D - Upturn 301 301 51 4598002 452 N/A 36 3 6 Pavers on pedestals, 2% slope
THQ - Drain


32
300 301 50 4477674 160 N/A 36 1 0 Aggregate ballast


THQ - Field 300 301 52 4712513 160 N/A 36 1 0 Aggregate ballast
THQ - Upturn 301 302 52 4676739 1791 N/A 36 11 35 Concrete slab


885WG - Drain


32


301 303 49 4428861 172 N/A 36 1 0 Aggregate ballast
885WG - Field 301 299 49 4443644 178 N/A 36 1 0 Aggregate ballast


885WG - Upturn 304 303 51 4691578 161 N/A 36 1 0 Aggregate ballast


1100M - Drain
38


298 298 51 4549284 285 N/A 36 2 3 Aggregate ballast
1100M - Field 303 302 53 4831844 608 N/A 36 3 9 Aggregate ballast


1100M - Upturn 305 305 52 4849394 452 N/A 36 3 6 Aggregate ballast
WHI - Drain


30+
301 302 53 4772760 127 N/A 36 1 0 Aggregate ballast


WHI - Field 301 302 53 4767772 129 N/A 36 1 0 Aggregate ballast
WHI - Upturn 301 302 52 4728229 390 N/A 36 2 5 Aggregate ballast


RC - Drain
30+


301 301 50 4519427 514 N/A 36 3 8 Aggregate ballast
RC - Field 302 301 51 4630206 582 N/A 36 3 9 Aggregate ballast


RC - Upturn 302 302 51 4683256 617 N/A 36 4 10 Aggregate ballast


FN  - Drain


30+


301 302 103 9297746 582 N/A 36 2 3
50mm precast concrete pavers on 


pedestals


FN - Field 298 299 102 9104617 514 N/A 36 2 2
50mm precast concrete pavers on 


pedestals


FN - Upturn 305 306 102 9519405 617 N/A 36 2 3
50mm precast concrete pavers on 


pedestals
ENA - Upturn 301 302 76 6884208 2879 N/A 36 11 38 50mm precast concrete pavers







Test Results
Thermal Conductivity


Sample ID


Roof


Age


(Years)


Thickness 


(mm)


Dry density 


(kg/m3)


Thermal 


Conductivity 


(W/(m.K))


Thermal 


Resistance 


(m2.K/W)


Thermal Conductivity ratio 


(K_sample/K_ref) Thermal Resistance 


ratio (TRR) 


(R_sample/R_ref)


Samples from 2016 Study


11-01 11 39 26 0.1752 0.219 6.07 0.16


11-02 11 37 32 0.0295 1.22 1.02 0.94


11-03 11 37 29 0.056 0.741 1.94 0.57


11-04 11 38 27 0.053 0.732 1.84 0.55


22-01 22 37 32 0.0702 0.528 2.43 0.41


22-02 22 37 33 0.0669 0.447 2.32 0.35


22-03 22 34 33 0.0633 0.536 2.19 0.45


27-01 27 38 41 0.0556 0.68 1.93 0.51


27-02 27 38 41 0.0629 0.605 2.18 0.45


27-03 27 38 41 0.0323 1.177 1.12 0.89


30-01 30 39 42 0.0864 0.446 2.99 0.33


30-02 30 38 42 0.0948 0.402 3.28 0.3


30-03 30 39 43 0.0782 0.492 2.71 0.36







Test Results
Thermal Conducvitiy


Sample ID
Roof Age


(Years)


Thickness 


(mm)


Dry density 


(kg/m3)


Thermal 


Conductivity 


(W/(m.K))


Thermal 


Resistance 


(m2.K/W)


Thermal Conductivity 


ratio (K_sample/K_ref)


Thermal Resistance 


ratio (TRR) 


(R_sample/R_ref)


Samples from Ongoing Study


1130WP - Drain 37 52 32 0.10 0.53 3.37 0.30


1130WP - Field 37 51 32 0.06 0.87 2.04 0.49


1130WP - Upturn 37 52 32 0.04 1.21 1.49 0.67


777D - Drain 28 51 32 0.03 1.47 1.20 0.83


777D - Field 28 52 32 0.06 0.91 1.97 0.51


777D - Upturn 28 51 32 0.03 1.56 1.13 0.89


THQ - Drain 32 50 32 0.03 1.59 1.09 0.92


THQ - Field 32 52 32 0.03 1.66 1.09 0.91


THQ - Upturn 32 52 32 0.08 0.61 2.93 0.34


885WG - Drain 32 49 32 0.04 1.14 1.48 0.67


885WG - Field 32 49 32 0.04 1.31 1.31 0.76


885WG - Upturn 32 51 32 0.03 1.49 1.19 0.84


1100M - Drain 38 51 32 0.03 1.66 1.07 0.94


1100M - Field 38 53 32 0.03 1.51 1.21 0.83


1100M - Upturn 38 52 32 0.04 1.46 1.24 0.81


WHI - Drain *30+ 53 32 0.03 1.66 1.10 0.91


WHI - Field *30+ 53 32 0.03 1.65 1.11 0.90


WHI - Upturn *30+ 52 32 0.03 1.69 1.07 0.93


RC - Drain *30+ 50 32 0.03 1.47 1.18 0.85


RC - Field *30+ 51 32 0.03 1.55 1.14 0.87


RC - Upturn *30+ 51 32 0.03 1.59 1.12 0.89


FN  - Drain *30+ 103 32 0.03 3.22 1.11 0.90







Test Results
Thermal Conductivity vs %MC
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Test Results
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Observations
Sample Prep


• Water beading from exposed surfaces,
• Non-uniform water distribution,
• Sponge-like properties







Observations
Site Sample Variations


Dry:Wet weight ratio of 1:17
Thermal Conductivity Range: 0.0295 - 0.1752 W/(m.K)







Observations
Ballast


Concrete
vs


Stone Aggregate







Observations
Surface Damage







Observations
Surface Damage







Observations
Surface Damage







Conclusion


• Increase in density due to moisture absorption,
• Thermal performance characteristics degraded with moisture,
• Variable same-site results,
• Highest moisture content from 11 year old sample
• Surface damage a factor in moisture absorption. 
• Higher moisture in assemblies with continuous layers above,
• 30+ year old samples retained over 80% rated R-value







Thank you
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ABSTRACT 


Extruded expanded polystyrene (XEPS) insulation has been installed in protected roofing membrane (PMR) 
assemblies for more than 40 years.  The benefits of the PMR assembly include a continuous insulation layer and 
protection of the waterproofing membrane from thermal cycling; however, the insulation must meet the durability 
requirements of being exposed to environmental conditions.  In data obtained from PMRs across western BC, XEPS 
samples were found to have ranges of water accumulation from low to high moisture contents after a range of years 
in service.  The data includes wet and dry densities as well as the measured heat transfer coefficients of samples 
obtained from existing PMR assemblies.  The data indicates that closed cell insulations like XEPS in plaza, parkade, 
and roofing PMRs may absorb moisture over their service life and in some cases compromise the energy 
performance of the assembly. As determined in previous studies, the effects of moisture accumulation in insulation 
include a reduced thermal resistance and an increased load on the structure.  This data will begin to provide some 
correlations between PMR assemblies that result in moisture accumulation and PMRs that retain low moisture 
contents over their service life. 


INTRODUCTION 


The protected membrane roofing (PMR) assembly is designed to protect the waterproofing membrane from 
exposure to weather related thermal stresses, UV radiation, and mechanical damage (RCABC, 2016, Smith, T. 
2014).  PMR systems are commonly used for low-slope waterproofing, plaza waterproofing, and vegatative roofing 
assemblies.   The assembly consists of a waterproofing membrane below layers of insulation and ballast that may 
consist of aggregate, concrete, pavers, or soil for vegatative roofing.  Ballast and insulation layers may be combined 
to form products like concrete or mortar faced XEPS panels.  The placement of the insulation layers is designed 
maintain the waterproofing membrane at a temperature closer to that of the interior and increase the membrane’s 
life expectancy (Dechow et al. 1978 , Basham, D.L. et. al. 1999). Basham stated that certain closed cell insulations 
are suitable in a wet environment above the roof membrane and that such roofs can provide energy conservation by 
providing a continuous thermal barrier exterior to the thermal mass of the structure.   


XEPS has been installed in PMRs for about 45 years and is currently a standard product for exposed insulation 
assemblies purposes.  In some waterproofing applications XEPS insulation is exposed to conditions that result in 
moisture accumulation while in service. Previous research includes laboratory and field performance measurements 
of insulation behaviour in exposure to exterior environments (Dechow et al. 1978, Sandberg, P.I. 1986, Tobiansson 
et al. 1991, Kunzel and Kiesl, K., 1997, Crandell. 2010). Through calculation of results with measurement support, 
Kunzel and Kiesl found that moisture performance of XEPS depends on the mean relative humidity (RH) at the 







 


upper surface of the insulation.  The results determined that exposure of XEPS to 90% humidity in summer would 
result in moisture absorption and moisture accumulation with yearly cycles.   At higher RH values the rate of 
moisture accumulation increases. Tobiansson et al studied the thermal resistance ratio of insulation materials under 
wet and dry conditions and determined that as moisture accumulates in an insulation its thermal resistance decreases.  
Dechow et al reviewed laboratory experiments and field service data over a period of 10 years on many insulation 
types and concluded that XEPS had the best thermal performance due to its resistance to water absorption.  They 
noted that XEPS insulation’s thermal resistance would be reduced as it absorbed water, and that XEPS should be 
expected to maintain at least 80% of its thermal resistance for a 10-year period to be considered non-deficient. In a 
building energy–saving study, Kehrer. et al. 2012 retrieved field samples from foundation walls after 15 years and 
determined that moisture accumulation in XEPS had an influence on the long term energy performance of the 
waterproofing assembly.  They also concluded that XEPS and Etruded Polystyrene (EPS) recovered their properties 
after drying; indicating no significant aging had occurred except for the accumulation of moisture. Overall, the 
research concluded that changes in the moisture content of XEPS should be considered as a factor in the durability 
of the waterproofing assembly’s thermal performance.  


Field observations of waterproofing assemblies have established that components of the waterproofing below the 
ballast may remain damp or wet while in service, and that the weight of the insulation layer increases as it absorbs 
water.  As engineering design relies upon expected values for thermal conductance and material densities, 
assessment of the wetting conditions and associated degradation of thermal resistance values and increased loading 
of the structure due to water accumulation warrants further study.  This preliminary study presents data on the 
measured physical properties of insulation samples retrieved from PMRs, with years in service ranging from 11 to 
38 years.  Measured properties include wet weights and thermal resistance values from an ongoing study on the 
thermal performance and distribution of moisture through XEPS samples from in-service waterproofing assemblies.  
Additional measured properties include the wet and dry weights from the results of a 2016 Study by L. Peer, Fitsum 
et. al., of a similar nature.  The main objectives of these studies were to correlate relationships between existing 
waterproofing assemblies and the measured properties of XEPS samples from the assemblies including moisture 
accumulation and thermal conductivity.  To achieve these objectives, the following tests were conducted on XEPS 
samples obtained from in-service waterproofing assemblies: 


1) Thermal conductivity measurement: Using a heat flow meter (HFM), measure the thermal conductivity of 
XEPS insulation samples obtained from in-service waterproofing assemblies, 


2) Moisture Content (MC) of field samples (2016 Study): determine amount of water absorbed by the XEPS 
samples while in service.  The moisture content and thermal conductivity data are used to develop a 
relationship between the results.   


3) Samples obtained following the 2016 study do not include the dry weights of the samples XEPS insulations 
as it is a preliminary work and part of an ongoing study.  An estimate of the MC values was determined 
using the average dry densities from the 2016 study.  MC values will be updated as the ongoing study is 
finalized in 2018. 


 


 


 







 


Table 1 Properties of various XPS insulation Types from ASTM C578-17A 


 


TEST SAMPLES 


Test samples were retrieved from in-service waterproofing assemblies or during waterproofing replacement projects 
from 2015 - 2017 in Western Canada (Figure 1).  Samples sites were provided randomly based on their availability 
during assessment services or as provided voluntarily by waterproofing replacement Contracting companies.  Table 
2 below describes the service conditions for each sample set. 


Table 2: Description of field insulation samples retrieved for testing 


 
Site  


Location 
Installation 


Date 
Years in  


Service 
Assembly Assembly details 


 
Roof Area 


Calgary 2003 11 Exterior Pedestrian Plaza 50mm pavers, 25mm Sand, 50 mm 


insulation (XEPS), Membrane, concrete 


0% slope 


N/A 


Vancouver 1993 22 Protected Membrane Roofing 70mm precast concrete paver, filter 


fabric, 38mm insulation (XEPS) 


[*24.8kg/m3], liquid applied urethane 


membrane, structural decking with 2% 


slope 


N/A 


Vancouver 1988 27 Roof top parking at Mall 100 mm cast-in-place (CIP) concrete, 


38mm insulation (XEPS), 1.6mm 


rubberized asphalt/polyethylene 


waterproofing membrane, concrete deck 


with 1.5% slope 


50 


Burnaby 1985 30 5th Floor covered parking 


garage 


90mm CIP Concrete, 38mm insulation 


(XEPS), EPDM Membrane, concrete 


deck with 2% slope 


25 


Vancouver 1980 37 Penthouse Roof Deck Bricks on bedding sand, filter fabric, 


50mm insulation (XEPS) [*32kg/m3], 2-


ply SBS Mod. Bit membrane 


400 







 


Vancouver 1989 28 Recreational plaza over mall Pavers on neoprene pedestals, filter 


fabric, 50mm insulation (XEPS) 


[**32kg/m3], rubberized asphalt HDPE 


membrane 


3500 


Burnaby 1985 32 Protected Membrane Roofing Gravel ballast, 50mm insulation (XEPS), 


Polyethylene slipsheet, 3-ply built-up 


roofing membrane with with asphalt 


flood coat, concrete structure 


1440 


Burnaby 1985 32 Protected Membrane Roofing Concrete Slab, 50mm insulation 


(XEPS), Polyethylene slipsheet, 3-ply 


built-up roofing membrane with asphalt 


flood coat, concrete structure 


1440 


Vancouver 1985 32 Protected Membrane Roofing Aggregate ballast, filter fabric, 50mm 


insulation (XEPS), rubberized asphalt 


HDPE membrane 


320 


Vancouver 1979 38 Protected Membrane Roofing Aggregate ballast,  filter fabric, 


insulation (XEPS) [**32kg/m3], 


polyethylene slip  sheet, rubberized 


asphalt HDPE membrane 


156 


Victoria *??? 30+ Protected Membrane Roofing Aggregate ballast, filter fabric,  


50mm insulation (XEPS) [**32kg/m3], 


waterproofing membrane 


312 


UBC *??? 30+ Protected Membrane Roofing Aggregate ballast, 50mm insulation 


(XEPS, built-up roofing (BUR) 


Membrane 


336 


UBC *??? 30+ Protected Membrane Roof 


Deck 


50mm precast concrete pavers on 


pedestals, 100mm insulation (XEPS), 2-


ply SBS mod. bit membrane 


45 


U of C *??? 30+ Protected Membrane Roofing 50mm precast concrete pavers, 75mm 


insulation (XEPS), TPO membrane 


750 


*Actual age to be confirmed during ongoing study. 


**Densities based on manufacturer’s 2017 product data sheets.


The samples were taken from typical construction projects with a variety of exposure conditions, for instance: 


 Two waterproofing assemblies with aggregate ballast, 


 One waterproofing assembly with 2” continuous concrete pavers on pedestals, 


 One waterproofing assembly with a continuous concrete slab, 


 One waterproofing assembly with bedding sand and brick pavers, 


 No waterproofing assemblies with built-in drainage layers, 


 Three waterproofing assemblies with 0.5 – 2% slope. 


The samples had similar construction conditions: 


 They were installed over membranes over heated enclosures under concrete toppings, 
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 The assemblies did not have drainage mats above or beneath the insulation, 


 The climate conditions likely kept the assemblies at high RH year round  


The ‘roof area sampled’ column indicates the waterproofing area in square meters from which the samples 
were obtained.  Samples from larger areas were generally father apart when sampled, and may have been 
exposed to more varied site conditions.  Conditions include exposure to sun or shade, drainage performance 
due to proximity of drains and organic build-up, continuity and vapour permeability of ballast layers, see 
Figure 1 for example sampling conditions. 


    
Figure 1: Samples retrieved from a High Rise Penthouse Roof 


EXPERIMENTAL SETUP 


Sample Preparation 


Samples of insulation removed from the waterproofing assemblies in BC were wrapped in 3mil polyethylene 
bags and sealed with red sheathing tape before transfer to the British Columbia Institute of Technology 
(BCIT) building science lab for property measurement.  Samples shipped from outside of BC were wrapped 
in tinfoil and polyethylene bags, each layer sealed with red sheathing tape, prior to shipping.  Samples 
obtained from site in BC were weighed within 48 hours of procurement.  Shipping times for samples from 
outside of BC took up to 3 days.   Test samples for thermal conductivity and moisture content measurements 
were prepared from each XEPS board as shown in Error! Reference source not found..  A total of 52 
samples for moisture content and thermal conductivity measurement were prepared from 13 insulation boards 
for the 2016 study.  To date, a total of 579 samples have been prepared from 67 XEPS sample insulation 
boards obtained from site for moisture content and thermal conductivity measurement for the ongoing study.  
The 300mm by 300mm thermal conductivity test samples were wrapped with 6-mil polyethylene film and 
sealed with tape to minimize moisture loss from the samples before and during measurements, Figure 3.  For 
each thermal conductivity sample, three moisture content measurement samples with dimensions of 25 mm 
width and 100 mm length were prepared, Figure 4. Once the samples were cut, their initial weight as well as 
their length, width, and thickness were measured.  The timeline between samples being removed from site 
and sample preparation varied from hours to several days depending on the site location and heat flow meter 
availability. 
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Figure 2: Thermal conductivity and moisture content measurement sample preparation 


 
Figure 3: Thermal conductivity test samples wrapped with 6-mil polyethylene film and sealed with tape to avoid moisture loss 


 
Figure 4: Three moisture content and 1 moisture distribution measurement samples 


While the samples were being cut into the required sizes for the different tests, water appeared on the fresh 
cut surfaces of the samples and blades with the heavier samples.  This water was likely stored in closed cells 
within the XEPS that released the water when the cells were cut into.  Water would continue to bead on the 
surface for some time following the initial cut, suggesting that the water within the sample was under some 
pressure, Error! Reference source not found.. The samples were not stored beneath the water table, so the 
pressure is thought to be due to trapped air within the sample. 
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Figure 5: Freshly cut cross-section of insulation from the ongoing study, showing strong directional absorption from surface and 
cracks and flaws in the foam material 


Moisture Content Measurement 


The moisture contents of the 2016 Samples were determined by gravimetric means using a Veritas Analytical 
Balance, accurate to 0.0001 g, and a forced air convective oven, Figure 6. After taking the initial weights of 
the samples, they were placed in the oven and left to dry at 70°C. Every 24 hours the samples were taken out 
of the oven, weighed and put back into the oven for further drying till the samples are declared ‘dry’. The 
samples were assumed to be at dry state when three successive weight measurements were within 0.1% in 
conformance with the ASTM C1498 Standard. The dry weights of a minimum of three samples cut out from 
each board were averaged to obtain the average dry mass of each piece of insulation board.  Due to time 
constraints and the drying requirements for heavier samples, the dry weights of the ongoing study samples 
have not been determined.  In order to provide an estimate for MC of the ongoing study sample’s dry weights, 
the average dry density from the 2016 Samples was used.  It should also be noted that the majority of XEPS 
samples obtained were Type IV, with a density of 32kg/m3 as indicated on the product data sheet.  The 
ongoing study will obtain the dry weights of samples over the coming year and moisture content data will be 
finalized for 2018. 


Moisture Contents are reported in this paper mostly as % by volume of the sample porosity.  Even though 
the moisture contents were assessed by mass, other papers generally converted the measurements to % by 
volume during discussions for various reasons.  Some reasons include that the dry densities of insulations 
vary, so the mass % gain over the initial mass would not have allowed for comparisons between results.  
Additionally, the high measured moisture contents relative to the low dry densities result in % mass valus in 
the thousands of percentages at relatively low MC values, which are difficult to relate to a physical reality.  
The % by volume is a useful indicator of the degree of partial saturation of the sample, in effect the amount 
of porosity in the samples that is occupied by water. 
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Figure 6: a) Scale for measuring masses of samples and b) Convection oven with drying samples. 


Thermal Conductivity 


The thermal conductivity of the 300 mm long x 300 mm wide test samples was measured using a Netzsch 
436 Lambda Heat Flow Meter. According to the manufacturer’s specification, the heat flow meters have an 
accuracy of ±1% and repeatability ±0.3%. The measurements were carried out in accordance with ASTM 
C518 – 10, at mean temperature of 24°C and temperature difference of 20°C. The test set-up temperatures 
are listed in Table 2. 


Table 2: Testing set-up of Temperature and accuracy 
Mean temperature  24.0°C 75.2°F 


Temperature difference 20.0°C 68.0°F 
Upper temperature 34.0°C 93.2°F 
Lower temperature 14.0°C 57.2°F 


Table 3: Testing set-up for steady-state conditions 
Update Rate  15 minutes 


Rough Block Size 40 data points 
Maximum Rough Error 1.0 % 


Fine Block Size 40 data points 
Maximum Fine Error 0.2 % 


Prior to testing, the heat flow meter was calibrated at the test temperature conditions using a standard 
reference material (SRM 1450C432). The thermal conductivity of the samples were measured while they 
were wrapped with polyethylene sheets to restrict moisture from leaving the samples. A specialized software 
known as QLab was used to set up the test parameters, measure the thickness and the thermal conductivity 
of the samples and record the intermediate and final test results through a computer interface. The thermal 
conductivity test runs until the software detects steady state heat flow through the sample in successive 
measurements. The test results of at least three 300mm x 300mm samples from each sample location were 
used in the ongoing study to determine the average thermal conductivity value at each location. 
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RESULTS 


Moisture Content 


In the same roof of a building, moisture contents in the insulation boards appear to differ significantly from 
location to location.  This is apparently due to varying micro-climate conditions or waterproofing details over 
their years in service.   For example, the weights of samples from an 11 year-old assembly ranged from 
141.36 grams to 2,496.27 grams as shown in Figure 7, a weight ratio of approximately 17.6 between the 
samples.  The weights of samples from a 32 year old roof assembly ranged from 160 grams to 1,791 grams 
as shown in Table 3, a weight ratio of approximately 11.2 between the samples. 


      
Figure 5: Weights of two samples from the 2016 study 


The moisture contents of exposed insulation samples, along with their corresponding oven dry weights (2016 
Study), are presented in Table 3.  The moisture content values in Table 3 represent resulting measurements 
from the 2016 study.  The samples’ densities were determined from their oven dry mass and volume 
measurements. Samples from the same roof have similar dry densities as would be expected from 
manufacturing consistency. The dry densities of the XEPS boards from the 2016 study ranged from 26 - 43 
kg/m3 between different waterproofing sites.  Of the fifteen XEPS samples from the 2016 study, the samples 
from the 11 year old roof represented both the minimum and the maximum moisture contents by volume, 
0.03% and 74%, respectively.  Using the average dry density from the 2016 study, similar conditions were 
observed where a single high rise roof assembly produced samples of estimated moisture contents ranging 
from near dry to 35% MC by volume. 


Between the two studies, ~30% of samples had moisture contents greater than 30% by volume.   7 of the 13 
roof areas samples produced XEPS insulation boards with both near-dry and wet XEPS insulation, ~0.4% 
and 32-36% by volume respectively.  These results indicate that site specific exposure conditions may have 
more impact on the thermal performance of XEPS insulation than the number of years in service when 
considering moisture accumulation in XEPS insulation boards.    
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Overall, a significant portion of the samples had moisture contents higher than would be considered normal, 
and their thermal values are significantly degraded as a result.  These results are also significantly higher 
than reported in previous papers.  These results indicate that exposure conditions and absorption properties 
need to be more carefully studied in order to predict water absorption rates into closed cell exstruded 
polystyrene insulation, so that assemblies can maintain their thermal performance for the duration of the 
expected service life.  These results will be included as part of an ongoing study that will includes samples 
taken from a minimum of 30 waterproofing assemblies with emphasis on targeted waterproofing features 
including drainage bodies, vertical upturn detailing (parapet, base of wall, etc.), and in the field of the 
waterproofing assembly for further research into the moisture absorption rates of XEPS insulation. 
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Table 3: Measured Properties of XEPS samples from 2016 and Ongoing Study 


Sample Label Roof Age 


Dimensions (mm) 
Volume 
(mm³) 


Weights (g) 
Dry density 


(kg/m³) 


Moisture 
content  by 


volume 


Moisture 
content  by 


volume Assembly Description 


Length Width Thickness Wet Oven Dry (% of dry 
density) (% of Vol) 


Samples from 2016 Study 
 


11-01 11 100 32 38 122770 94.4 3.13 26 30 74 50mm precast concrete pavers 


11-02 11 99 29 36 103852 3.32 3.29 32 1 0.03 50mm precast concrete pavers 


11-03 11 102 30 35 105839 35.0 3.08 29 11 30 50mm precast concrete pavers 


11-04 11 100 29 37 108005 41.2 2.90 27 14 35 50mm precast concrete pavers 


22-01 22 103 38 38 148112 57.9 4.73 32 12 36 70mm concrete brick paver, 2% Slope 


22-02 22 101 38 37 142660 54.8 4.65 33 12 35 70mm concrete brick paver, 2% Slope 


22-03 22 102 38 37 143808 53.7 4.76 33 11 34 70mm concrete brick paver, 2% Slope 


27-01 27 102 38 36 140805 39.8 5.81 41 7 24 100 mm CIP concrete, 1.5% slope 


27-02 27 102 37 37 139810 40.8 5.73 41 7 25 101 mm CIP concrete, 1.5% slope 


27-03 27 101 38 37 140392 16.4 5.80 41 3 8 102 mm CIP concrete, 1.5% slope 


30-01 30 102 101 36 369051 137.0 15.5 42 9 33 90mm CIP Concrete, 2% slope 


30-02 30 103 104 37 394432 156.9 16.5 42 10 36 90mm CIP Concrete, 2% slope 


30-03 30 101 100 37 377024 136.9 16.1 43 9 32 90mm CIP Concrete, 2% slope 


30-04 30 101 101 36 366323 162.1 15.5 42 10 0.4 90mm CIP Concrete, 2% slope 


30-05 30 101 101 37 383625 177.2 16.6 43 11 0.4 90mm CIP Concrete, 2% slope 


Samples from Ongoing Study 
 


1130WP - Drain 


37 


299 299 52 4621417 1598 N/A 36 9 31 Interlocking brick pavers on bedding sand 


1130WP - Field 297 298 51 4497959 1586 N/A 36 10 32 Interlocking brick pavers on bedding sand 


1130WP - Upturn 298 298 52 4616534 752 N/A 36 4 13 Interlocking brick pavers on bedding sand 


777D - Drain 
28 


302 304 51 4672223 285 N/A 36 2 2 Pavers on pedestals, 2% slope 


777D - Field 300 302 52 4689241 608 N/A 36 4 9 Pavers on pedestals, 2% slope 
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777D - Upturn 301 301 51 4598002 452 N/A 36 3 6 Pavers on pedestals, 2% slope 


THQ - Drain 


32 


300 301 50 4477674 160 N/A 36 1 0 Aggregate ballast 


THQ - Field 300 301 52 4712513 160 N/A 36 1 0 Aggregate ballast 


THQ - Upturn 301 302 52 4676739 1791 N/A 36 11 35 Concrete slab 


885WG - Drain 


32 


301 303 49 4428861 172 N/A 36 1 0 Aggregate ballast 


885WG - Field 301 299 49 4443644 178 N/A 36 1 0 Aggregate ballast 


885WG - Upturn 304 303 51 4691578 161 N/A 36 1 0 Aggregate ballast 


1100M - Drain 


38 


298 298 51 4549284 285 N/A 36 2 3 Aggregate ballast 


1100M - Field 303 302 53 4831844 608 N/A 36 3 9 Aggregate ballast 


1100M - Upturn 305 305 52 4849394 452 N/A 36 3 6 Aggregate ballast 


WHI - Drain 


30+ 


301 302 53 4772760 127 N/A 36 1 0 Aggregate ballast 


WHI - Field 301 302 53 4767772 129 N/A 36 1 0 Aggregate ballast 


WHI - Upturn 301 302 52 4728229 390 N/A 36 2 5 Aggregate ballast 


RC - Drain 


30+ 


301 301 50 4519427 514 N/A 36 3 8 Aggregate ballast 


RC - Field 302 301 51 4630206 582 N/A 36 3 9 Aggregate ballast 


RC - Upturn 302 302 51 4683256 617 N/A 36 4 10 Aggregate ballast 


FN  - Drain 


30+ 


301 302 103 9297746 582 N/A 36 2 3 50mm precast concrete pavers on pedestals 


FN - Field 298 299 102 9104617 514 N/A 36 2 2 50mm precast concrete pavers on pedestals 


FN - Upturn 305 306 102 9519405 617 N/A 36 2 3 50mm precast concrete pavers on pedestals 


ENA - Upturn   301 302 76 6884208 2879 N/A 36 11 38 50mm precast concrete pavers 


*Actual age to be confirmed during ongoing study. 
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Thermal Conductivity 


The physical and thermal characteristics for different types of XEPS and EPS (Expanded Polystyrene) 
insulation materials are defined in ASTM C578, “Standard Specification for Rigid, Cellular Polystyrene 
Thermal Insulation”. Results of the 2016 study indicated that XEPS insulations belong to Type VI Class 
(requiring a minimum density of 25 kg/m3) and Type VII Class (requiring a minimum density of 35 kg/m3).  
Based on ASTM C578, and based on the existing labeling from XEPS samples, the majority of sampled 
roofing insulation belong to Type IV Class (requiring a minimum density of 32 kg/m3).  Although these 
XEPS types have different densities, their nominal dry thermal conductivity values are similar at 0.0288 
W/(m.K).  In this section, this thermal conductivity is used as a reference for comparison with the sample 
thermal conductivity values, allowing for insight into the degree of deviation from the dry thermal 
conductivity value.  In general, it would be more accurate to have original samples for comparison, but 
these are not available for a long-term in-service field study. The thermal conductivity and thermal 
resistance measurement results of the 2016 study and average values from the 25 XEPS samples collected 
for the ongoing study are presented in Table 4. 


Table 4: Thermal conductivity measurement results of 2016 and ongoing study 


Sample 


ID 


Roof 


Age 


(Years) 


Thickness 


(mm) 


Dry 


density 


(kg/m3) 


Thermal 


Conductivity 


(W/(m.K)) 


Thermal 


Resistance 


(m2.K/W) 


Thermal 


Conductivity 


ratio 


(K_sample/ 


K_ref) 


Thermal 


Resistance 


ratio (TRR) 


(R_sample/ 


R_ref) 


Samples from 2016 Study 


11-01 11 39 26 0.1752 0.219 6.07 0.16 


11-02 11 37 32 0.0295 1.22 1.02 0.94 
11-03 11 37 29 0.056 0.741 1.94 0.57 
11-04 11 38 27 0.053 0.732 1.84 0.55 
22-01 22 37 32 0.0702 0.528 2.43 0.41 
22-02 22 37 33 0.0669 0.447 2.32 0.35 
22-03 22 34 33 0.0633 0.536 2.19 0.45 
27-01 27 38 41 0.0556 0.68 1.93 0.51 
27-02 27 38 41 0.0629 0.605 2.18 0.45 
27-03 27 38 41 0.0323 1.177 1.12 0.89 
30-01 30 39 42 0.0864 0.446 2.99 0.33 
30-02 30 38 42 0.0948 0.402 3.28 0.3 


30-03 30 39 43 0.0782 0.492 2.71 0.36 


Samples from Ongoing Study 


1130WP - 
Drain 


37 52 32 0.10 0.53 3.37 0.30 


1130WP - 
Field 


37 51 32 0.06 0.87 2.04 0.49 
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1130WP - 
Upturn 


37 52 32 0.04 1.21 1.49 0.67 


777D - 
Drain 


28 51 32 0.03 1.47 1.20 0.83 


777D - 
Field 


28 52 32 0.06 0.91 1.97 0.51 


777D - 
Upturn 


28 51 32 0.03 1.56 1.13 0.89 


THQ - 
Drain 


32 50 32 0.03 1.59 1.09 0.92 


THQ - 
Field 


32 52 32 0.03 1.66 1.09 0.91 


THQ - 
Upturn 


32 52 32 0.08 0.61 2.93 0.34 


885WG - 
Drain 


32 49 32 0.04 1.14 1.48 0.67 


885WG - 
Field 


32 49 32 0.04 1.31 1.31 0.76 


885WG - 
Upturn 


32 51 32 0.03 1.49 1.19 0.84 


1100M - 
Drain 


38 51 32 0.03 1.66 1.07 0.94 


1100M - 
Field 


38 53 32 0.03 1.51 1.21 0.83 


1100M - 
Upturn 


38 52 32 0.04 1.46 1.24 0.81 


WHI - 
Drain 


*30+ 53 32 0.03 1.66 1.10 0.91 


WHI - 
Field 


*30+ 53 32 0.03 1.65 1.11 0.90 


WHI - 
Upturn 


*30+ 52 32 0.03 1.69 1.07 0.93 


RC - 
Drain 


*30+ 50 32 0.03 1.47 1.18 0.85 


RC - 
Field 


*30+ 51 32 0.03 1.55 1.14 0.87 


RC - 
Upturn 


*30+ 51 32 0.03 1.59 1.12 0.89 


FN  - 
Drain 


*30+ 103 32 0.03 3.22 1.11 0.90 


FN - 
Field 


*30+ 102 32 0.03 3.24 1.09 0.92 


FN - 
Upturn 


*30+ 102 32 0.03 3.15 1.12 0.89 


ENA - 
Upturn 


*30+ 76 32 0.11 0.66 3.98 0.25 


*Actual age to be confirmed during ongoing study. 
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Overall, the thermal conductivity values of field samples vary from the 2016 study varied from 0.0295 to 
0.1752 W/(m.K), which corresponds to between 1.02 and 6.07 times the ASTM reference thermal 
conductivity value.  The thermal conductivity values from the ongoing study varied from 0.0307 to 0.1147 
W/(m.K), corresponding to between 1.07 and 3.98 times the ASTM reference thermal conductivity value.  
Between the 2016 and ongoing studies, 19 of 38 samples retained over 80% of their expected thermal 
resistance value, 13 of 38 samples had thermal resistance values less than half the value specified in the 
ASTM standard.  From the 2016 study, the highest and the lowest thermal resistance retention, 94% and 
16%, respectively, were obtained from a single roof area.  Results from the ongoing study observed similar 
conditions with ranges between 34% and 94% from a single roof area. 


 
Figure 6: Thermal resistance ratio (TRR) and % MC relationship for 2016 and Ongoing Study XEPS samples 


 
Figure 6 graphs the thermal resistance ratio (TRR) and the corresponding % moisture content by volume 
for each sample. The thermal resistance ratio indicates the percentage decrease of thermal resistance of a 
sample from the reference (dry) thermal resistance value (as described in Tobiasson et al).  In general, and 
as has been shown in the other referenced works, as the moisture content increases, the thermal resistance 
decreases.  The 27 and 30 year sample data lie close to a curve based on Equation (1) and (2), which were 
developed by Tobiansson et al. (1991) through series of combined vapor diffusion based wetting and 
thermal resistance measurements taken from XEPS samples in a controlled laboratory setting. In the 
equations ‘MC’ is moisture content by mass in percent.   
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𝑇𝑅𝑅 = 100 − 0.12 ×   𝑀𝐶 
𝑓𝑜𝑟 𝑀𝐶 ≤ 84%  (1) 


 
𝑇𝑅𝑅 = 137.37𝑒(−0.0008 × 𝑀𝐶)  − 39.47 


𝑓𝑜𝑟 𝑀𝐶 > 84%  (2) 


The trend curve in Figure 8 shows that the XEPS boards sampled generally have relatively better thermal 
performance than the trends indicated by the results of the study by Tobiansson et al. (1991).  Based on the 
criteria developed by Tobiansson et al. (1991), nineteen of the 41 samples could be deemed to have retained 
their insulating characteristics.  The other samples’ thermal resistance reduction values are below the 
acceptable threshold of 80% of the standard thermal performance.   Overall, the variations in thermal 
performance between samples of similar moisture content may be related to moisture distribution within 
the samples. 


Figure 9 below shows the thermal conductivity and the corresponding moisture content measurements of 
the samples from the four roofs. The thermal conductivity of the XEPS samples were found to increase 
with moisture content and show a similar linear trend as generally determined by other researchers.  Based 
on a laboratory experiment, Dechow and Epstein (1978) provided the following empirical equation for the 
relationship between thermal conductivity and moisture contents of XEPS board: 


 
𝐾𝑤𝑒𝑡 = 0.0288 + 0.00115 ∗ 𝑉  (3) 


 
Kwet is the estimated thermal conductivity of wet insulation in W/m·K; 
V is the % moisture content by volume. 
 


Based on Equation (3), sets of thermal conductivity values are calculated for different moisture contents 
and superimposed on the measured data in Figure 9 for comparison purposes. As shown, the trend line 
based on the equation 3, developed by Dechow and Epstein, passes through the measured data at low and 
medium moisture contents, but underestimates the conductivity in the high moisture content in samples 
above 30% moisture content by volume.  As such, this equation provides an estimated thermal conductivity 
for samples below 30% moisture content by volume but becomes unreliable at higher moisture contents.  
The sample size from the 2016 and ongoing study to date do not provide sufficient data for conclusive 
statements about the thermal performance of XEPS insulations at higher moisture contents but as the 
ongoing study continues further conclusions may be reached. 







 


 


Paper 67                                                                                                     Page 17 of 19 
 


 


Figure 7: Thermal conductivity of XEPS samples as a function of moisture contents 


CONCLUSIONS 


This work relates field observations made with respect to absorption of water by closed cell insulation, and 
through testing establishes the need for further study of XEPS insulation in exposed waterproofing 
assemblies to allow for durable design in future waterproofing assemblies. Installation of vapour relief 
layers recommended by Kunzel and Kiesl 1997 and Dow appear to be important and their effectiveness at 
higher %MC values needs to be verified.   Some specific conclusions from this study are: 


 XEPS insulation samples retrieved from all sites showed a measurable increase in density due to 
moisture absorption.  The increase in mass may be of concern for the structural limits of the roof 
assemblies.  For example, the increase in weight for a 100mm XEPS at the 74% MC by volume 
observed during sampling would indicate potential load increases of up to 740Pa (15 psf). 


 The thermal performance characteristics of the wet insulations had significantly degraded as a result 
of moisture absorption. 


 The moisture contents of samples differed on the same waterproofing site, indicating that the local 
exposure conditons and waterproofing design should be considered when interpreting the results. 


 The sample with highest moisture content and shortest exposure time was from the 2016 study 
assembly with 11 years in service, further indicating that exposure conditions and waterproofing 
design should be considered 







 


 


Paper 67                                                                                                     Page 18 of 19 
 


 Images of sample cross sections indicate that upper surface damage in combination with freeze-
thaw action may have been a factor in moisture absorption.  Damages appears to be associated with 
point loads from aggregate ballast, drainage mat, or paver pedestals penetrating indenting the 
XEPS. 


 The moisture contents of XEPS tend to be higher in assemblies with continuous layers above 
including pavers on a continuous layer of bedding sand or CIP concrete slabs.  As roofing design 
standards recommend drainage layers above and below the XEPS layers, a comparison of similar 
assemblies incorporating various combination of drainage layers above and below the XEPS layers 
should be explored. 


The limited sample size of the ongoing study to date indicates that further sampling is required to provide 
proper conclusions on the thermal performance of XEPS insulation at higher moisture contents.  The results 
of the ongoing study will allow for further improvements to waterproofing assembly design in regards to 
thermal performance durability over the expected service life.  As the ongoing study continues to develop, 
it will provide further insight into exposure condition variables such as weather history, roof features like 
overhangs, etc. as well as assembly variations like drainage layers, and ballast type and continuity.  Ongoing 
improvements to the waterproofing assembly design are required in order to meet the long term durability 
requirements of thermal layers when exposed to inclement weather and site specific climate conditions. 
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ABSTRACT 


Hempcrete is a bio-aggregate based composite material used for building envelopes which typically 
consists of hemp shiv (hurd), lime binder and water. It has several distinct advantages including low 
thermal conductivity, effective moisture buffering, and high sound absorption, while having a high carbon 
sequestration “index”. This work investigates the impact of mix proportions on hempcrete properties and 
the hygrothermal performance of two proposed hempcrete wall assemblies for Ontario, Canada. The 
experimental results highlight the significant influence of the binder on the density and thermal 
conductivity of the final material. Thermal conductivity measurements ranged from 0.074 to 0.103 
W/mK. Finally, hygrothermal analysis demonstrated that when using hempcrete in the Canadian climate a 
rain screen wall system is more suitable than a mass wall. 


 
INTRODUCTION 


Hempcrete is one such bio-aggregate-based, natural building material which has potential for use as a 
thermal and acoustic insulation system (Arnaud and Amzaine, 2013). It typically consists of hemp shiv 
(hurd), lime binder, and water. Hempcrete has a low effusivity and a high thermal inertia, so it does not 
take as long to warm and once heated; it slowly releases the heat when the surrounding temperature drops 
(Evrard, 2008). For this reason, hempcrete has been proposed for use as a thermal insulator, although not 
an exceptional one (Arnaud and Amzaine, 2013). Today residential hemp construction projects are 
permissible under Section 9 of the Ontario Building Code as alternative solutions (Kenter, 2015). 


There are essentially no industry standards for hempcrete at this time; however, some manufacturers have 
established basic rules for their own use. This results in a lack of clear cross-industry references (Stanwix 
and Sparrow, 2014). 


Low thermal conductivity, excellent moisture buffering (MBV >2 g/m2 %RH), phase changing between 
liquid and vapor (which maintains much more thermally stable indoor conditions), no risk of “off-
gassing” or toxicity during the in-use phase of a building, or at end-of-life demolition, while having a 
high carbon sequestration “index” are some of the distinct advantages of hempcrete (Bevan and Woolley, 
2008; Arnaud and Amziane, 2013; Collet et al., 2013; Ahlberg et al., 2014; Stanwix and Sparrow, 2014). 
Hempcrete based walls store more carbon (262 kg CO2e/m3) than is emitted (127 kg CO2e/m3) 
representing a lifetime net balance of 135 kg CO2e/m3 (Arnaud and Amziane, 2013). Further, at the end of 
its life, the hempcrete can be easily broken down and re-used in a new build, or alternatively, being a 
natural product, it will break down and contribute lime and organic matter to the land (Hemp Edification, 







 
 


Paper 68                                                                                                     Page 2 of 5 
 


2015). 


 
RESEARCH METHODOLOGY  
 
The research methodology was comprised with three major actions; literature review, laboratory testing 
and analysis, and hygrotheral analysis of wall through WUFI modeling. To comprehend the impact on the 
properties of hempcrete with increasing lime binder, 3 types of mixes (M1, M2 and M3) with a hemp to 
binder ratio of: 1:1, 1:1.5 and 1:2 respectively were studied by using locally grown Canadian hemp. 
 
LABORATORY TESTS 


Laboratory experiments were carried out according to ASTM standards: ASTM C518-10 (Standard Test 
Method for Steady-State Thermal Transmission Properties by Means of the Heat Flow Meter Apparatus), 
ASTM C67-14 (Standard Test Methods for Sampling and Testing Brick and Structural Clay Tile) and 
ASTM C62-13a (Standard Specification for Building Brick - Solid Masonry Units Made from Clay or 
Shale). All tests were performed after 26 days of natural drying which is when density/mass was 
stabilized. Following table (Table 1) highlights the summary of overall test results. 


Table 1: Test measurements 
 


Mix 


 
Dry 


Density 
(ρ0) 


(kg/m3) 


Dry  
Thermal 


Conductivity   
(k0) 


(W/mK) 


 
 


Porosity 
(Φ) 


(m3/m3) 


Free  
Water 


Saturation 
 (Wf) 


(kg/m3) 


Maximum   
Water 


Content  
(Wmax) 
(kg/m3) 


WC at  
80% RH 
(MC80%  


Equiv) 
(kg/m3) 


 
 


Saturation 
Coefficient 


(-) 


Typical  
built-in 
(Initial) 


MC 
(kg/m3) 


(ASTM 
C67) 


(ASTM 
C518) 


(ASTM 
C67) 


(ASTM 
C67) 


(ASTM 
C67) 


(ASTM 
C67) 


(ASTM 
C62) 


(ASTM 
C67) 


1 233.03 0.074 0.53 376.29 532.66 17.47 0.71 259 


2 316.79 0.088 0.53 374.96 525.66 23.17 0.71 257 


3 387.74 0.103 0.66 423.55 655.31 29.08 0.65 286 


*σ 77.44 0.015 0.075 27.68 72.92 5.81 0.035 16.2 
*σ = Standard Deviation 


Dry density of hempcrete was linearly related to the proportion of binder; when binder was increased by 
50% and 100%, density increased by ≈ 36% (Mix 2) and 67% (Mix 3) respectively. Similarly, dry thermal 
conductivity of hempcrete maintained a near linear relationship with density; when densities were 
increased by ≈ 36% and 67%, dry thermal conductivities increased by 18.32% (Mix 2) and 38.12% (Mix 
3) respectively (Table 1). Measurement of R value/inch (imperial) was ranged from 1.41 to 1.94.  


ONE-DIMENSIONAL HYGROTHERMAL ANALYSIS IN WUFI 
 


To simulate the hempcrete wall (Mix 3) in WUFI Pro 5.3, material inputs were measured from the 
laboratory tests (Table 1) supplemented with reference values: dry thermal capacity (c0) = 1560 J/kgK, 
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dry vapour diffusion resistance factor (μ) = 4.85, thermal conductivity supplement (b) = 3.34 %/%mass 
and liquid absorption coefficient (A-value) = 0.074 kg/m2/s1/2. Hempcrete was inserted into the WUFI 
material database as a user-defined material with the inputs listed above.  


A default WUFI climate file for Toronto, cold year was used for simulation. Values for outside 
temperature and RH were based on weather file. A user defined sine curve was used to define the inside 
temperature and RH referring to a typical interior environment in residential buildings (T 21±10C, RH 
50±10%). Simulation was conducted for 3 years period. Two types of wall assemblies as shown in Figure 
1 were simulated, with and without exposure of rain, wind and sun.  


                                                 
                     Wall Assembly 1                                               Wall Assembly 2 
 
Figure 1: Simulated wall assemblies 


Further, to detect the most influential factor on the hygrothermal properties of hempcrete, a, series of 
(four) sensitivity analyses were also conducted by using referenced material properties (moisture sorption 
and thermal conductivity) for wall assembly 1 (Base case). 


1) Sensitivity Analysis 1: Using reference moisture sorption values: Porosity= 0.73 m3/m3, 
W80%EQUIV = 33 kg/m3, Wmax= 730 kg/m3 and Wf =546 kg/m3; to understand the impact of water 
content in the performance of hempcrete wall. 


2) Sensitivity Analysis 2: Using a reference dry “k” value= 0.115 W/mK (high) and moist “k” 
value= 0.768 W/mK to understand the impact of high “k” value. 


3) Sensitivity Analysis 3: Using a mid-level reference dry “k” value= 0.09 W/mK to understand the 
influence of intermediary thermal insulation. 


4) Sensitivity Analysis 4: Using a low-level reference dry “k” value= 0.06 W/mK to understand the 
hygrothermal behavior of wall in high thermal insulation scenario. 


No change has been made in boundary conditions, climate file, orientation and assumptions from base 
case. 


 







 
 


Paper 68                                                                                                     Page 4 of 5 
 


SIMULATION OUTPUTS 
 


 
Figure 2: Water content in hempcrete - Assembly 1 (mass wall), Assembly 2 (rain screen wall) and Sensitivity analysis 


WUFI analysis shows both the wall assemblies (face-sealed mass wall and vented rain screen system) are 
performing well without any hygrothermal risks such as condensation, frost and salt damage and mould 
growth. However, when comparing the two assemblies vented rain screen is performing significantly 
better from a hygrothermal perspective. Figure 2 and Table 2 further highlight the benefits of a vented 
cavity in the Toronto climate as water content in the hempcrete notably dries out when vented (water 
content 3.60% to 7.47% of mass) compared to a face-sealed mass wall (water content 5.97% to11.36% of 
mass). 


To be noted, moisture content (MC) below 20% dry basis is considered to be a reasonable threshold for 
hemp decay (Pinkos et al, 2011). Furthermore, the “resting moisture content” (a natural equilibrium level) 
in hempcrete wall after drying can be expected around 15% and the ideal timing to apply finishing would 
be when WME (wood moisture equivalent) is less than 23% in surface and 35-40% in below the surface 
(Stanwix & Sparrow, 2014). 


Table 2: Water content of hempcrete and total water content range 
 


Descriptions 
Water 


Content 


Assemblies (Base) Sensitivity Analysis (Assembly 1) 


Assembly 1 Assembly 2 
Sensitivity 


1 
Sensitivity 


2 
Sensitivity 


3 
Sensitivity 


4 


Hempcrete 
kg/m3 23.18- 44.07 13.98-29.00 25.54- 46.93 22.90-43.95 23.38-44.15 24.16-44.41 


%Mass 5.97-11.36 3.60-7.47 6.58-12.09 5.90-11.33 6.02-11.38 6.23-11.45 


Total kg/m2 7.78-17.57 5.13-11.08 8.47-18.47 7.70-17.53 7.84-17.59 8.08-17.67 


 
In addition, no significant impacts on hygrothermal characteristic of hempcrete wall were also noticed 
during the sensitivity analysis due to some variations in moisture sorption and thermal conductivity, based 
on published reference values. 
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CONCLUSIONS 


This study concludes that the thermal conductivity of hempcrete is highly influenced by their density. The 
higher the binder content, the higher the density, leading to a higher thermal conductivity. This 
relationship follows a near linear pattern. Measurements of dry density and thermal conductivity are 
ranged from 233 to 388kg/m3 and 0.074 to 0.103 W/mK respectively. It was also noted that the drying 
period of hempcrete (in controlled room temperature and RH) was approximately 26 days, where 
minimum density was stabilized. Finally, based on one-dimensional hygrothermal analysis, the vented 
rain screen system could be considered as a better option for a hempcrete wall assembly in an Ontario 
(Canada) Climate.  
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1. Introduction
Bio-aggregate-based natural composite material 


Potential for use as a thermal and acoustic 
insulation system


Mixture of hemp hurd (woody stem of the 
hemp plant), lime based binder and water


3 forms of production: Cast in situ (moulding), 
spraying and precast


Applicable to roof, wall, floor (low to high density), 
render, plaster


Permissible under Section 9 of the OBC as 
alternative solutions (for residential projects)


Essentially no industry standards


3Hygrothermal performance of hempcrete for Ontario (Canada) buildings


Uses of hempcrete in building
Source: Evrard, 2008
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2. Properties
Properties Normal Range Unit Remarks
Dry Density (ρ0) 200 - 500 kg/m3 Low
Porosity (Φ) 0.71 - 0.73 m3/m3 High
Dry Thermal (Specific Heat) Capacity (c0) 1500 - 1600 J/kgK High
Dry Thermal Conductivity (k0) 0.06 - 0.12 W/mK Low 
Moisture Buffer Value (MBV) 2.11 - 2.14 g/(m2 %RH) Excellent (>2.0)  
Thermal Diffusivity (α) 1.48x10-7- 1.68x10-7 m2/s Low (“decrement delay “or “time lag)”
Thermal Effusivity (Eff) 286 - 297 J/m2Ks-1/2 Low (feels warm to the touch)
Dampening 98 %, 15 Time Shift More than mineral wool
Air Tightness 1.2 - 2.0 m3/hm2@ 50 Pa Inherently air tight
Acoustic absorption 0.69 NRC Excellent
Fire Resistance 1.22 - 1.67 hr Excellent (apprx. 1 hour / 100mm of th.)
Carbon Sequestration Index (-)108 - (-)135 kgCO2e/m3 Lifetime net balance, negative
Compressive Strength 0.80 - 1.00 MPa 1/20th of residential grade concrete (apprx.)
Flexural Strength 0.30 - 0.40 MPa
R value 2.0 - 2.5 per inch Imperial
Others:
Biodegradable, fully recyclable
No risk of “off-gassing” or toxicity
Pest proof, rot resistant


No mold growth Due to lime based binder


Low thermal bridging Similar to wood, radial
Phase changing between liquid and 
vapor Passive regulation of humidity
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Moisture retention (Sorption Isotherm) 


Complete moisture retention curve of hempcrete
Source: Evrard, 2008


Moisture storage regions: 
3 (A,B,C)


In the hygroscopic region 
sorption isotherm at 23°C is 
almost linear


Hempcrete, normally stays 
in the hygroscopic 
(adsorption) region i.e. about 
90% RH (normal range for 
other materials 40-70% RH)


The value acquired for 
capillary region (above 93% 
RH) does not come from 
measurements for other 
materials


Moisture retention of hempcrete and other materials
Source: Evrard and De Herde, 2010
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Literature review
Laboratory testing and analysis
One-dimensional hygrothermal (WUFI) analysis
Findings and conclusions


4. Methodology


3. Objectives
To obtain measured values for three mixes of hempcrete (hemp to binder ratio of 1:1, 
1:1.5 and 1:2)
To quantify the hygrothermal behavior of hempcrete walls in the context of Canada


5. Materials
Lime Binder
Pre-formulated product “BATICHANVRE”, a proprietary binder
Majority of air (hydrated) lime + a small portion of pozzolanic
ingredients + 20-30% of Portland cement
Density: 712 kg/m3


Hemp hurd
Plain hemp grown and processed in Manitoba, Canada 
Particle sizes : L: 5.0mm to 25mm, W: 3mm to 6mm,
T: 1.5mm to 2.5mm
Density: 125.42 kg/m3


Lime Binder    Hemp Hurd


Hempcrete







6. Test Measurements
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Natural drying


Test Samples


Standards used (no set standards are available for hempcrete):


ASTM C518-10: Standard Test Method for Steady-State Thermal Transmission Properties by 
Means of the Heat Flow Meter Apparatus 
ASTM C67-14: Standard Test Methods for Sampling and Testing Brick and Structural Clay Tile 
ASTM C62-13a: Standard Specification for Building Brick - Solid Masonry Units Made from Clay 
or Shale


3 Mixes: Mix 1 (1:1), Mix 2 (1:1.5), Mix 3 (1:2)
Samples: 2 types, 45 nos
Density/mass - stabilized during natural drying at around day 26


Mix


Samples
Total
(nos)


30.5 x 30.5 x 7.6 cm 7.6 x 7.6 x 7.6 cm
(1'-0" x 1'-0" x 0'-3") (0'-3" x 0'-3" x 0'-3")


(for conductivity 
test)


(for moisture related 
tests)


1 3 12 15
2 3 12 15
3 3 12 15


45
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Ball and finger test to confirm consistencyBell Mixer


Samples in mould and aluminum foil during drying


Activities
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5 hours Boiling and Cold Water SubmersionOven Drying @ 1100C


Plate 
Temperatures Set points Offsets


Hot Cold Mean Delta (T) Mean Delta (T)


250C 150C 200C 100C 0.450C 0.860C


Conductivity Test Conditions


Apparatus with Two Heat Flux Transducers and One Specimen (NETZSCH-HFM 436/3/E)
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Test measurement values


Mix


Dry
Density


(ρ0)
(kg/m3)


Dry 
Thermal


Conductivity  
(k0)


(W/mK)


Porosity
(Φ)


(m3/m3)


Free 
Water


Saturation
(Wf)


(kg/m3)


Maximum  
Water


Content 
(Wmax)
(kg/m3)


WC at 
80% 
RH


(MC80%


Equiv)
(kg/m3)


Saturation
Coefficient


(-)


Typical 
built-in
(Initial)


MC
(kg/m3)


(ASTM
C67)


(ASTM
C518)


(ASTM
C67)


(ASTM
C67)


(ASTM
C67)


(ASTM
C67)


(ASTM
C62)


(ASTM
C67)


1 233.03 0.074 0.53 376.29 532.66 17.47 0.71 259


2 316.79 0.088 0.53 374.96 525.66 23.17 0.71 257


3 387.74 0.103 0.66 423.55 655.31 29.08 0.65 286


*σ 77.44 0.015 0.075 27.68 72.92 5.81 0.035 16.2
*σ = Standard Deviation


Dry densities and thermal conductivities were within the published reference values


Moisture related prosperities [Wf, Wmax, WC80% Equiv , porosity (Φ)  and saturation coefficient] 
were slightly less than reference values (however, the mass differences in % were essentially 
the same to references)
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Dry density was linearly related to the proportion of binder (when binder was increased by 
50% and 100%, densities increased by 36% and 67%)
Similarly, dry thermal conductivity maintained a near linear relationship with density (when 
densities increased by 36% and 67%, thermal conductivities increased by 18% and 38%)


Dry Thermal ConductivityDry Density


Mix 1 Mix 2 Mix 3


Visual image of samples in dry state 


Analysis







7. One - dimensional hygrothermal (WUFI) analysis


Measured from the laboratory tests supplemented with reliable published (reference) values
Hempcrete was inserted into the WUFI material database as a user-defined material 
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States Hygrothermal Parameters
(Mix 3) Values Source(s) Standards


Dry 


Dry Density (ρ0) 388 kg/m3 Test ASTM C67
Porosity (Φ) 0.66 m3/m3 Test ASTM C67
Dry Thermal Capacity (c0) 1560 J/kgK Reference -
Dry Thermal Conductivity (k0) 0.1 W/mK Test ASTM C518
Dry Vapor Diffusion Resistance Factor (μ0) 4.85 Reference -


Moist 


Thermal Conductivity Supplement (b) 3.34 %/%mass Reference -
Maximum WC (Wmax) 655 kg/m3 Test ASTM C67
Free Water Saturation (Wf) 424 kg/m3 Test ASTM C67


WC at 80% RH (MC80% Equiv )
29 kg/m3 (7.5% 


mass) Test/reference ASTM C67


Liquid Absorption Coefficient(A Value) 0.074 kg/m2/s1/2 Reference -
Typical Built-In (Initial) MC 286 kg/m3 Test ASTM C67


Material Inputs
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Two types of wall assemblies with and without exposure of rain, wind and sun (i.e. 
mass wall and vented rain screen wall) for mix 3 were simulated


Wall Assembly 1 Wall Assembly 2


Hygrothermal performance of hempcrete for Ontario (Canada) buildings


Simulation Variables
Default exterior WUFI climate file for Toronto, cold year
User defined sine curve to define the inside temperature and RH (21±10C,50±10%)
Southeast orientation to maximize the combination of sun exposure and rain wetting 
ACH- 8 (constant)for 20mm air layer (vented) as air change source  (Assembly 2)
Simulation period: 3 years (10-1-2015  to 10-1-2018)


A series of (four) sensitivity analyses were also conducted by using referenced material 


properties (moisture sorption and thermal conductivity) for wall assembly 1 (Base Case)


≈
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Wall Assembly 1 (Mass Wall) Wall Assembly 2 (Rain Screen System)


Assumptions made to simplify the model : 
Samples - isotropic, homogenous and without volumetric variations (swelling and shrinkage 
neglected) 
No any chemical reactions between water, in all the 3 phases
No energy dissipation during flows
No parameter has time dependency
No hysteresis (univalent relationship between water content and relative humidity)
No air infiltration (user defined air-related moisture) 
No relevancy of temperature in moisture sorption
No natural or forced convection and no stack effect
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Wall Assembly 1 (Mass Wall) Wall Assembly 2 (Rain Screen System)


Films
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No significant changes in 
hygrothermal characteristics 
were also detected through the 
sensitivity analysis


Vented rain screen system 
(Assembly 2) is performing 
significantly better from a 
hygrothermal perspective 
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Both the wall assemblies 
(face-sealed mass wall and 
vented rain screen system) 
are performing well without 
any hygrothermal risks 
(no evidence of water 
accumulation, no dew 
points, no high T & RH at 
same time,  and isopleths 
distribution below dotted 
graph)


Water Content (WC)
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Descript-
ions WC


Assemblies (Base) Sensitivity Analysis (Assembly 1)


Assembly 
1


Assembly 
2


Sensitivity 
1


Sensitivity
2


Sensitivity 
3


Sensitivity 
4


Hempcrete kg/m3 23.18- 44.07 13.98-29.00 25.54- 46.93 22.90-43.95 23.38-44.15 24.16-44.41
% M 5.97-11.36 3.60-7.47 6.58-12.09 5.90-11.33 6.02-11.38 6.23-11.45


Water content of hempcrete
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1. Hempcrete building compared with Cellular Concrete building (Model)


Hempcrete wall building could regulate better indoor RH (42%) than cellular 
concrete building (35%) because of high hygroscopic capacity
Similarly, in  energy consumption, hempcrete building leads to a reduction of 
45% (125.8KWh) than cellular concrete (k=0.14W/mK) building because of low 
thermal conductivity (k=0.10W/mK).


Source: Tran Le et al, 2010
Variation of indoor relative humidity and heating energy


8. Case Studies 
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2. Hempcrete building at Alternative Village, Manitoba University (Test Building)


Source: Pinkos et al, 2011
Sorption Curve, wet and dry basis


MC 12% at RH 98% (MC < 20% dry basis, threshold for decay)
300mm thick wall covered with a building wrap (Typar), rain-screen gap and wood 
sheathing; interior was left unfinished
Power consumption 153.9 kWh, less but > R2000 building (118.8kWh) 
Provided a stable temperature throughout the wall
Similarly, RH through the wall showed that the internal portion of the wall managed 
moisture in a consistent manner
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3. Lime Technology office building, UK (Real Building)


Monitoring of the Lime Technology Ltd head office (UK) during April 2007
Source: Bevan and Woolley, 2008


500mm thick Hemcrete® walls 
Exterior: Temp.,70C to 220C; RH, 42% to 88%
Interior: A very stable internal environment (150C, 68%RH)







The higher the binder content, the higher the density, leading to a higher thermal 
conductivity. This relationship follows a near linear pattern. 


Measurements of dry density and thermal conductivity were ranged from 233 kg/m3 to 
388kg/m3 and 0.074 W/mK to 0.103 W/mK, respectively


Drying period of hempcrete was noted as approximately 26 days, where minimum 
density was stabilized


In all cases, no mold growth/decay risk, no condensation risk, no heat loss risk, and  
no risk of damage from freeze thaw and salt effect were evidenced 


However, from hygrothermal perspectives, the vented rain screen system could be 
considered as a better option for a hempcrete wall assembly in an Ontario (Canada) 
climate


Finally, no significant impacts on hygrothermal characteristic of hempcrete wall were 
also noticed during the sensitivity analysis due to some variations in moisture sorption 
and thermal conductivity, based on published reference values.


9. Findings and Conclusions
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ENHANCED SOURCE AND SINK VENTILATION MODEL FOR WUFI 
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ABSTRACT 


Ventilation processes in rain screen wall assemblies can be difficult to understand, since the amount of air 
movement taking place and the effect this has on the construction has several unknowns. Previous work at 
the Building Research Association of New Zealand (BRANZ) used tracer gas techniques to experimentally 
establish average ventilation rates in cavity walls. These were found to not only depend on purpose provided 
ventilation openings, but also on adventitious openings to adjacent cavities in the facade. The measured 
rates were then applied to models of timber drying experiments undertaken on the same building. These 
were modelled with good agreement compared to experimental data (McNeil, 2007) using a version of 
WUFI2D modified to include a source and sink ventilation model. The implementation used in this 
modified version is identical to what is now found in the commercial releases of WUFI, and allowed a user 
to model the interaction of outdoor air with air in a cavity.  


Recent publications have highlighted possible limitations with the simple source and sink approach to 
cavity ventilation, with an un-validated COMSOL model showing differences in the modelling of both the 
wetting and drying phases. There have also been discrepancies noticed in some benchmarking cases that 
warrant investigation to improve the ability of the model, particularly as the humidity’s recorded are high 
enough to raise durability concerns. 


The key assumptions around the vapour and heat transport mechanisms inside air cavities are based on 
well-known tabulated values. A fundamental limitation in WUFI, is that the moisture storage function does 
not vary with temperature, which is crucial for relative humidity comparisons to measured data. 
Understanding these limitations, a more thorough model of the physics in the cavity has been developed 
which takes into account long wave radiation, and the variation of moisture storage ability of air with 
temperature. This is done using an interface available in the WUFI kernel for developers. The new model 
is tested against an experimental case with reasonably good agreement found.  


INTRODUCTION 


Hygrothermal modelling is becoming an increasingly more useful tool for building scientists, engineers and 
architects. During the early 2000’s BRANZ began working with the Fraunhofer institute for building 
physics on various aspects of the WUFI range of hygrothermal models as part of the response to a crisis in 
the New Zealand (NZ) construction industry, the ‘leaky building syndrome’. At this time NZ was 
experiencing widespread external moisture penetration issues in our more modern construction due to a 
number of systemic failures (Hunn, 2002).The impact on the nation’s economy was considerable, and with 
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the majority of NZ residential building stock being light weight timber framed construction the ongoing 
risk was high, which understandably led to a strong drive to change the building code. This is not an issue 
unique to NZ, obvious examples are the leaky condo crisis in Canada (Finch, G., 2007), the same risks are 
present. 


To underpin building code changes and to understand the physical processes that were contributing to the 
problems experienced, a research programme was undertaken. During the course of this work, several 
important achievements were made. Ventilation rates in both rain screen and direct fixed construction 
assemblies were measured using tracer gas techniques (Bassett, M., McNeil, S., 2006), and the drying rates 
from different locations in wall assemblies were established (McNeil, S., 2007, Bassett, M. 2009). The 
experimental aspects of this work went hand in hand with hygrothermal modelling of the measurements to 
enable us to understand the impact that various external climates in NZ could have on any potential 
solutions. 


In order to do this, a source and sink ventilation model which sat inside the WUFI2D calculation kernel 
was developed (McNeil, 2010). This was then used in subsequent educational tools that have been used to 
help the NZ industry understand the issues at play (Bassett, M. 2012). It is an identical implementation to 
the air model which now ships with WUFIPro, and WUFI2D.There has been considerable work in the area 
of ventilation in rainscreen walls (Karagiozis, A. N. and Künzel, H. M., 2009), (Finch, 2007), (Straube et 
al, 2004), which highlight how complicated the processes can be. There are also significant ventilation 
processes that occur in direct fixed walls, and this has recently been investigated by BRANZ (Basset et al., 
2015). Figure 2 shows the different airflow processes that take place in a weatherboard timber framed wall 
common in New Zealand.  


Typical NZ Wall Construction: 


 
Figure 1: Various air leakage paths in a typical New Zealand wall. 
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Recent Work 


The accuracy and reliability of the initial source and sink ventilation model proved to be very good, 
particularly when it was used for applications that mirror what it was benchmarked against, which were 
modelling the drying of wall assemblies. However, a recent project at BRANZ has found difficulty in 
achieving good agreement between cavity relative humidity levels and those predicted by WUFI (Overton, 
2016). The aim of the project was to understand the requirement for controlling vapour movement through 
lightweight NZ  constructions, amid concerns that the risk of accumulation of condensed water between the 
insulation material and underlay was becoming an issue. An experimental program was undertaken over 
two years with several varieties of wall construction, including timber and steel frame, with various vapour 
control measures used. 


The measurement specimens used were of typical construction, however, there was particular attention 
made to build these samples to be airtight, in order to ensure that, as much as is possible that any effects 
noticed were due to vapour movement, and not air infiltration.  


It was found that in most locations in NZ, there was not a great risk of long term accumulation of condensed 
water between the underlay and insulation, with only short duration condensation events noticed. It did 
raise an interesting question though, and that was why was the ventilation cavity humidity consistently 
‘high’ in the experimental walls. This would lead to virtually all the measurement walls failing the durability 
component of ASHRAE 160. A plot of sample data is below (Overton, 2016). Although the sensors 
recorded 100% RH for a few days, presence of liquid water was only visible with a borescope for short 
periods. 


 
Figure 2: Elevated cavity humidity levels in rainscreen walls during winter in NZ (Overton, 2016) 







 


 


Paper 69                                                                                                     Page 4 of 14 
 


The findings of (Overton, 2016) and work undertaken in BRANZ in regards to roof moisture in NZ cold 
roof constructions led to the topic of this paper as a way to enhance the WUFI kernel, and provide further 
options to simulate ventilation in construction cavities. 


Other Approaches to Simulation of Cavity Ventilation 


COMSOL Multiphysics has been used by a number of researchers to supplement or replace the capabilities 
of hygrothermal models like WUFI. COMSOL is a powerful piece of software, though does lend itself more 
to research use due to the level of mathematical knowledge required to use it effectively.  


Several publications (Van Belleghem, M. et al. 2015), (Nespoli, L. et al 2013), have created coupled HAM 
models, where a COMSOL model of the porous materials is coupled to a CFD model to take care of the air 
processes. These have shown quite different results from the simplified implementation in WUFI (Van 
Belleghem et al. 2015), however these comparisons were made directly between the models, ie, not on real 
data. A comparison of both models to the same measured data would be beneficial. 


The use of tools like COMSOL carry with them more effort for the user, in that a material database is not 
typically available, requiring a degree of extra work to set up a simulation. In addition, issues such as 
numerical stability have been highlighted. 


BRANZ is currently looking at ways to use COMSOL to supplement its use of WUFI in certain situations, 
with a project underway at present, the main advantage of this will the ability to understand the air 
movement in detail, for this paper though we are looking at a 1 dimensional model, where a simple source 
and sink approach should suffice. 


Methodology, Ventilation Module Revision: 


Notwithstanding the work above, the capabilities of WUFI are well tested and documented across the globe 
and there is opportunity to provide for a more complete treatment of ventilation for situations where extra 
accuracy is desired. This can be done without the complexity of a full CFD treatment of cavity air. The rest 
of this paper details a procedure undertaken to accomplish this. 


The current ventilation model deposits the ventilation air at the location the user specifies, with no concern 
for the path it takes to get there, the same approach is taken here as we are using a simple 1D model, future 
work (particularly the current COMSOL based project) may enable progress to be made in this area at a 
later date. 


With this in mind, the key to creating a more complete model of cavity ventilation processes, by enhancing 
the existing source and sink model, was to understand the limitations with the current system. 


Since WUFI has evolved from a model for porous materials, it understandably has to treat air movement 
and its properties in a simplified manner. This currently takes the form of empirical material properties 
including transport coefficients and storage of heat and moisture. These are based on well tested 
standards/publications, which focus on energy transport. This does mean however, that the temperature 
dependence of the moisture storage capacity of air is not implemented, mainly due to the fact that 
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temperature dependence of the storage capacity of most building materials is insignificant (Künzel, 1995), 
another reason is that it presents a challenge from the numerical perspective. 


From the point of view of the needs of many WUFI users these assumptions are perfectly adequate. The 
impact on total moisture and heat movement across the wall is likely to be only impacted to a small extent, 
evident in the number of benchmarking cases that have shown good agreement.  


In practice though, if one is interested in what the cavity humidity is with more certainty, the variable 
moisture storage capacity of air with temperature should be considered as the strong temperature 
dependence of this can impact on the model. This was evident during the experiments and modeling 
completed during the BRANZ vapour control in walls project (Overton, 2016).  


Another area where the current model could be causing limitations is the treatment of heat transport across 
the cavity as a lumped conduction term, including longwave radiation. Radiation is the dominant transport 
process in ventilated cavity walls, so the decision was made to introduce a simple long wave model as a 
separate transport term. Although long wave radiation flows are reasonably balanced as the temperature 
differences of the surfaces are within a few tens of degrees at the extremes, it is important to separate if 
from conduction and convection, since the air temperature is not directly affected by this radiation. 


Separating convective and conductive heat transfer coefficients is a possible future improvement, but at this 
stage will be left until the conclusion of the current COMSOL project. For now tabled data is used. It also 
makes much more sense to implement this in WUFI2D, not the 1D model we are using here. 


Coupling WUFI Models: 


There are numerical difficulties in addressing the above inside the WUFI kernel itself, because of the 
underlying assumptions in the equation system. For this reason an approach where coupling two individual 
WUFI models together, via a simplified air transport model has been undertaken. This involved dividing 
the construction into two different domains, with a new domain, representing the cavity inserted in between. 
The wall construction is shown in figure 3 below, the cladding itself is one WUFI model, while the wall 
underlay, insulation, and interior lining form the second WUFI model.  
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Figure 3: Typical cavity wall construction 


This is made possible due to the team at FIBP creating an external sources library that has been made 
available to BRANZ and other research partners (internal specification document). This library exposes a 
host of internal routines to developers, which can then be controlled with an external programming language 
(in this case Java was used). The parameters used for this work are listed in table 1 below. 


Table 1: Parameters available for coupling from the WUFI kernel 
Exposed Parameter Unit 


Temperature °C 


Relative Humidity [-] 


Heat flux [W/m2] 


Enthalpy flux (including latent heat and radiation) [W/m2] 


Moisture Diffusion [kg/m2s] 


Wolfram Mathematica® is then used to control all three models (figure 4). It takes all the material data, grid, and other 
information needed by each copy of the WUFI® kernel from files generated in the standard GUI. There is a small penalty paid 
for using Mathematica as an intermediary (of the order of 20-30%) however the convenience and ease of interfacing Mathematica 
with our data acquisition systems made this penalty more than worth it. 


All surface parameters, boundary conditions, ventilation rates etc are able to be varied on a timestep by 
timestep basis inside Mathematica. Long wave radiation is enabled on the surfaces internal to the cavity for 
each of the WUFI models.  


The cavity model coupling the two instances of WUFI is a simple nodal model (Cunningham, M., 1990), 
which takes its boundary conditions and surface fluxes of both heat and moisture from the two instances of 
WUFI.  


Standard terms, were used to describe the heat and moisture flows due to diffusion and conduction across 
the boundaries (Künzel, 1995). Tabulated values for interface coefficients literature were used, these are 
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listed below in table 2. 


 
Figure 4: Schematic of model coupling 


Table 2: Boundary surface coefficients 
Boundary Coefficient 


Exterior heat transfer 10.68 [W/m2K] 
Long wave emissivity (ext) 0.18 
Short wave absorption (ext) 0.75 
Cavity surface heat transfer 8 [W/m2K] 
Interior heat transfer 8 [W/m2K] 


 


Long wave radiation between surfaces was calculated using formula 1. Since WUFI calculates the longwave 
emission using the supplied boundary conditions (ie it assumes radiation into the sky) and we are dealing 
with an enclosed cavity, a correction was needed. The long wave emission was calculated using the 
temperature of the surface (and emissivity supplied to WUFI), and was offset against the value calculated 
with formula 1. As we are assuming parallel plates, a view factor correction has been disregarded. 


𝒒𝒓𝒂𝒅 = 𝝈(𝑻𝑳
𝟒 − 𝑻𝑹


𝟒)
𝟏


𝟏


𝜺𝑳
+


𝟏


𝜺𝑹
−𝟏


 (1) 


Where 
 
𝒒𝒓𝒂𝒅 [W/m2]:  Heat flow due to long wave radiation 
𝝈 [W/m2/K4]: Stefan Boltzmann constant 
𝑻𝑳,𝑹 [K]:  Temperature of left and right side of cavity 
𝜺𝑳,𝑹 [-]:  Emissivity of left and right side of cavity 
 


Ventilation source and sink terms were calculated with an identical method to (McNeil, 2007), with a slight 
modification for a 1D application, as below. 
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Where: 
 
𝑿 [kg/m3]: Absolute humidity  
𝑹𝑯 [-]:  Relative humidity 
𝐏𝐬𝐚𝐭(𝐓) [Pa]:  Saturation vapour pressure at temperature T  
𝑻 [K]:  Temperature  
𝑹𝒘 [J/kg/K]: Ideal Gas constant  
 
𝐐𝑚 [kg/m2s]: Moisture source 
𝐐𝐭 [W/m2]:  Heat source  
𝑨𝑪𝑯 [1/h]:  Air change rate 
𝐝𝑐𝑎𝑣 [m]:  Cavity depth 
𝛒𝐨𝐮𝐭 [kg/m3]: Air density  
𝐂𝐩,𝐚𝐢𝐫 [J/kg/K]: Heat capacity 
 


Equations 2-4 were implemented inside the nodal model. The air moisture content was calculated using a 
standard saturation vapour pressure equation, and importantly, this was kept as a temperature dependent 
term. After applying the equations above a new cavity temperature and RH are then calculated. 


As stated above, the interaction of the ventilation air with the surfaces of the cavity enroute to where it has 
been deposited has been ignored, the same as a conventional cavity air model in WUFI. 


RESULTS 


A test case has been constructed as per table 3 below. The exterior cladding was contained in one WUFI 
model, while the SBPO, insulation and interior lining were contained in the second WUFI model. 


Boundary condition data was taken from the measurements made in (Overton, 2016) and applied to this 
model. The ventilation rate was assumed to be a constant 15 ACH, as it was a conservative estimate based 
on field measurements using tracer gas techniques on the same building. 
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Table 3: Test case construction materials 
 Material Thickness 


Exterior Cladding Fibre Cement board 7mm 
Ventilation Cavity 20mm  
Underlay SBPO 1mm (WUFI inserted thickness) 
Insulation R1.8 M2K/W Fiberglass batts 90mm 
Interior lining Paper faced Gypsum board 9.5mm 


Results of the cavity RH, in comparison with measured values are presented in figures 5 and 6 below for the enhanced and 
standard models respectively. 


 
Figure 5: Modelled cavity relative humidity with revised ventilation model 
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Figure 6: Modelled cavity relative humidity with standard model 


Results of the cavity temperatures, in comparison with measured values are presented in figures 7 and 8 
below for the enhanced and standard models respectively  


  


Figure 7: Modelled cavity temperature with standard model 
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Figure 8: Modelled cavity temperature with revised ventilation model  


Figures 9 and 10 below plot the difference between the modelled and measured RH curves from figures 5 
and 6 respectively.  


 
  Figure 9: Difference between modelled and measured cavity RH for enhanced model 
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Figure 10: Difference between modelled and measured cavity RH for enhanced model 


DISCUSSION AND CONCLUSION 


As seen in Figure 5 the agreement between the measured RH and the modified WUFI model is generally 
good. There does however tend to be an over estimation of the cavity humidity at several points in the 
calculation run. There are also issues near the tail end of the run, where the relative humidity is over 100%. 
Figure 9 shows the difference between the enhanced model and the measured data, at worst there is around 
a 10% error in the modelled RH, with the average being ~3.4% RH, which considering the accuracy of the 
Honeywell RH probes used to measure the cavity RH, is very encouraging.   


Figure 6 shows the standard model as compared to the same measured data, of particular interest is the 
strong change in the general behavior of the model, where the cavity relative humidity is underestimated 
by a reasonable margin (of the order of 15% RH). Looking at figure 10, which shows this difference more 
closely, the underestimation is ~18.7% RH on average.   


Similar comparisons between the modelled temperatures and the measurements in figures 7 and 8 present 
a different picture. In both cases the temperature agreement if quite reasonable. In the case of the enhanced 
model, the temperature is slightly under predicted by ~1.4°C on average over the length of the run. In the 
case of the standard model, the temperature is slightly overestimated by ~ 1.9°C on average. 


The results of the modelling above demonstrate that the modifications are doing a reasonably good job of 
modelling the test case. Treating the radiation and heat conduction through the air separately, along with a 
temperature dependent moisture storage function for air seem to have made a significant difference in the 
ability to model cavity humidity accurately. Although the standard moisture storage function for air 
incorporated in WUFI (at a fixed temperature of approximately 20°C) is a good compromise, the 
improvements noted here demonstrate some improvement is possible should the temperature of the air vary 
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to any great extent. For the average user, there is the ability in WUFI to change the sorption curve, which 
might be useful for some applications. 


In terms of other improvements, there is some work still needed to try and resolve the differences near the 
tail end of the calculation run. First to be considered is an extra node in the model to allow for some liquid 
condensation to be stored. This has been used in previous BRANZ work looking at condensed water on 
glass, so should be reasonably straightforward to implement. This should go some way to addressing the 
issue.  


There is also scope to revise the surface transfer coefficients, which at the modelled ventilation rate of 
15ACH could be higher than the 8W/m2K used currently, which will affect the heat gain of the cavity.  


In addition to this it is ideally worth investigating the sensitivity of the model to the heat transfer coefficients 
in the cavity, as well as the emissivity of the underlay and back of the cladding. Running the model against 
several test cases should help with this. 


The results of this work are encouraging, and there is likely a method that would be able to implement this 
model in an additional library file (dll), that WUFI could use directly, negating the need for two WUFI 
models and third party software to interface them. 
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New Zealand’s Building Research Provider
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construction project is payable to 
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New Zealand’s Climate


Average winter ambient


• Kaikohe (north) 11.9oC
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BRANZ project on vapour control


• Concerns about vapour migration in our 
vapour open construction.


• Verify, or otherwise, current practice 
around vapour control in walls.


• Controlled environment to exacerbate 
the issue.


• Year 1 – steel-framed walls


• Year 2 – timber-framed walls







Accumulation risk?


Condensation events were short duration – matter of hours


10 mm XPS – year 1


Flexible underlay – year 2







Modelling


• WUFI used to 
simulate the 
experimental 
walls


• In general, our 
models agree 
well but the 
observed cavity 
RH remained 
unresolved







Current source and sink implementation


Simple perfect mixing model


Temperature difference and absolute moisture 
difference used to create source terms
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Revised implementation


• Nodal model created in Mathematica


• Frees us from some constraints in the kernel
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Intermediate model


• Perfect mixing assumed


• Long wave radiation decoupled from 
conduction


• Temperature dependence of moisture 
storage implemented


• Simplified radiation transport model 
implemented
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Possible Improvements


• Condensation node


• Implementation as a .dll


• Benchmarking with tracer experiments
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Opportunity Statement


Passive heat transfer systems such as heat fin can be 
retro-fitted into underperforming assemblies to solve 
condensation issues.


They can also be used to demonstrate the potential of  
innovative applications to provide efficient and 
comfortable buildings.
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Context


Year Mean Max Mean Min Min


2016 32°C (90°F) -10°C (14°F) -10.5°C (13°F)
2015 31.1°C (88) -10°C (14°F) -15°C (5°F)
2014 31.1°C (88°F) -10°C (14°F) -14.4°C (6°F)
2013 33.6°C (89°F) -5.5°C (22°F) -9.4°C (15°F)
2012 34.4°C (94°F) -3.3°C (26°F) -8.3°C (17°F)
2011 33.8°C (93°F) -3.3°C (26°F) -8.3°C (17°F)
2010 32.7°C (91°F) -6.1°C (21°F) -8.8°C (16°F)
2009 30.5°C (87°F) -9.4°C (15°F) -13.3°C (8°F)


For this climate zone the ASHRAE Design temperature is -10°C (14°F)
(Mid-Atlantic Region of US)


Date of building 
Completion


Analysis timeframe
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Thermography in Early Winter
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Interior and Exterior Temperature Data
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Proposed Solution


Actual Construction
Without Heat Fin


Actual Construction
With Heat Fin


Ideal Construction 
Without Heat Fin
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Infrared Results
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Heat Fin Flux Vector Results
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Field Test Design


Designed Heat Fin Field Modified  Heat Fin
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Field Test Install







Limitations of Solution
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Limitations of Solution
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Beyond Conduction: Convection
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Beyond Conduction: Convection
Blinds
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Beyond Conduction: Diffusion
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New Applications


Convective loop formation as air nears the glass wall. Presence of people in the atrium 
contributes to heating up air and adds additional moisture load as the air moves across 
the people.  Stack effect and additional mechanical flow to the high return for the space 
will drive air upwards in addition to the convective loops shown.
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New Applications


Turning a large volume of exposed structure into a giant radiator of heat. Heat being driven 
directly into the exposed steel columns could be considered as this would increase heat flow to 
the curtain wall framing structure at each level.  The structure becomes a passive heat fin.  This 
would also drive convective loops from structure to ambient air (supplied air) and create better 
mixing of the air and reduce the risk of moisture build up.  
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ABSTRACT 


All over the world, weather patterns are changing. In many places, extreme hot and cold temperatures are 
being experienced by people and buildings not acclimated to the changes. As building codes lag behind in 
adapting to climate change there are unique building enclosure failures occurring as a result of changing 
temperature extremes. In the mixed humid climate of the mid-Atlantic region, unique building enclosure 
failures related to climate change include an increase in condensation issues as a result of record lows in the 
region over recent winters. This case study explores condensation issues related to extreme cold for a typical 
large multi-family residential building and proposes a retrofitted, cost-effective solution in the form of a 
passive heat fin. The study uses primary data to identify risk parameters, thermal 2-D modeling to design a 
targeted solution, then verifies the design by installing sensors and monitoring against real-world results. 
This paper will discuss how conduction, convection, radiation and diffusion all play a role in the way that 
moisture and heat are transferred and moved based on a passive heat fin. 


As the climate continues to change, it is conceivable that many buildings will experience similar issues as 
they are based on codes that do not account for our current climate and future climate experience. For building 
owners simple solutions that can be deployed on large scales are more economical than tearing down and 
rebuilding. Retrofitted solutions that increase the resiliency of buildings will be a key component to keeping 
existing building stock functional. 


INTRODUCTION 


Performance of a building enclosure can degrade for a number of reasons, increasingly the industry is noticing 
a trend where materials and assemblies typically constructed in a region are no longer providing the expected 
level of thermal resistance, air tightness or water shedding. Since regional construction methods remain 
relatively unchanged the conclusion is drawn is that the materials and assemblies cannot keep pace with 
changes in the environment and construction quality variables. Both new and existing buildings are 
vulnerable to environmental changes and the impact increasing storms, temperature fluctuations, and extreme 
weather of all kinds have on a building exterior. Developing low cost effective retro-fits for the issues facing 
the built environmental will become more and more critical to creating a resilient building stock locally, 
regionally, and globally. In the Mid-Atlantic region the trend is toward colder winters, hotter summers, and 
increased humidity loads over the year. For one newly constructed multi-family residential complex, issues 
with excessive moisture and ice on the interior of window sills has been caused by extreme climate 
conditions, systemically deficient construction methods, and product testing that did not adequately measure 
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the performance of the assembly in place. 


Changes to Climate 


The planet’s climate will continue to evolve, impacted by our use of the surrounding environment, how we 
build, and where populations migrate.  These changes impact ocean currents, which in turn change weather 
patterns. These changes in weather patterns then affect all types of infrastructure, including buildings.  For 
example, use of certain materials and colors can increase heat pick-up, development patterns and shapes of 
buildings can alter wind flow, and increased cloud cover can impact radiation due to reflection.  Historic data 
has shown that the rate of change in the climate has quickenedi; it now outpaces development of building 
code to the point of building performance degradation. There is little consensus on how best to accurately 
provide good guidance for designing with current climate data.  In many ways the current code in most parts 
of the United States does not accurately depict the weather that climate zone is experiencing.  This is due to 
how codes and standards are developed utilizing laborious and long consensus and adoption processes. Even 
if current code has been adopted, there is still a time lag in the climate data.  Thus, designers and builders are 
building to an outdated set of climate data.  In some climate zones this will have minimal impact based on 
limited differences in new climate norms compared to historic data.  However, in others, these new extremes 
make a significant impact in how the building enclosure design will respond to the new climate norm.  
Coupled with the climate, the vast array of building enclosure systems and materials we can build with and 
the cost to construct new construction economically create conditions where buildings are experiencing 
increased risk for moisture and heat transfer issues.  Although these issues have been present for many years, 
the combination of the climate, cost and material range factors have created a higher risk for building 
enclosure tie-ins and systems experiencing heat flow and moisture flow failures, especially in residential 
construction where cost is highly influential and code requirements are less stringent. 


Workmanship and Performance 


Unrelated to climate, poor quality control in construction continues to be a challenge for reasons related to 
schedule, budget, and complexity.  Considering the pace at which the industry tends to build, quality can 
often be traded out for meeting schedule.  Mis-installed or poorly tooled sealants or mis-lapped air barrier 
membrane can not only allow water infiltration, but also uncontrolled air flow that, especially during 
heightened wind, can undermine thermal performance of fenestration products.  This in and of itself can 
undermine fenestration performance by allowing air to traverse across locations of thermal breaks in the 
fenestration and thus undermine the systems thermal performance.  For example, uncontrolled air flow from 
a mis-tooled sealant joint can become critical on the windward side of a building where wind washing effect 
can creates frosting that occurs on the inside, usually evidenced by unusual ice build-up patterns.  This can 
help those trying to understand the reasons for condensation on the window product to see if another 
influencing force besides interior to exterior heat flow may be at play.  Constructability reviews, analysis of 
window placement, mock-ups with instrumentation, training of the trades and better project oversight can 
help reduce the risk of outliers and offer better means to solve issues before they happen, but are not currently 
in widespread use in the United States. 


Performance Testing Falls Short 
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The case study depicted in this article faces challenges from both a rapidly changing climate and deficiencies 
during construction due to product selection and installation. Over the course of one year on this newly 
constructed property, residents observed and reported water on and around window sills throughout the 
building. Condensation is caused by warm moisture laden air coming in contact with a colder surface and 
falling below the dew point, or frost point when ice is formed. In photographs provided as part of this project, 
this moisture varies from droplets, to pools, to ice on window frames and sills. The occurrence of moisture 
was seemingly random across the property.  The types and locations of condensation in the subject property 
did not have a defining distinct pattern based on elevation or location within the building.  Generally, 
condensation on window frames can be due to many factors that can drive issues such as: 


1) Window placement within the wall, especially differences in placement to meet the architectural 
requirements. 


2) Construction quality. 


3) Impact of wind washing on facade based on shape of building(s) on case study site and adjacent new 
development. 


4) HVAC layout that may change from unit to unit. 


5) How the unit owner or renter operates and conditions the space varies. Measured RH in units 
experiencing condensation varied but was often within the range of 20%-35% under normal 
residential use without mechanical humidification. 


The building industry has developed specific standards to test the assembly performance of windows. The 
accepted standard that addresses condensation is American Architectural Manufacturer’s Association 
(AAMA) 1503.1 – Voluntary Test Method for Thermal Transmittance and Condensation Resistance of 
Windows, Doors, and Glazed Wall Sections. This test measures thermal characteristics of glazed window 
and door assemblies under steady state controlled conditions. A Condensation Resistance Factor (CRF) is 
determined using the thermal conductance, thermal transmittance, thermal resistance, and air infiltration rate. 
The stated goal of the test is to create a metric of comparison across different products using a replicable test 
method. The standard states that there is “ … no effort to impose or account for the effect of water vapor 
flow through or into the specimen during the test.” Further, the standard recognizes that other factors such as 
wall construction, location of thermal break, drapes or shades, pressurization, wind velocity, and location of 
heat sources influence the thermal transmittance performance of the product. It is not the intent of standard 
AAMA 1503.1 to provide indication of installed performance of the window or door, only to provide a means 
of comparing the relative risk of condensation across products. It is therefore inappropriate to rely on CRF 
values alone to determine if an assembly design will perform. CRF should be a starting point, with higher 
values being better. 


There are of course other standards designed to test various performance aspects of a glazed product. In this 
particular case study the glazed doors and windows met the performance requirements of the specifications, 
and yet did not perform once installed. 


 


Table 1: Products Installed Testing Results for Air Leakage Rates 
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STANDARD Tested Rate Allowed Rate Meets Requirement 
ASTM E283-04 - Terrace Door 0.01 cfm/sf  


(1.5 L/s*m2) 
0.30 cfm/sf Yes 


ASTM E283-04 - Sliding Door 0.10 cfm/sf  
(.5 L/s*m2) 


0.30 cfm/sf Yes 


ASTM E283-04 - Picture Window 0.003 cfm/sf 


 (.015 L/s*m2 


0.30 cfm/sf Yes 


AAMA 1503.1-88 - Picture Window CRF of 58  Yes 
ASTM E283-04 - Single Hung Window 0.08 cfm/sf  


(.41 L/s*m2) 


0.30 cfm/sf Yes 


AAMA 1503.1-88 - Single Hung Window CRF of 57/50   


As seen in Table 1 the windows installed for this case study met the condensation resistance and air tightness 
performance criteria of the designer as written into project specifications as well as industry accepted testing 
standards and applicable building codes. While it is true that the windows selected for this project are not 
considered the highest performance they are considered standard for this region and construction type. Yet 
the in-situ performance did not meet expectations for the product and assembly. 


METHODOLOGY 


This analysis examines the condensation potential for an aluminum window at the sill reflecting the 
conditions experienced in-situ. The case study project is in a generally milder winter climate in the mid-
Atlantic region of the United States.  The window installed for this building represents typical construction 
and placement for nailing flange windows placed in a rough opening for multi-family residential this region. 


We utilized a two-dimensional heat transfer software, THERM from Lawrence Berkeley National 
Laboratory, to complete the analysis of the window-to-wall interface. Using the heat transfer software we 
examined the risk of unconditioned exterior air entering at the window frame (outboard side) that can increase 
the times of day a window is more directly being influenced by colder temperatures that undermine the 
performance of the window and its thermal breaks.  Also, we can use the model to examine misalignment of 
thermal breaks in the window product that for structural reasons in frame design may occur between a 
window and a receiver, or between a fixed frame and the operable portion as occurs on this project. 


Design Condition 


This residential building has a building facade consisting of brick masonry, metal panels, and punched 
aluminum framed openings. We started the THERM model with the as-designed condition as shown in Figure 
1.  
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Figure 1: Typical window sill detail from construction documents 


Modeling Parameters 


Using the companion software to THERM, WINDOW an assembly was created to reflect the parameters of 
the product installed in the case study building. 


1) Window Type:  


a. Single Hung Window with Backer Rod Platform, Glazing type G1 


2) IGU Type 1  


a. Outer glazing- low e coating on surface #2 emissivity 0.034 at .1180 inches (0.299 cm) 


b. Air Layer - .6320 inches (1.605 cm) 


c. Inner glazing – Clear at .1250 inches (0.3175 cm) 


The wall system modeled was made up of the following components from outside to inside: 


1) Cementitious lapped siding  


2) 5/8 inches(1.587 cm) Sheathing 


3) 3 ½ inches (8.89 cm) Fiberglass batt insulation 


4) 2 layers of 5/8 inch (1.587 cm) Wall Board 


To accurately address the indoor and outdoor temperatures we examine local weather patterns. From our 
discussions with management and maintenance staff at the property we understand that the condensation 
issue has occurred for the past two years during winter months. This makes sense according to our THERM 
simulation which indicates that the window sill will condense when the exterior temperatures fall below 20°F 
(-6.67°C). In addition, according to historic climate data for the area the past two years have been colder than 
average, Figure 2 shows the temperature and dew point in Sterling, VA for 2014. The chart indicates that the 
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temperature were below 20°F (-6.67°C) frequently from November through March reaching an overall low 
of -2°F and that these temperatures are below normal for the area.  


 


Figure 2: Temperature and Dew point data in Sterling, VA for 2014 when condensation issue was observed showing lowest 
temperatures of -2°F. 


As a baseline, unless otherwise noted, the following conditions were used: 


1) Exterior Temperature: 16.3°F (-8.72°C) (ASHRAE 2009 99.6% Heating season design temperature 
for Washington, DC) 


Interior Temperature and Humidity: 72°F (22.22°C) and 35% relative humidity, the dew point temperature 
is calculated to be 42.8°F (6°C). 35% RH mimics a space with a slightly elevated moisture that can occur 
during showering, cooking and/or with a portable humidifier within a space.  


  
Figure 3: Material assembly and thermal transmittance results of baseline model showing potential for thermal bridging due to 
misaligned thermal break situated outboard of middle of wall thermal barrier, a common issue with nailing flange windows. 


As can be seen in Figure 3, the interior window frame has the potential to form condensation where the frame 
meets the sill stool at 41.4°F (5.22°C), which is below the dew point of 42.8°F (6°C). The model shows the 
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issue of thermal alignment of the window’s thermal break in relation to the wall assembly. Thermal alignment 
refers to the vertical plane of insulation in relation to the thermal break in the window frame, if the two are 
not in the same plane, or close to it, a thermal bypass is created. Misalignment of thermal breaks when 
combined with incidental air flow in the window frame might affect thermal performance of the window 
frame by creating two means of thermal bypass. 


Creating a Heat Transfer Model to Mimic Defective Construction 


During our site investigation, we found several locations where window and exterior door frames were not 
air tight to the exterior. Our model simulated air infiltration at the frame reflecting the actual thermal 
performance of the assembly as validated by our field instrumentation findings across several spot checks of 
data. See Model Validation section below for further explanation of instrumentation method. 


Field Inspection. Observations made on-site found construction methods differing from contract documents. 
The most significant inconsistency was a lack of backer rod platform and backer rod present at window sills 
inspected. It is possible the backer rod and sealant was intentionally not installed at some locations to increase 
drainage performance of the aluminum window frames. The result is that outside air is allowed to penetrate 
the wall assembly further that intended in the design.  In other locations as shown in Figure 3, sealant has 
failed due to a lack of backer and a lack of closure providing enough surface area to successfully install 
sealant. 


 


Figure 4: Infrared imaging of typical double window at property shows the coldest temperatures concentrated at the center jamb 
and below the sill. 


During our investigation, we used infrared imaging to understand the location of air infiltration at windows. 
Figure 5 shows a typical double window at the property with the coldest temperatures concentrating at the 
intermediate jamb and the central area below the sill. This infrared image further supports the finding that air 
infiltration at the sill is the main cause of condensation at the windows. 


Model Validation. To create a model that simulated assembly performance in-situ we, installed Type K 
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thermocouples to record the temperature at the window frame, stool, and glass using HOBO data loggers.  
Additional HOBO data loggers were placed both indoors and outdoors to record temperature and humidity 
over a 4 day period (March 17th-20th 2015). Data logged March 20th at 9:15am was chosen out of several 
spot checks for comparative model analysis. Below is the table of temperatures recorded at that time 
comparing the sensor data to the below modeling results for the “As Designed” model and the revised 
“Predictive Model” with air infiltration at the sill shown in  


 


 
AS DESIGNED PREDICTIVE MODEL 


Figure 6. 
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Figure 5: Sensor array installed at window to gather baseline performance data at window sill. 


Table 2: Temperature Comparison 
  


Sensor Location 
Logger 


Identifier 
Sensor Temp °F/RH 


As-Designed 


Model 
Predictive Model 


Exterior (outdoor) EX 36.795°F(2.66°C)/85.49RH 37°F (2.78°C) 37°F (2.78°C) 
Interior (indoor) INT 71.27°F(21.81°C) /28.69RH 72°F (22.22°C) 72°F (22.22°C) 
Window Glass K1 57.15°F (31.97°C) 58.3°F (14.6°C) 57.2°F (14°C) 
Window Sill K2 52.0°F (11.11°C) 53.2°F (11.78°C) 52°F (11.11°C) 


Window Stool K3 65.41°F (18.56°C) 70.1°F (21.16°C) 69.4°F (20.78°C) 
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AS DESIGNED PREDICTIVE MODEL 


Figure 6: THERM comparison of window installation as-designed and predictive model verifying field performance data with 
outside influence air due to air leakage below frame. 


In Figure 7 the left model shows the thermal performance of the assembly “As Designed” referring to the 
design intent of having no air infiltration into the window frame through the window trim interface condition. 
The figure to the right shows the data validated THERM model with partial air infiltration in the frame 
matching recorded thermal performance from our on-site data, we refer to this as the predictive model 
because it is used to predict the actual performance of the window frame. Several stop checks were made 
using data at various moments in time. With a validated predictive model the next step is to model the 
proposed solution of installing a passive heat fin at the interior of the still stool. 


Proposed Solution 


The proposed solution is based on the above findings that the increased risk of condensation on the window 
frame is caused by; misalignment of the thermal breaks across the wall to window interface, and air leakage 
from the exterior below the sill. These two conditions cause the window and window sill frame to have 
condensation during winter months when warm, moisture laden air meets the cold metal sill.  


Our proposed solution enhances heat flow to a frame to reduce the risk of condensation.  Increasing heat to 
the window  can be accomplished by several strategies; increasing interior temperatures in a space, increasing 
heated air flow by directing diffusers towards the window, and limiting stagnant air at the window by leaving 
a gap at the bottom of blinds when lowered (while not violating privacy). Our proposed solution poses that a 
more effective way to move heat to the frame is using an intentional thermal bridge. A passive heat fin is an 







 


 


Paper 7                                                                                                     Page 11 of 18 
 


intentional thermal bridge using conductive metal, usually below an insulated stool at the sill to more 
effectively move heat from elsewhere (like a vertical wall surface near a window) to the window.  In this 
case study, wood sills act as are a good insulator to direct heat toward the window when compared to a metal 
stool.  Although some of this heat is inevitably lost to the exterior through the same thermal inefficiencies of 
the as-built condition, it results in increased temperature on the frame. To be clear, this means the overall R 
value of the window is reduced, although, the argument is that the thermal resistance of the unmodified 
window is under-performing. This proposed solution has the advantage of managing condensation moisture 
despite the current construction deficiencies and future risks for the owner of not always having perfect 
timing on sealant maintenance, while accepting heightened relative humidity levels for residential occupants 


The proposed solution calls for installing a passive heat fin in a Z shape attached to the window frame, then 
running under the window stool and turning down behind the window apron at the interior. The heat fin is 
made of 20 gauge aluminum set into a conductive gel on the horizontal and where it turns onto the window 
frame to enhance heat flow to the window. This passive heat fin creates an intentional thermal bridge from 
the interior inboard of the thermal breaks which allows interior heat to reach the window sill and frame 
resulting in higher temperatures on the metal surface and reduced risk of condensation. When comparing the 
results of the as-built scenario in the center to the proposed solution on the right, the models demonstrate that 
an increase of 6.2°F (-14.23°C) at the bottom of the sill occurs with heat moved through the passive heat fin. 
This is due to heat flux through the fin reducing the wall temperature at the base of fin, and with some losses 
along the fin, allowing much of that heat to be taken to the window frame in a well-designed heat fin.  Some 
heat is also lost to the outside, but overall vastly warms the sill. 


The figures below compare the thermal performance of the as-designed window assembly, the as-built 
window assembly and the proposed solution to substantially reduce the likelihood of condensation on the sill 
at the analyzed temperatures. Some risk of incidental condensation on the coldest days of the year can occur 
and if blinds are closed isolating the windows from the heat in the room, or if a unit is kept too cold will 
occur, but for substantially less time. 
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Figure 7: Thermal modeling results of proposed heat fin in 20 gauge aluminum showing increased temperature at the interior sill 
frame when compared to Figure 3. 


 


 


REDICTIVE MODEL WITHOUT HEAT FIN PREDICTIVE MODEL WITH HEAT FIN 
Figure 8: Side by side comparison of the base case model without a heat fin on the left and the proposed passive heat fin on the 
right showing an increase temperature at the interior sill frame. 


In the THERM model, the dew point is located roughly in the middle of the insulated wall cavity and the 
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IGU, in Figure 9 the dew point line at the interior window frame, where the risk of condensation is the 
greatest, moves into the window frame indicating the risk for condensation is reduced due to the frame being 
warmer. 


Mock-up and Validation 


Before installing this solution across all windows experiencing the condensation issue we sought to validate 
the proposed solution by installing a full-scale mock up at the property on a window that consistently 
experiences condensation. 


  
TYPICAL SILL LOW SILL 


Figure 9: Designs for the proposed passive heat fin solution at two window configurations found at the case study property. 


The window chosen for the installation was slightly different than previously modeled conditions in that the 
sill was at floor level as opposed to waist level. As such, there was no sill stool to install the fin under so the 
fin was installed on top of the base board. After installation an array of Type K thermocouple sensors were 
set up to monitor temperatures at the glass, sill and fin. 


At the coldest period during the monitor period the window sill reached a low temperature of 33.49°F 
(0.82°C). At that same moment, the interior temperature near the window was 52.4°F (11.33°C) at 51.8% 
RH, this means that the dew point of 35.2°F (1.78°C) was reached and there is risk of condensation at the 
sill. Unfortunately there is no way to verify visually if there was condensation at this moment because no one 
was there to make visual observation. However, we do know that convection at the sill may have been moving 
air across the sill at a high enough rate to prevent condensation from forming, see more in the discussion 
below. We also know that the period there was a condensation risk was relatively short and drying could 
have occurred. 
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Figure 10: Sensor array set-up for in-field mockup of heat fin. 


DISCUSSION 


Condensation occurs when a surface is below the dew point temperature of the air near the component has a 
sufficient moisture content to form droplets.  Condensation can appear as moisture droplets, a small pool of 
water, or frost and ice if temperatures of the frame are below the frost point.  Enhancing heat flow to a surface 
will help reduce the risk of condensation. In this case study the surface experiencing condensation was a 
metal framed window. Reducing the risk of condensation can be accomplished by: 


1) Increasing interior temperatures in a space to direct more heat to the window frame 


2) Increasing heated air flow by directing diffusers towards the window 


3) Limiting stagnant air at the window by leaving a gap at the bottom of blinds when lowered (while 
not violating privacy). A gap at the top of the window blind would be ideal to act like a return vent 
to reduce the risk of air stagnation which will increase moisture held near the window or door.   


4) Install intentional thermal bridging which has the additional advantage of managing moisture by 
reversing current deficiencies on the frame design. 


The proposed solution of a passive heat fin acts as  an intentional thermal bridge that uses conduction to more 
effectively move heat. The sill stool acts as an insulator that allows the metal fin below to move heat from 
the area of higher heat at vertical wall surface near a window to the area of lower temperatures at the window 
frame.  Although some of this heat is lost to the exterior through the same thermal inefficiencies of the as-
built condition of the window frame, it results in increased temperature on the frame.   The passive fin can 
be thought of as additive to the frame, the frame is still seeing heat from the air along its surface; but the fin 
is taking heat that is transferred from the air in a space in another component (the wall) and adding it to the 
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frame through conductivity.  This results in the increase in temperature on the frame that varies with interior 
and exterior conditions. In our validation model, we examined the flux vector path and magnitude of the 
materials in the assembly to determine the precise amount of heat moving through the heat fin. 


  


Figure 11: Flux vector diagram of heat fin showing concentration of heat transfer. 


In Figure 20 the flux vector diagram shows that this passive heat fin performs due to the highly conductive 
nature of aluminum which effectively moves heat from the interior air temperature and wall surface 
temperature to the window frame resulting in the frame warming of 6°F (-14.44°C). The heat is then dispersed 
into the frame via the thermal bridge that was formerly the weak point in the frame exposed to outside air to 
the point of the thermal break and dissipates to warm the frame above as well at the operable unit. This 
substantially reduces the amount of time the window will experience condensation but also increase heat loss 
through the window. 


The fin uses conduction predominantly to move heat from the exposed interior metal surface below the sill 
to the window and uses the wood sill as a top side insulator to reduce heat loss to the air along the fin and a 
conductive gel below over wood blocking at the sill to optimize the heat transferred.  The THERM tool 
models this conductive flow.  However, other building physics are at play at the fin.  In addition to direct 
conduction, where the fin is warmer than the frame and glass, it conducts heat but also will radiate some of 
that heat as well.  This radiating heat sets up an enhanced flow path for surface vapor diffusion for any 
moisture that may collect on the fin.   


In addition, a concept that is not easily demonstrated is that air flow to the fin and window will experience 
convection because of the delta in temperatures. When the air near the fin gets cooler between mechanical 
cycles, the heat from the fin radiates into the space and creates a small convective loop at the sill. This 
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convection loop increases the diffusion of moisture from the elevated surface condition that is at saturation 
(some condensation) allowing this moisture to leave the window surface faster.   


These localized diffusion, radiation and convection phenomena are not picked up in the model, but are 
sometimes picked up by a well thought through sensor array that also uses a thermocouple to pick up the air 
temperature just off the frame and visual observations at exterior temperatures below the heat fin effective 
design temperature at a set interior temperature.   


Heat fins have to be engineered to be optimized, as we have done through our analysis, to determine the 
thickness that should be utilized within reasonable limitations of the space.  Although they will not fully 
eliminate condensation on the coldest days of the year in their passive nature, increasing heat within a unit 
on colder days can greatly help.  


 Follow-Up 


In the year following installation of the mock-up heat fin, the owners and operators installed the proposed 
solution in several units across the property. After a cold but relatively mild winter from 2016/2017 it was 
found that noticeable condensation continued to occur if one of more of the following conditions were met: 


 the building elevation experienced increased wind washing in cold months; 


 window surrounds were not re-sealed at the exterior side perimeter; 


 the interior of the unit was held at 68° (20°C) or lower; 


 humidity levels were increased in the unit above normal levels.  


The propensity of condensation in these conditions is consistent with the design intent of the passive heat fin. 
It illustrates the need for a holistic approach to condensation management is situations of increased risk 
through occupant education and automatic environmental controls. In order to make the system more robust 
a solution such as heat trace would likely need to be implemented, a solution that can by cost prohibitive for 
many owners. 


CONCLUSION 


As the climate continues to change, it is conceivable that many buildings will experience performance 
degradation issues similar to the condensation phenomenon explored in this analysis. Performance issue will 
continue to be persistent as long as construction methods and product testing standards do not keep pace with 
changes in weather patterns locally and globally. The new extremes that are becoming increasingly normal 
make a significant impact in how the building enclosure design will respond to the new climate norm.  
Coupled with the climate, the vast array of building enclosure systems and materials we can build with and 
the cost to construct new construction economically create conditions where buildings are experiencing 
increased risk for moisture and heat transfer issues. For building owners simple solutions that can be deployed 
on large scales are more economical than tearing down and rebuilding. Retrofitted solutions that increase the 
resiliency of buildings will be a key component to keeping existing building stock functional. 
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In this case study a newly constructed multi-family property was experiencing condensation issues at 
windows sills throughout the building. After investigation via visual observation, infrared thermography, and 
thermal modeling is was determined that a combination of insufficient design, poor installation detailing, and 
average grade products caused the systemic condensation issue. The resulting assembly had a heightened risk 
of condensation due to thermal bridging that was further exacerbated by exterior air infiltration at the window 
frame.  Uncontrolled air flow, especially during heightened wind, can undermine thermal performance of 
fenestration products.  This in and of itself can undermine fenestration performance by allowing air to traverse 
across locations of thermal breaks in the fenestration and thus undermine the systems thermal performance.  
The wind washing effect can also allow frosting that occurs on the inside to have unusual patters sometimes 
in how ice buildup is occurring.  This can help those trying to understand the reasons for condensation on the 
window product to see if another influencing force besides interior to exterior heat flow may be at play. 


The solution proposed, installed, and validated used a passive heat fin to move heat from interior surfaces to 
the window frame. This solution effectively raised the temperature of the window frame enough to reduce 
the risk of condensation, but not eliminate it, as the validation data shows.  Unlike an active system such as 
heat tracing which converts electrical power to heat, the passive fin incurs no additional energy burden.  As 
part of the fin is insulated below the stool on this property, it also allows the fin to retain heat for a period of 
time when a room is not calling for heat through the HVAC system.  In visual observations on numerous fins 
we have designed, we find that many times below the temperature at which the fin is thought to be effective, 
it is still functioning and visible condensation does not occur.  It is the combination of other phenomena at 
play in surface diffusion, localized convection and some propensity for radiation that explains these 
conditions where a heat fin is more effective.  These are not easily modeled in the current software tools and 
more study in the field is needed to discern the level of impact each individual building physics phenomena 
impacts the fin performance. 


To avoid these types of performance issues in future projects tools such as constructability reviews, analysis 
of window placement, mock-ups with instrumentation, training of the trades and better project oversight can 
help reduce the risk of outliers and offer better means to solve issues before they happen, but are not currently 
in widespread use in the United States.  
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Taller Wood Building Structures


 Fast


 Sensitive to moisture


 Greater movement 


(shrinkage & drift)


 Fire code challenges


 Mixed steel, concrete


& wood materials


 Is not the same as stick-


built wood-frame and 


also different from


high-rise steel or 


concrete structures
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Building Enclosure Design Fundamentals


 Primary function of the Building 


Enclosure/Façade: Separate the 


exterior & interior environments


 Protect mass timber during 


construction & in-service


 Serves functional and aesthetic & 


purpose


 Controls heat, air, and moisture 


transfer along with noise and fire


 Designed to accommodate 


building movement, structural 


loads, initial & seasonal wood 
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sustainable, energy efficient 


building
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Tall Versus Shorter Mass Timber Buildings


 Tall Wood Structures


 More repetitive, more exposed, difficult 


access, need for more speed – ideal for 


prefabricated facades 


 Less focus on roof and more on walls for 


weather protection


 Low to Mid-rise Wood Structures


 Easier access to walls from ground 


 Greater focus on roof for weather 


protection than walls


 Prefabrication of façade also possible 


though less economies of scale
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Tall Wood Building Enclosures
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 Accommodating of 


inclement weather


 Ensure Durability
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 Thermally efficient


 Non-combustible 
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Initial Concerns & Questions from Project Team 


 Vancouver = Temperate rainforest


 How to protect mass timber from 


rain during construction in any 


season


 Giant tarps?


 Temporary roof lifted by crane?


 Waterproof the floors?


 Enclose as fast a possible?


 Enclosure must keep up with pace of 


structure


 How long can mass timber floors get 


wet for? Best way to protect it?


 How to enclose & seal the walls 


quickly and not be slowed by 


inclement weather?
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UBC Brock Commons - Façade Design Criteria


Fast installation 
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Tall Wood Building Enclosures – A Race to the Top 


Brian Hubbs, P.Eng and Graham Finch, MASc, P.Eng,                                                                       
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INTRODUCTION 


Interest in taller wood buildings utilizing cross laminated timber (CLT), nail laminated timber (NLT), and 
structural glued laminated timber (glulam) is growing rapidly in Canada and the United States. On the west 
coast, recently completed projects including the 97 foot tall, 6-story Wood Innovation and Design Center 
(WIDC) in Prince George, BC, the 180 foot tall, 18-story UBC Brock Commons Tallwood House in 
Vancouver, BC, and the upcoming 12-story Framework project in Portland, OR, have captured the attention 
of the international construction industry. Several other taller wood buildings are on the horizon and 
feasibility studies are currently being performed for mass timber buildings over 30 stories in height. Tall 
wood buildings have been a reality in Europe longer than North America, and there is much to learn from 
the European experience. However, conditions unique to the North American construction industry create 
many challenges for the design team in demonstrating the safety, durability, and economics of these 
buildings, all while forming public perception of wood at taller heights.  


WOOD STRUCTURE AND BUILDING ENCLOSURE – A RACE TO THE TOP 


Structural systems for tall wood buildings are new to the industry and are unique in their design and 
construction. Heavy use of CLT or NLT panels and glulam beams/columns along with innovative 
connectors are features of taller wood buildings. Concrete and steel are also utilized with mass timber 
elements to create “hybrid tall wood structures.” Tall mass timber wood structures have the benefit of 
prefabrication and can be installed very quickly saving construction time and cost. To achieve this time 
savings, advanced computer models are often utilized to draw all components individually in 3D and 
combined to model the completed building. The 3D model for each component part is then linked directly 
to the wood and connector fabrication facilities to ensure the perfect fit of all components on site. Once 
complete, the model is then used to simulate construction of the building in 4D to optimize the on-site build 
schedule. An example for the UBC Tallwood House is shown in this video by CADMakers - 
https://www.youtube.com/watch?v=ATKpFtzCVFU.  


Tall wood structures have many challenges that need to be overcome prior to construction. The greatest 
challenges include public perception and gaining acceptance with local code authorities. The most 
significant issues that need to be addressed to achieve this acceptance are fire safety, building movement, 
and durability. Wood is more sensitive to moisture than concrete or steel, especially during construction if 
not properly protected. This is where the integration of building enclosure and façade elements come into 
play. On Tall Wood Buildings in North America, the integrated design and erection of the building 
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enclosure and façade components to protect mass wood structure during construction is critical to the 
economics, durability and overall success of these buildings. This is where the notion of a race to the top 
arises – build the structure fast, but build the enclosure just as fast to protect the wood structure and take 
full advantage of the time saving benefits of a prefabricated building.  


Wet West Coast Challenges 


The Pacific Northwest of Canada and the US is a temperate rainforest climate where persistent rain is 
expected for most of the fall, winter and spring months. In this climate, construction can proceed 12 months 
per year due to relatively mild temperatures. In this region, tall buildings are typically constructed of cast 
in place concrete that is poured year-round without the need for hoarding and heating. Building facades are 
installed in a vertical assembly line many floors below the concrete operations typically using moisture 
tolerant unitized curtain wall, window wall or steel stud assemblies. During construction, it is common for 
water to wet the structure and façade systems during and after installation from both the interior and exterior 
as rainwater flow is managed inside the building.   


On tall wood buildings, mass timber elements including CLT, NLT, glulam, and other engineered 
components absolutely need to be protected from excessive wetting during construction. This requirement 
precludes the use of many conventional cladding systems unless the building is fully hoarded during 
construction. On buildings such as UBC Tallwood House, where scaffolding and hoarding is not practical 
or economical, the following risk mitigation strategies can be employed to help prevent heavy timber 
components from getting wet during construction: 


1) Build and enclose very rapidly during the summer dry season; 


2) Pre-protect heavy timber elements with appropriate membranes; 


3) Prefabricate enclosures for quick installation; 


4) Install factory finishes or coatings to reduce water absorption; 


5) Employ an effective construction site water management plan. 


NLT as a floor and roof panel is particularly challenging in rainy and damp coastal environments due to the 
tendency for the nailed framing to swell when wetted. The Nail Laminated Timber Design Guide recently 
published by the Binational Softwood Lumber Council (2017) provides practical guidance on avoiding 
these problems with considerations for climate and assembly design. CLT can handle wetting much better 
than NLT as it does not swell along the length or width, however, research and field experience over the 
past few years strongly suggests that panels should be coated with a factory applied water repellant, 
particularly at the edges and exposed end grain to reduce the amount of wetting during construction. If NLT 
or CLT gets too wet during construction, it will take significant time for the wood to dry out and this can 
result in costly construction delays. 


Simple design strategies that allow wood that is wetted during construction (or could become wetted in-
service due to leaks) the ability to dry out go a long way in making these buildings more durable. On WIDC, 
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the roof system was installed over strapping over the CLT roof beams and open to the interior above the 
mass timber structure. When the plywood was wetted during construction as a result of snow melt, it was 
easily and quickly dried out from the interior by moving interior air between the plywood roof sheathing 
and the CLT beams.   


Prefabrication and Detailing of the Façade  


The two key differences that need to be considered early in design for tall wood buildings which are unique 
from other building types are summarized as follows:  


1) Need for Speed 


The building enclosure for larger and taller mass timber buildings should be erected and sealed water-tight 
as fast as possible following the erection of the wood structure. This necessitates the use of offsite 
prefabrication and minimal site work to prepare for installation of wall and roof panels. In addition, 
materials used within the enclosure panels, whether they be structurally fabricated of wood, steel, or 
concrete need to be accommodating of inclement weather and tolerant of moisture during construction. Pre-
installation of windows and thoughtful design of panel joints and interfaces for ease of sealing is therefore 
crucial.   


2) Ensure Durability 


Materials used within the building enclosure need to be robust and essentially “high-rise appropriate.” 
Given the potential short- and long-term vertical expansion/contraction and lateral drift of the wood 
structure, they also need to be more tolerant of movement. Thermal efficiency is necessary for code 
compliance as is the use of non-combustible materials. Wood structural components can be just as durable 
as steel or concrete when properly protected and have the added benefit of being more thermally efficient 
when bypassing installed insulation.  


UBC BROCK COMMONS TALLWOOD HOUSE – WORLD’S TALLEST WOOD BUILDING  


The building enclosure and façade of UBC Tallwood House consists of an innovative prefabricated steel 
stud rainscreen curtain-wall assembly that is pre-insulated, pre-clad, and has factory installed windows. 
Design of connections and air and water sealing of panel joints and interfaces was carefully considered 
given the tall wood structure they were designed to protect. While steel studs were utilized in the panelized 
structure, feasible curtain-wall designs were also developed and prototyped for wood-framing, CLT, and 
precast concrete as part of the project. 


During the early schematic design phase for the UBC Tallwood House, the following criteria were outlined 
by the design and construction team for the façade system:  


 A panelized façade that could be installed and sealed air and water tight at a pace of one floor 
per day. 
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 A durable moisture tolerant panel with windows pre-installed that could be installed and sealed 
without access to the exterior side. 


 A wall assembly that met the current energy code target (R-16 effective) but could easily be 
scaled up if needed to meet more aggressive overall building energy performance targets. 


 Be constructed of non-combustible materials or where wood is used, meet fire code 
requirements. 


 Economical, and for this project, an installed cost of less than $50/square foot, which locally 
at the time was in line with pre-cast sandwich panel and aluminum window-wall systems. 


With these criteria in mind, various prefabricated wall panel design options were explored for the project. 
These included both a bottom bearing small panel option which could be installed using small hoists 
installed like a window wall, and a larger top-hung curtain-wall panel option with preinstalled punched 
windows mounted using the site crane. A costing and scheduling assessment of both panel concepts by the 
construction team favored the larger panel option given the anticipated installation of the structural 
members and the significantly reduced level of slab edge preparation and membrane work required. 


Given the preference for a larger hung prefabricated panel, the architectural design of the façade proceeded 
with this concept and aesthetic. The next step in the design process was to select a structural system for the 
panels and work with a local contractor to design a façade system to meet the project criteria. To spur design 
innovation and in the spirit of competition, three sub-contractors were tasked with the design and mock-up 
construction of a wood-frame/CLT, steel-stud, and pre-cast sandwich panel. Each team fully designed their 
panel, installed a set of panels on an offsite mock-up and submitted a tender for their system. Ultimately 
the exterior insulated steel stud backup wall was selected as it met the project criteria and budget.   


Once the steel stud unitized curtain-wall approach was selected, the design was finalized and a full scale 
Performance Mock-up (PMU) was constructed and tested for assembly time, air, water, structural, seismic 
drift/deflection and condensation performance. The performance mock-up testing identified improvements 
to panel connections, windows, air and water seals, and corner panel connections. The panel cladding was 
also changed from light gauge steel to a high-pressure wood-fiber laminate for aesthetic reasons. The mock-
up was installed in a record 60 minutes and is the fastest PMU installation that the authors have ever 
witnessed. 


Upon the successful completion of the performance mock-up, full scale assembly of the panels was started 
in the manufacturer’s facility. 


During the summer of 2016, 24 prefabricated panels per floor were successfully installed at a speed of two 
floors per week (instead of the initially anticipated 1 floor per week), closely trailing the CLT floor and 
glulam column structural system. The strategically designed panel joints were sealed from the building 
interior following panel installation and tolerances were such that these panel joints are difficult to 
distinguish from other cladding joints. After the building was closed in and the roof installed, additional 
batt insulation within the stud cavities was installed followed by a vapor barrier membrane and drywall. 
Onsite commissioning was performed to confirm that the panel and window air and water tightness met 
project performance specifications. This fast and simple installation of the prefabricated panel system 
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allowed the structure and façade of the world’s current tallest modern wood building to be installed in a 
record breaking 9 weeks and contributed to the overall success of this project.   


Onward and Upwards 


Looking ahead, there will continue to be innovation in design and construction of fast and durable facades 
for taller wood buildings. New prefabricated panel designs incorporating CLT panels and connection 
technologies from unitized curtainwall systems are already being developed for the “next tallest” wood 
buildings in North America.  
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Impermeable self-adhered membranes work 


adequately
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Construction details can be complex
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TOO MUCH Impermeable self-adhered membrane
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TOO MUCH Impermeable self-adhered membrane
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Vapour permeable sheet/self-adhered products not 


acceptable
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Vapour permeable sheet/self-adhered products not 


acceptable
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What about liquid membranes?


 Vapour permeable liquid 


applied membranes becoming 


more common for treating  


window rough openings


 Impermeable self-adhered 


membrane still applied at sill


 Can be cost effective and 


simpler
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Vapour permeable liquid flashings suitable at sill?


Photo Credit: Green Building Advisor
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Vapour permeable liquid flashings suitable at sill?


 Several related standards and 


guidelines


 AATCC 127


 AAMA 711-13


 AAMA 714-15


› ASTM C1305-00


› ASTM E96 Method B


 Existing evaluation standards are sufficient for some 


properties including nail sealability, UV and temperature 


stability, etc.


 BUT some performance metrics are not covered satisfactorily


 Membranes with similar vapour permeances but widely different 


water absorption rates


 Variable gaps between steel/wood framing and wall sheathing at 


rough opening
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Vapour permeable liquid flashings suitable at sill?


 Existing industry standards and guidelines do not yet 


adequately cover liquids applied in horizontal applications


 Key considerations and potential issues:


 Water ponding resistance


 Drying potential


 Flexibility and gap bridging ability


 Compatibility and adhesion with other materials


 Weather dependent curing (rainwater, cold, heat)


 Workability and ease of application


 Longevity, durability, exposure to UV & heat
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Long term water ponding resistance


 Devised test to demonstrate the potential for water uptake 


through vapor permeable liquid flashing membranes on 


horizontal surfaces (wood sill, OSB and plywood edges)


 Industry awareness that impermeable self-adhered membranes work 


adequately in this application and that permeable sheet goods 


(housewrap) are not suitable. 


 No comparative data to suggest what vapor permeable water repellant 


liquids may be suitable for this application


 Compared liquid membrane results with self-adhered control membranes 


that were known to work well or fail
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Window sill setup


Window sill mockup with 2x6 sill 


and OSB and plywood sheathing


Moisture content pins installed 


into wood at critical locations


Setup to pond 


water on liquid 


membrane surface
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Window sill wetting – Results


2x Framing


Safe MC <20%
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Window sill wetting – Results 


Plywood


Safe MC <20%


not safe with these liquids 


or permeable SAM


maybe okay 


with this liquid?


safe with this liquid & 


impermeable SAM
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Window sill wetting – Results


OSB 


Safe MC <20%


not safe with these liquids 


or permeable SAM


maybe okay 


with this liquid?


safe with this liquid & 


impermeable SAM
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Window sill wetting – Observations


Swelling failure liquid membrane at OSB 


resulting in leak


Excessive absorption of liquid membrane 


and discoloration
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Window sill wetting – Observations


Mould after 30 days due to absorption into OSB sheathing below a relatively absorptive & 


permeable liquid applied window sill flashing
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Window sill wetting – Observations


Dimensional lumber


OSB edge
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Drying potential evaluation


 Devised test to demonstrate whether 


improved drying characteristics 


manifest through vapor permeable 


liquid flashing membranes on 


horizontal surfaces (wood sill, plywood 


edge)


 Wood-framing often wetted during 


construction in Pacific Northwest with 


little opportunity to dry in winter 


months


 Potential for enhanced drying at rough 


opening if interior window framing 


(king studs, cripple studs, headers) limit 


drying to the interior


 Compared liquid membrane results with 


permeable and impermeable self-


adhered membranes


Moisture content 


pins installed into 


wood at critical 


locations (red dots)
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Safe MC < 20%
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Window mock-up drying – Results 


no benefit with tested 


liquids


Improved drying potential 


with permeable SAM
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Gap Bridging Ability
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Gap Bridging Ability


 Test consisted of applying 


the membrane to substrate 


with different gap widths and 


evaluating bridging ability.


 Three gap widths: 1/4”, 1/8” 


and 1/16” were created using 


factory edge of gypsum 


sheathing


 Monitored over 72 hours for 


formation of pin holes and 


voids (often not 


visible/apparent immediately)
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Gap Bridging Ability 


Gap Bridging Test Results after 72 Hours


Note: All specimens applied at manufacturer’s specified thickness.


Sample ID Chemistry
Thickness 


(wet mils)
1.6mm (1/16”) Gap 3.2mm (1/8”) Gap 6.4mm (¼”) Gap


L01 STPe 15 mils FAIL FAIL FAIL


L02 STPe 15 mils FAIL FAIL FAIL


L03 Silicone 30 mils FAIL FAIL FAIL


L04 STPe 25 mils BRIDGED BRIDGED FAIL


L05 Silicone 65 mils BRIDGED BRIDGED BRIDGED


L06 STPe 15 mils BRIDGED FAIL FAIL


L07 Acrylic 48 mils FAIL BRIDGED FAIL
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Gap Elongation – From Zero to >1/16” Opening


Sample ID
Widen to 


1/16”
Close to 0”


Widen to 


1/8”
Close to 0”


Widen to 


1/4”
Close to 0”


Widen to 


1/2”


L01 FAIL FAIL FAIL FAIL FAIL FAIL FAIL


L02 BRIDGED BRIDGED FAIL FAIL FAIL FAIL FAIL


L03 BRIDGED BRIDGED FAIL FAIL FAIL FAIL FAIL


L04 BRIDGED BRIDGED FAIL FAIL FAIL FAIL FAIL


L05 BRIDGED BRIDGED BRIDGED BRIDGED BRIDGED BRIDGED BRIDGED


L06 FAIL FAIL FAIL FAIL FAIL FAIL FAIL


L07 BRIDGED BRIDGED BRIDGED BRIDGED BRIDGED FAIL FAIL
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Joint treatment critical with liquids 
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Conclusions


 Preliminary results confirmed common industry assumptions


 Plywood and OSB more susceptible to moisture uptake and decay


 Self-adhered membranes performed as expected


 Potentially some liquid chemistries acceptable as sill flashings


 Thicker membranes exhibited better gap bridging capabilities, 


but all membranes still require reinforcement across 


gaps/cracks


 No discernable drying benefit to liquids over impermeable 


self-adhered products


 Development of new ASTM or AAMA test methods required to 


reflect in situ performance of liquids in flashing application
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Discussion + Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.buildingsciencelabs.com


 Michael Wilkinson- mwilkinson@rdh.com
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ABSTRACT 


High-rise buildings hold the highest share of the existing residential stock in major Canadian cities. However, 
their poor performance is often characterized by indoor discomfort conditions and high energy consumptions. 
Decreasing the energy demand of high-rise residential buildings is therefore critical. Over the last few years, 
thermal energy storage has often been proposed to stabilize indoor temperatures and improve the thermal 
environment, which influences the energy demand of buildings. This study investigates the benefits of latent 
thermal energy storage systems obtained by incorporation of phase change materials (PCM) into walls and 
ceilings of apartment units. A composite system, 2 cm thick, composed of two PCM products with melting 
temperatures of 21.7 oC and 25 oC is investigated. The effectiveness of this thin composite PCM system is 
studied in the climates of Toronto and Vancouver by assessing the changes in indoor temperatures and energy 
demands. A parametric analysis is performed using simulations done with EnergyPlusTM. The results show 
that the composite PCM system improves the indoor temperatures in both cities by reducing temperature 
fluctuations and balancing temperature peaks. Overall, the benefits of this system result in the reduction of 
the cooling energy demand by 6% in Toronto and 31.5% in Vancouver. Finally, the benefits of the 
investigated system are discussed. 


INTRODUCTION  


One of the greatest challenges that the world faces today is global climate change as a result of the incessant 
rise in greenhouse gas (GHG) emissions. Changing climatic patterns not only affect the environment, but 
also the human health, and many economic activities. Moreover, considering the important role of energy in 
our societies, the implications of climate change on energy supply and demands are critical. In this context, 
the built environment is accountable for nearly 40% of total GHG emissions as a result of high energy 
consumption (Berardi, 2017). In particular, residential buildings hold the highest share in energy use mainly 
attributed to space conditioning. The prediction for building energy use indicates a 179% rise in space heating 
and cooling demands by 2050 with respect to 2010 energy consumption rates in buildings (Berardi, 2017).  


Fast growing population, social changes and new lifestyles are leading to increased urbanization processes, 
which have a direct link with energy demands and related GHG emissions. Considering the pattern of 
urbanization and housing typology, more and more people live in multi-unit residential buildings in large 
cities, even in countries such as Canada where the availability of lands is not a critical issue. In fact, high-
rise apartments make up the largest share of residential stock in major Canadian cities such as Toronto and 
Vancouver (NRCan, 2016). Given the high number of high-rise apartments and their fast-growing market in 
Canada, it is essential to apply energy efficiency measures in this building typology (RDH, 2012; Touchie et 
al., 2014). However, considering the low rate of replacing this existing stock with new buildings, energy 
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retrofit is an imperative solution to mitigate the environmental impacts of the existing residential towers. 


The majority of high-rise apartments in Canada were built in an era of cheap energy when energy efficiency 
was not an important design criterion. The wasteful energy performance of high-rise apartments is attributed 
to multiple factors such as poor insulation, inefficient mechanical systems, air leakage and poor performing 
windows. However, even in new high-rise apartments often built with fully glazed facades, the negative 
impacts of the large window to wall ratios (WWR) reduce the benefits of the better building enclosures. 
Thermal discomfort, often due to indoor temperature fluctuations, is hence a major issue in both new and old 
apartments. Meanwhile, several studies on high-rise apartments in Canada concluded that the highest 
percentage of energy demand in these buildings is due space conditioning (RDH, 2012; Alsaadani et al., 
2016). Consequently, new solutions to reduce the energy demand of Canadian buildings are timely important 
(Nikoofard et al., 2015).  


In this study, the thermal energy storage is proposed as a retrofit measure to regulate indoor temperatures and 
mitigate daily temperature swings in apartments in order to reduce the need for mechanical systems. Based 
on the results of recent researches (Nikoofard et al., 2015), the incorporation of latent thermal energy storage 
systems using phase change materials (PCMs) is investigated. In particular, this study investigates innovative 
thermal energy storage systems obtained by combining multiple PCMs with different melting temperatures. 


LITERATURE REVIEW 


The energy consumption patterns of existing Canadian high-rise apartments have been investigated in several 
studies. RDH (2012) and Alsaadani et al. (2016) have shown that the age of the buildings and the thermal 
resistance of the enclosure and glazing areas are the main factors influencing the energy demand of high-rise 
residential buildings. In particular, WWR was shown to have a linear correlation with the energy use intensity 
(EUI) in high-rise apartments (RDH, 2012; Touchie et al., 2014). 


By reviewing the literature, it is inferred that for retrofit projects, the building sector has typically focused 
on improving the thermal resistance or reducing the air leakages in the enclosure. However, the thermal mass 
of a building is another feature that influence the energy consumption since it affects and regulates the indoor 
temperatures. Thermal energy storage (TES) in the indoor environment is hence key to reach a temperature 
stabilization. TES targets energy use savings by limiting the energy demand or transferring of loads in time, 
a strategy often known as peak shifting (Taylor and Miner, 2014, Bourne and Novoselac, 2015). TES was 
traditionally applied to buildings in form of sensible heat storage through the incorporation of massive 
materials, and has been typical to contrast overheating in mild or warm climates (Cabeza et al. 2011). In 
contrast to sensible TES systems, the use of PCMs as a form of Latent TES has gained some popularity as 
an optimal choice for retrofit applications (Sharma et al., 2009; Ascione et al., 2014). This is due to the higher 
heat storage capacity in small volumes of PCMs and to their applicability as unobtrusive measures (Soares 
et al., 2013). PCMs undergo a state change and store heat in narrow temperature ranges; this behavior makes 
them suitable for temperature regulations. The phase change is an isothermal process as PCMs melt at a 
specific temperature, or in a small temperature range, while their enthalpy changes. Optimally, during the 
day the PCMs store excess energy from the indoor spaces as they melt, and at night with lower temperatures, 
they solidify and release the heat back to the indoor space.  


Despite the wide range of PCM applications in light-weight frame buildings (Soares et al., 2017), several 
studies such as Fraser (2009) or Rodriguez-Ubinas et al. (2013) have investigated the addition of PCMs to 
masonry and high mass buildings too, and have emphasized the positive benefits that supplementing PCMs 



https://link.springer.com/search?facet-creator=%22Nelson+Soares%22
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may provide to the existing thermal mass. Integrating PCM as an additional TES to the thermal capacity of 
concrete structures in high-rise apartments can thus provide benefits in regulating the indoor temperatures.  


The first step for integrating Latent TES in buildings is the selection of an appropriate PCM system. The 
most important PCM characteristic is the melting temperature (Tmp); this is typically selected according to 
the expected indoor temperature range. In mechanically conditioned buildings, melting temperature of the 
PCM is hence matched to the operating set point temperatures of the HVAC system (Fiorito, 2014; Fleischer, 
2015). Childs and Stovall (2012), Ascione et al. (2014), and Vautherot et al. (2015) focused on the importance 
of the climate and of the set point temperatures over the PCM effectiveness. The results showed a distinct 
behavior of PCMs in various climates for different seasons, and implied to case-specific nature of PCMs used 
for indoor Latent TES. For this reason, recent studies have evaluated the performance of PCM applications 
in Canadian buildings both in building envelopes and or in HVAC systems (Nikoofard et al., 2015, Bigaila 
and Athienitis, 2017). However, more research on PCMs in Canadian climate is necessary to show their 
applicability in this context, especially targeting retrofit applications in high-rise buildings. In addition to 
climate, the importance of solar gain is mentioned by Roriguez-Ubinas et al. (2013) and Kensiarin and 
Mahkamov (2016) as a critical factor for PCM performance, specifically discussing the WWR for affecting 
the amount of incoming solar gains inside the buildings. 


Studies done by Diaconu and Crucero (2010), Passupathy and Velraj (2008) and Heim and Wieprzkowicz 
(2016) state that integrating a PCM with one melting point is not sufficient for annual TES. Thus, the concept 
of hybrid PCM systems with multiple melting points has been proposed to cover the entire year by using 
systems that have different melting points applicable to both the heating and cooling seasons.  


To quantify the performance of PCM integration in buildings, different methods have been adopted. So far, 
Multiphysics modelling of building components and whole building simulations are the most prominent 
methods for PCM optimization and for assessing their performance. Table 1 shows a summary of the main 
studies that have adopted a software simulation for assessing PCMs in buildings.  


Table 1: Literature of some of the main numerical studies on PCM applications in buildings. 


Study 


PCM Type and 
Application Building Type Software 


Parameters of 
Study Results PCM Melting 


Temperature 
(Tmp) 


Location Testing Period 


Virgone 
et al. 
(2009) 


Energain™ 
PCM in walls 


+ ceiling 
Office Building SIM. CoDyBa  Pre and post 


retrofit  
PCM thickness 


Applying PCMs with lower 
thicknesses in large surface areas 
performs better.  


Tmp: 21.7 oC Lyon 45.7 oN Summer 


Childs & 
Stovall 
(2012) 


Paraffin in 
wall insulation 


Test Room Sim. HEATING 8 Climate  
Location of PCM  
Amount of PCM 
Wall orientation 
Temperature range 
and set point 
correlation 


Installing PCMs on south and west 
walls showed to be more cost 
effective. 


Lower savings in cooling energy 
were observed when PCMs were 
applied to highly insulated walls. 


High effectiveness of PCMs in 
peak load shifting was shown. 


Tmp: 25 - 27 oC Phoenix 33.4 oN 
Baltimore 39.2 oN Annual 


Fiorito 
(2014) 


Rubitherm in 
walls Office Room Sim. EnergyPlusTM 


(Design Builder)  


Lightweight and 
well insulated 
structures 


Location of PCM 
Position in 


PCMs placed in interior side of 
the walls are more effective.  


PCM and insulation thickness 
showed direct impact of PCMs 
on discomfort hour reduction.  
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Tmp:18-43 oC Sydney 
33.52 oN One year  


enclosure 
Thickness of PCM 
Melting range 


Ascione 
et al. 
(2014) 


Commercial 
gypsum 


wallboard 
Office Building EnergyPlusTM Tmp 


Climate 
PCM location  
PCM thickness 
Natural and 
mechanical 
ventilation 


The greatest energy saving was 
observed with the highest 
thickness of 3 cm for the PCM.  


Highest cooling energy saving of 
7% was achieved in Ankara with 
a Tmp= 29 oC for the PCM. 


Tmp: 26 oC 


Ankara 39.9oN 
Athens 37.9oN 
Marseille 43oN 
Naples 40.8oN 
Seville 37.4oN  


Cooling Season 


Pisello et 
al. (2015) 


Theoretical - 
PCM in roof 
membrane 


Test room 
SIM. 


EnergyPlus™ 


Two different 
types of roof 
membrane 


Insulation 
availability on the 
roof  


The effectiveness of PCMs added 
to roof membrane is higher in 
reducing energy when no roof 
insulation is applied.  


Tmp:26 oC Perugia 43.1 oN Summer and 
Winter 


Simulation modeling is a suitable method to analyze the performance of PCMs and their impacts on energy 
use and indoor temperatures on a whole building scale. Furthermore, investigating several variables through 
parametric analysis becomes only possible using simulation models, which allow to perform comparative 
analysis of the factors affecting the PCM performance in buildings, as shown in Table 1 (Kosny, 2015). 


EnergyPlusTM is a common simulation software for assessing PCMs (Evola et al., 2013; Ascione et al., 2014; 
Pisello et al., 2015; Vautherot et. al., 2015). EnergyPlusTM models PCMs using a conduction finite difference 
algorithm (ConFD) which discretizes the building components into multiple sensors. The ConFD algorithm 
is an implicit model which can be performed by either Crank-Nicholson or fully-implicit algorithms to 
numerically solve the heat transfer problems while the material changes phase. The algorithm uses an implicit 
finite difference scheme coupled with an enthalpy-temperature function to account for phase change energy 
accurately. The reliability of EnergyPlusTM in PCM modelling has been validated in multiple studies which 
showed good agreement between experimental and simulation tests (Tabares-Velasco et al., 2012).  


METHODOLOGY 


Since the objective of this study is to provide annual Latent TES in high-rise buildings, a composite PCM 
system is studied to introduce two temperatures in one zone in order to control different set point temperatures 
of the air-conditioning system. To investigate the practicality of PCM applications in buildings nowadays, it 
was also decided to focus on PCM products currently available in the market. Two products, Energain™ and 
BioPCMTM were finally selected to form the composite PCM system. The melting range of Energain™ PCM 
makes it suitable for the heating season as its melting temperature corresponds to indoor temperatures 
common in winter (Table 2). Reversely, BioPCMTM is intended for the cooling season since it is produced 
with two melting points of 23 oC and 25 oC, more suitable for summer conditions. To select the most 
appropriate melting point for the BioPCMTM in the composite PCM system, an optimization study was 
performed. The studied configuration of the composite PCM system investigated in this paper is shown in 
Fig 1. The BioPCMTM panel is located on the first layer behind the drywall finish and the Energain™ layer 
is located behind it; the reason for this layout is the higher thermal conductivity of the BioPCMTM which 
allows higher heat transfer from the room to the Energain™ layer.  


Table 2: Thermo-physical properties of the selected PCM products. 


PCM product 
Thickness 


(cm) 
Melting Temperature 


Range (oC) 
Latent Heat 


Capacity (KJ/Kg) 
Specific Heat 
(KJ/Kg∙oC) 


Conductivity 
(W/m∙K) 


Energain™ PCM (Gilbert 
and Koster, 2010) 


0.5 18- 21.7 70 2.5 0.18 - Solid 
0.14 – Liquid 


BioPCMTM (Phase change 
energy solutions, 2016) 1.5 21 - 25 200 2.1 0.2 
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Figure 1: Composite thin PCM system investigated in this paper. 


To quantify the performance of the composite PCM system, annual simulations using EnergyPlusTM were 
performed. Two apartment units were modeled, one base case unit as a benchmark with no PCM application 
and the second unit with PCM integrated walls and ceiling. Three WWRs of 40%, 60%, and 80%, were 
selected for each of the modeled units. In this study, only middle apartment units, with adiabatic conditions 
above and below and a single large glazed façade were considered, as illustrated in Fig. 2. The modeled units 
were created using the conventional construction characteristics; the typical structure of high-rise apartments 
in Toronto and Vancouver is reinforced concrete using flat slab systems. The total resistance of the opaque 
exterior wall is 3.6 m2∙K/W. The windows are double glazing windows with an overall U-value of 2.7 
W/m2∙K. The three main walls of the units were modeled with party walls comprised of steel studs with 
double gypsum boards on each side. No interior partitions were added in the modeled units. The incorporation 
of PCMs was investigated in the three main interior walls and on the ceiling of the unit. Heat transfer was 
only considered from the exterior wall, since all other surfaces were set to adiabatic.  


 
Figure 2: Representation of the three modeled units with different WWRs. 
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Figure 3: Schematic drawing of the enclosure in the base case model. 


The mechanical system used in the model was a traditional fan coil system for both heating and cooling 
modes. A unitary COP was selected in order to have results independent from the mechanical system 
efficiency. The heating system worked from Jan 1st to May 20th and from September 20th to December 31st. 
Cooling operated from May 20th until September 20th. The number of occupants considered in the unit was 
three, and the occupancy schedule considered an unoccupied period from 9 am to 5 pm each weekday with 
the highest activity in the early morning and evening. The set points for heating and cooling modes are 
presented in Table 3; as evident, the indoor set points oscillated above and below the composite PCM’s 
functional melting temperature to ensure the cyclical activation of the composite PCM.  


The simulation study was conducted for one full year to consider the different climatic conditions 
experienced in the two major Canadian cities, Toronto and Vancouver. Based on ASHRAE climate zone 
classification, Toronto is in zone 6 while Vancouver is in zone 5: the city of Toronto has cold winters and 
hot summers, while Vancouver has a temperate climate with mild summers. 


A prominent method extensively studied in the literature is night cooling to accelerate the solidification 
process of PCMs. Night cooling is either facilitated by natural ventilation or mechanical ventilation. In the 
simulation model, natural ventilation was not considered, as including natural ventilation in high-rise 
buildings is not common in the context of analysis. Furthermore, natural ventilation is an occupant driven 
factor which is not a reliable method due to the unpredictable nature of occupant behavior. Mechanical 
ventilation with a flow rate of 1 ACH allowed for the provision of night cooling in this study. 


Table 3: Occupant profile and HVAC set points used in the simulations. 
 Schedule Heating Set Point Cooling Set Point 


0 am - 7 am & 6 pm - 12 pm main 22 oC 24 oC 


7 am – 6 pm setback (during unoccupied periods) 18 oC 25 oC 
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PCM Data Inputs 


The temperature-enthalpy function is required by the ConFD algorithm as enthalpy is updated at each time 
step to develop a variable specific heat capacity (Pedersen, 2007). The data inputs were derived from 
Differential Scanning Calorimetry (DSC) test results. While this is a well-established technique, Delcroix et 
al. (2015) showed differences between properties obtained from different experimental conditions for PCM, 
such as higher increase rates in the hysteresis and shift of the phase change temperature range towards colder 
temperatures. The method used to define PCM enthalpy–temperature curves was selected taking into account 
the particularly slow rate of temperature change in a building. Figure 4 shows the DSC curves of the selected 
products as they were incorporated in to the model. It should be noted that EnergyPlusTM does not model 
PCM hysteresis or sub-cooling behaviors, so a unique temperature/enthalpy relationship was considered. The 
calculation time-step was set to one minute to ensure accurate assessment of the composite PCM behavior.  


 
Figure 4: Temperature-enthalpy curves for the PCM products investigated in this paper 


Parameters of Analysis 


The simulation study is composed by two sections: the preliminary analysis to select the appropriate melting 
point for the BioPCMTM layer and to finalize the design of the composite PCM system, and then, the main 
study to assess the impact of the composite PCM system on a whole building scale. For ease of comparison, 
the unit with no PCM is referred to as the “Baseline unit” and the unit with PCM-enhanced walls and ceiling 
is called the “PCM-integrated unit”. Both indoor temperature and energy use variations are studied as these 
two factors are interrelated. The governing variables in the simulation study are WWR and climate to find a 
correlation between PCM performance and changes in solar gains and temperature (Table 4).  


Table 4: Parameters and methodology for the simulation study. 
Test Tested Variables Constant Variables Description 


Preliminary 
Study  


Melting temperature of BioPCMTM 
WWR 40%, 60%, and 80% 


Orientation 
Set points 


Summer test was conducted to select the most 
appropriate melting point of BioPCM 


Study #1  WWR 40%, 60%, and 80% 
Orientation 
Set points 


Different WWRs are tested in south facing units 
to correlate WWR and PCM effectiveness.  


Study #2  Façade Orientation WWR 
Set points 


Units facing four cardinal directions are tested  


Study #3  
Heating and cooling set point temperatures 


from 20 oC to -26 oC 
WWR 


Orientation 
Different ranges for heating and cooling set 
points are tested 


 


The performance of the composite PCM system and its impacts are quantified using the following indicators: 


 


 (DSC tests @ 0.05 k/min-1) 
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1) Indoor thermal environment; the impact of PCMs on the thermal environment is investigated by 
assessing the changes in the indoor operative and radiant temperatures, and by assessing changes in 
daily high and low temperature peaks and fluctuations;  


2) Energy consumption; the pattern of energy use is analyzed in regards to TES cycles of the composite 
PCM system. The rate of cooling and heating energy demand and savings are also assessed. 


RESULTS 


Preliminary Study  


The preliminary study provides an understanding of how the BioPCMTM layer would regulate indoor 
temperatures in summer and would impact the cooling energy demand. A comparative study between the 
melting points of 23 oC and 25 oC for the BioPCMTM is presented. The simulation results for the city of 
Toronto shown in Fig. 5a demonstrate a better overall performance in reducing cooling energy demand for 
the BioPCMTM with the melting point at 25 oC. In the same figure, the percentage reduction in average daily 
indoor operative temperature (TOP) swings is also reported. This value represents average daily TOP 
fluctuations in units which is averaged on a monthly basis.  


        


Figure 5: Correlation of cooling energy use and air temperature swing changes in Toronto (a) and Vancouver (b) 


In contrast to Toronto units, the benefits of BioPCMTM-25 in Vancouver in terms of reduction of the cooling 
energy demand are not always higher than those obtainable with the BioPCMTM-23. Figure 5b shows that 
BioPCMTM-23 performs better in Vancouver units in regulating temperature swings and reducing energy 
consumption in June and in the 40% WWR unit. Due to milder weather conditions in the city of Vancouver, 
the number of hours in which indoor air temperatures exceed 26 oC is not high during the summer; in fact, in 
units with 40% WWR, temperatures are below 26 oC in the Baseline unit and the PCM integrated unit. 
Finally, a better performance of the BioPCMTM-25 is observed in reducing high peak temperatures in the 
month of August for units with 60% and 80% WWR in both cities. The trend of change for Vancouver and 
Toronto shown in Fig. 5 demonstrates a higher effectiveness of BioPCMTM with melting point of 23 oC in 
the month of June. However, in an annual simulation run, using BioPCMTM-25 results in more energy use 
saving compared to BioPCMTM-23.  


It is suggested from the results that the BioPCMTM-23 is more compatible with lower threshold of indoor 
temperatures in units with higher glazing ratios which in the case of summer occurs in June. The same 
compatibility is observed in 40% WWR units in summer. The substantial reduction of total cooling energy 
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demand, in addition to decrease in overheating in summer in both cities by using BioPCMTM with the higher 
melting temperature, prompted the selection of the BioPCMTM with the melting temperature of 25 oC. The 
final configuration of the composite PCM systems applied to walls and ceiling surfaces is shown in Fig. 6. 


 
 


 Figure 6: Final composite PCM configuration 


Study #1: Effect of WWR on PCM Performance 


The orientation of the units is kept to the south while different WWRs are tested. The outcomes of this test 
are assessed first on an annual, and then on a monthly level. The rate of change in energy consumption, i.e. 
the energy savings by integrating the PCM system in retrofitting the unit, is investigated. As reported in Table 
5, the impact of the composite PCM system is significant in reducing the cooling EUI in apartment units in 
both Toronto and Vancouver, while comparing the rate of saving for the heating load, higher savings occur 
by using the composite PCM system in apartment units in Vancouver.  


Table 5: Annual energy use reduction 
 Cooling ΔE Saving (%) Heating ΔE Saving (%) 


Toronto  Vancouver  Toronto  Vancouver  
80% WWR 14.7% 38.1% 1.1% 3.7% 
60% WWR 16% 46.8% 0.5% 2% 
40% WWR 14.3% 56.1% -0.2% 0.3% 


 


It should be noted that the overall heating and cooling energy loads in the Baseline units are also lower in 
Vancouver due to milder weather conditions. A total reduction of 4.4% in annual EUI could be achieved in 
apartment units with 80% WWR in Vancouver, whereas in Toronto, the reduction in annual EUI is 2.6%. 
The trend observed in energy saving shows higher heating energy saving in 80% WWR units and higher 
cooling energy saving in 40% WWR units by using the composite PCM system.  


The potential for the composite PCM system in decreasing cooling loads is high, while its effectiveness in 
the heating season is negligible. Monthly average cooling energy demand in Toronto and Vancouver units is 
presented in Fig. 7. The maximum energy loads in the cooling season occur in the month of August in 
Vancouver, and in July in Toronto. By analyzing the graphs in Fig.7 regarding different WWRs, a similar 
pattern of energy use reduction of 9% is observed in the PCM integrated units in Toronto. However, in the 
last week of May and first two weeks of September, the impact of PCM in reducing cooling load is minimal. 
A different behavior results in Vancouver as the energy consumption saving in the PCM integrated unit is 
considerably different from the Baseline unit in all the three WWR scenarios. The cooling demand is 
drastically reduced in September by using the composite PCM system for units with 60% and 80% WWR. 
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Figure 7: Monthly cooling energy use intensity (EUI) in Toronto and Vancouver for units with different WWRs 


The impact of the composite PCM system in reducing daily temperature fluctuations is shown in Fig.8 for 
one month in each season. The graphs demonstrate how daily operative temperature (TOP) swings are reduced 
in the PCM integrated unit. An average daily TOP swing in a Toronto Baseline unit with 80% WWR in 
October shows that the wide range of temperature fluctuation is reduced from 4.6 oC to 3.2 oC with the 
application of the composite PCM system. As WWRs get smaller, the range of daily temperature swings 
reduces in Baseline units; for instance, in October, in Vancouver, the average daily temperature swing is 2.8 
oC for 40% WWR units and 4.8 oC for the 80% WWR units. Correspondingly, the effectiveness of PCMs in 
reducing temperature fluctuations is higher in units with higher WWRs. 


 


      
Figure 8: Rate of change in daily operative temperature swings in the PCM integrated unit in some representative months 


By comparing the solar gain values in the units in October and July, thanks to the effective shading design 
and South orientation, a higher daily solar gain is observed in October, and therefore, the number of hours 
with TOP above 26 oC in October is also higher. The overheating in the units was assessed by observing 
operative temperatures exceeding 26 oC during the day. Additionally, low peak temperature variations were 
analyzed by calculating the rate of change in operative temperatures falling below 21 oC. Considering the 
lowest operative peak temperature of 21 oC, the month of October shows better results with the integration 
of the composite PCM system. Specifically, in Vancouver units with 80% WWR that experience higher heat 
loss, the number of hours in which the operative temperature falls below 21 oC is reduced to 71 hours from 
151 hours in the Baseline unit.  


Overall, the results of peak temperature variation by adopting the composite PCM system shows a higher 
benefit in reducing high peak temperatures. Therefore, mitigation of daily temperature swings can be 
attributed to the decrease of high peak temperatures rather than to low peak temperature variations by using 
the PCM system. Finally, the results in Fig.6 and 7 confirm that units integrating the two-melting point PCM 
systems have a higher energy load reduction and better indoor temperature regulation when they had higher 
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WWR in both cities, especially in the shoulder seasons.  


Study #2: Effect of orientation on PCM performance 


To study the impact of orientation on the effectiveness of PCMs, 80% WWR units were simulated; oriented 
in the four cardinal directions. The south facing unit was considered as the reference orientation. Considering 
annual energy consumption in the Baseline unit with no PCMs, a significant rise was observed in units facing 
the other three orientations in both cities. Cooling energy consumption is considerably higher in the west and 
east facing Baseline units in Toronto and Vancouver units due the ineffective shading system. In Vancouver 
units facing west, the cooling EUI is increased to 7.9 kWh/m2 in the month of July, which is 84% higher than 
the south cooling load of 1.2 kWh/m2 in the Baseline unit, again due to more effective shading devices. 
However, in the heating months, north facing units have the highest energy load as expected due to lack of 
direct solar gains, consequently heating energy savings is only 1% in fall months by using PCMs.  


The impact of the composite PCM system in units facing different orientations is considerably lower in 
reducing annual energy consumption compared to the south facing units. For instance, the annual energy 
saving in the west facing units is 0.7% in the PCM integrated unit in Toronto, and 10.5% saving in cooling 
energy in the east facing units which is 22% lower than the saving in the south units. Monthly energy results 
show a decrease in PCMs’ impact in reducing cooling energy as the units are rotated from south to west. 


As shown in section 4.2, the impact of the composite PCM system is quite significant in the month of October 
and July, thus some representative days in these months are analyzed to compare the effect of solar gain and 
peak solar periods on cooling and heating energy loads. Figure 9 shows the hourly rate of energy changes 
compared to hourly solar gain variations on July 3rd and October 5th.  


        


Figure 9: Rate of energy saving and solar gains in PCM integrating units in Toronto in two days in July and October 


Average savings of 35% in cooling load resulted in the east facing units as solar gain reaches its peak in the 
early morning hours from 6 am to 10 am to 100 W/m2. As the solar radiation gets into the room from 7 am, 
the same time that cooling system turns into the setback temperature, the surface temperature of PCM 
integrated walls and ceiling are more moderated due to the TES in correspondence to the melting, and during 
the following 10 hours, they only change by 0.4 oC. The significant stabilization of the radiant temperature, 
in turn, affects the air temperature in the unit indicating a lower cooling energy demand. Overall, low energy 
saving in west facing units was analyzed by observing wall and ceiling surface temperature variations. 
Unfortunately, the still high surface temperatures at night prevented the full solidification of the PCM 
integrated surfaces as they were above the melting threshold of the BioPCMTM layer in the PCM system.  
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In October, no change in heating energy loads is recorded in south and east facing Baseline units, as sufficient 
solar gain eliminates the need for heating. In the west facing unit, however, during early morning hours after 
midnight, stable temperatures in the PCM integrated unit lower heating demands. Specifically, the surface 
temperatures are kept constant at 23.5 oC for 13 hours which allows for partial solidification of the composite 
PCM system. In the south, east and west facing orientations, PCM solidification at night period allows for 
reduction of heating energy as the stored heat in the composite PCM system compensates for the heat loss 
from the room at night. However, in the north facing unit on October 5th, hourly energy changes in the PCM 
integrated units are negative, which is a result of more heating demand since the PCM system stores energy, 
taking part of the energy produced by the heating system. By observing hourly solar gains and surface 
temperature variations, peak temperatures in the units are one hour apart from peak solar gain values entering 
the unit in all orientations, except in west facing units. In west facing units, peak solar gain and peak surface 
temperatures are recorded at the same time for most days. Nevertheless, this correlation is not accurate as the 
surface temperatures is not dependent on solar heat gains alone. 


Study #3: Effect of HVAC Set Points on PCM Performance 


Outdoor weather conditions dictate the performance of conditioning systems, which in turn affect PCM 
performance in conditioned buildings. In Study #3, the dynamic behavior of the composite PCM system is 
tested through changing heating and cooling set points to find the most suitable indoor boundary conditions 
to maximize the benefits of introducing PCMs during building retrofits.  


For this study, south facing units with 80% WWR are tested only. As the melting range of the composite 
PCM system varies between 18-25 oC, different room air set point options were selected cycling close to this 
range to ensure PCM activation while maintaining acceptable comfort ranges. Table 6 shows three heating 
and cooling set point options tested by varying both main and set back temperatures.  


Table 6: Heating and cooling set points considered to assess the effectiveness and activation of the PCMs.  


 Primary Scenario Scenario 1 (SCE1) Scenario 2 (SCE2) Scenario 3 (SCE3) 
Heating Cooling Heating Cooling Heating Cooling Heating Cooling 


Setpoint Temperature 22 oC 24 oC 21 oC 25 oC 23 oC 26 oC 20 oC 23 oC 
Setback Temperature  18 oC 25 oC 17 oC 26 oC 20 oC 27 oC 16 oC 24 oC 


Monthly energy demands in both cities are illustrated in Figs. 10 and 11 for different operative temperature 
changes and peak temperature variations. The values shown in Table 7 indicate the rate of change in extreme 
temperatures. Negative values imply a reduction of extreme hours in the PCM integrated unit and positive 
values indicate an increase of peak temperatures in this unit.  


Table 7. Peak temperature variations by using PCMs expressed by the number of hours in the PCM integrated unit. 


 


Toronto Vancouver 
Reduced # of hours 


with TOP> 26 oC 
Reduced # of hours 


with TOP < 21 oC 
Reduced # of hours 


with TOP> 26 oC 
Reduced # of hours with TOP 


< 21 oC 
July October February July October February 


Primary 
Scenario 


-18 -32 -4 -2 -71 -41 


SCE 1 -26 -84 +8 -39 -73 -44 
SCE 2 +32 -31 -19 -88 -51 -34 
SCE 3 0 -50 +32 0 -63 +19 


By comparing cooling and heating energy use with indoor temperature variations in summer and winter in 
Toronto units, it is evident that adopting Scenario 1 leads to a higher percentage of energy saving compared 
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to Primary Scenario of set points. For instance, the highest cooling energy saving that occurs in June is 48.3% 
using Scenario 1, while using Primary set points, the percentage of savings is 33.2%. Similarly, in heating 
and shoulder seasons like October, the rate of energy saving in the PCM integrated unit is 3.4% higher on 
average when Scenario 1 set points are adopted. The rate of change in the PCM integrated unit in annual 
cooling EUI is 38.1% for Primary Scenario and 24.7% when Scenario 3 is adopted for the cooling set points. 
Furthermore, considering monthly cooling load in July, the impact of PCM in lowering cooling loads is 17% 
higher in the case of Primary set points, which is 24 oC. Peak temperature variations show a complete 
elimination of overheating in both Baseline and PCM integrated units when the cooling set point is 23 oC.  


 
Figure 10: Monthly energy use intensity (EUI) in Toronto units with different set point temperatures 


A regular pattern is observed for the heating season in Vancouver units as increasing the set point to 23 oC 
leads to a higher heating load compared to the Primary Scenario which has a heating set point of 22 oC. As 
expected, lowering the heating set point to 20 oC in winter results in 21.7 kWh/m2 lower heating EUI 
compared to the Primary Scenario. However, observing the low peak operative temperatures below 21 oC, it 
is evident that lowering heating set point to 20 oC in Scenario 3 entails increased low peak temperature values. 
The best result for reducing low peak temperatures is when the heating set point is 23 oC in Scenario 2. 
However, considering the rate of change in the PCM integrated unit, the Primary Scenario with a set point of 
22 oC shows a better PCM effectiveness in changing the operative temperatures in winter.  


      
Figure 11: Monthly energy use in Vancouver units with different set point temperatures 


As the results show, a discrepancy exists between indoor temperature regulations and energy savings. 
However, in both Toronto and Vancouver units, Primary Scenario and Scenario 1 show a balance in both 
indoor temperatures and energy changes in the PCM integrated units. Considering the different outdoor 
weather patterns in heating and cooling seasons in each city, the relation between the PCM performance and 
the selected set point is evident. The melting range of the Energain™ layer in the composite PCM system is 
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from 18-22 oC which is mainly targeting the heating season. Therefore, selecting a higher set point of 22 oC 
or 23 oC ensures that this layer is melted. If the heating set point is decreased, as in Scenario 3 to 20 oC, even 
though overall heating loads are much lower in the Baseline unit compared to other set point scenarios, the 
rate of change in the PCM integrated unit is much lower and in some instances, negative. This matter is 
specifically caused by the Energain™ PCM layer absorbing the heat produced by the heating system resulting 
in lower operative temperatures and higher heating demand to make up for the absorbed heat.  


DISCUSSION  


One of the main objectives of this study was finding a relation between solar gain and PCM effectiveness in 
Canadian high-rise residential buildings to facilitate the introduction of Latent TES in building retrofits. The 
results clearly point to a high influence of solar gain on PCM activation patterns and how the PCMs, in turn, 
affect the indoor thermal environment and energy use in apartment units. The influence of solar gain is more 
critical in shoulder and heating seasons. The inclusion of the composite PCM system shows better results in 
highly glazed units in both heating and cooling seasons due to higher PCM activation. Glazed facades entail 
higher vulnerability to ambient weather conditions and create a space susceptible to large solar gain and heat 
loss. As the best results were observed in units with 80% WWR, the effect of high heat loss becomes another 
important factor that must be considered. By relating the appropriate melting range to indoor conditions, the 
extreme fluctuations in these situations are controlled. It must be noted that as WWRs get smaller, the impact 
of solar gain on overall energy use and indoor temperature variation also changes, pointing to higher influence 
of boundary conditions on PCM performance in units with lower WWR.  


 By testing different orientations, it was concluded that the impact of solar gain though critical, is more 
periodical and has a direct relation to the time of peak temperatures. For instance, a significantly high 
temperature period was observed in west facing units as the sharpest solar gain was experienced. In contrast, 
south facing units have more stable conditions throughout the days. It is assumed that by matching conditions 
at solar peak periods with the HVAC set points in each orientation, different results could be obtained. For 
instance, considering the west facing units near sunset periods which experience high temperatures, cooling 
systems could run on setback temperatures to allow for passive cooling of the PCMs as they store the excess 
heat in the unit. In the heating season, a similar action could be performed as the heating could even be on 
setback for the entire night as the long thermal lag during the night and lower temperatures would facilitate 
a full solidification, leading to release the stored energy in the PCMs. It was suggested in Study #1 that 
changing glazing ratio and increasing incoming solar gain in units, positively affects PCM performance on 
an annual basis. By comparing the results of Study #1 and Study #2 it could be inferred that the time of peak 
solar radiation impacts the composite PCM’s behavior differently compared to the amount of solar gains. 


The second objective in this research was the connection of indoor boundary conditions with the composite 
PCM melting point. While many factors such as internal gains and solar gains affect indoor temperatures, a 
difference of 1 to 2 oC variation between main HVAC set point and PCM melting point is more suitable in 
this context, therefore, a heating set point between 21-22 oC and a cooling set point between 24-25 oC is more 
compatible with the introduced PCM system. While lack of melting is a serious problem in winter, lack of 
solidification is an issue in the cooling season. Considering the low setback temperatures in winter and pattern 
of PCM effectiveness, it could be inferred that the PCMs are not melted during the day with a low setback 
temperatures of 18 oC, even though solar gains are high. Therefore, increasing setback temperatures in winter 
could be more beneficial in activating the PCM layers, and the savings in energy at night through PCM 
solidification could compensate for the higher setback operation. However, in summer nights, lack of PCM 
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solidification affects their heat storage capacity in the next cycle. Lowering cooling set points at night and 
increasing mechanical ventilation flow rate are some measures that could help facilitate a full discharge for 
the PCM system. Clearly, such a peak shifting approach would have to consider the dynamic price of energy.  


CONCLUSIONS 


The focus of this research was to explore the impact of PCMs on indoor temperatures of apartment units, and 
how different factors could influence the performance of these materials for high-rise building retrofit. 
Considering the outcomes, the full potential of this system in changing surface and indoor temperatures and 
ultimately a decreased vulnerability of the unit to ambient weather was demonstrated. The parametric 
evaluation of different factors influencing the benefits of PCM integration in high-rise building retrofits 
showed what needs to be considered for design and optimization of PCM applications. 


Using simulation modeling confirmed to be an appropriate method for a comprehensive parametric analysis, 
although detailed investigation of the temperature profile of the PCM layers could not be assessed through 
the simulation analysis. Only the surface temperature data could be calculated using the simulation models. 
Thus, future works should investigate the temperature and heat flow distribution through different layers of 
the proposed composite PCM system in relation to room temperature variations. For this scope, a detailed 
experimental study will be further conducted; also, given the inability of the software to calculate hysteresis 
and subcooling behaviors, and the uncertainty for accurate calculation of Hybrid PCM system particularly, 
the performance of the second PCM layer.  


A notable outcome of this research is the evaluation of how market available PCM products perform in the 
Canadian context, as this is important to show the readiness of PCM products and their benefits as opposed 
to theoretical PCM scenarios. Considering two different climates, such as the more extreme climate 
conditions in Toronto and the milder conditions in Vancouver, showed that including PCMs is beneficial in 
both climates as the additional TES allows for regulating both the radiant and the indoor temperatures. The 
main advantage of the composite PCM system is represented by the inclusion of two different melting points 
in one thin system. An unobtrusive addition of 2 cm to the walls and ceiling which is suitable for retrofit 
projects, provided significant TES. In particular, the following main results emerged from the study: 


1) The highest energy savings and decreases in daily temperature swings in the PCM integrated unit are 
achieved in 80% WWR units; 


2) Annual energy savings are higher in the city of Vancouver, with the highest savings during the 
cooling season, while the savings in Toronto occurred mainly in the shoulder seasons;  


3) No single linear relation was found between PCM activation and solar gain alone, as ambient climate 
and indoor boundary conditions are also primary influencing factors on PCM activation; 


4) The impact of shading devices used in the model in controlling the incoming solar radiation proved 
to be an important aspect as excessive solar penetration is prevented in summer;  


5) PCM systems using more products with different melting points, have a great potential for building 
retrofits in climates such as Canada that experience a variety of weather conditions through the year. 
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ABSTRACT 


Constant thermal conductivity values of insulating materials are typically used in building design and 
assessment. However, the thermal conductivity of insulating materials is affected by their operative 
conditions. For example, it changes with temperature or moisture content levels. Linear temperature-
dependent laws exist for many inorganic fibrous materials that exhibit a decreased thermal conductivity 
(better performance) at low temperatures. However, foam insulating materials such as the polyisocyanurates 
and the polyirethanes, exhibit less regular behavior. This study aims to understand the impact of temperature 
and material aging over the thermal conductivity of foam materials. Laboratory results for different materials 
are then used in hygrothermal simulations performed in order to assess the impact of considering the effective 
thermal conductivity in the context of Toronto. 


INTRODUCTION  


In building envelopes, the insulation layer plays an important role for limiting the heat flux exchange. The 
efficiency of the insulation layer is based on the material thermal conductivity, a property that indicates the 
rate of heat transfer through a given material thickness. The advertised thermal conductivities of insulating 
materials are determined through laboratory tests according to codified procedures, such as the ASTM C518 
standard test method for steady-state thermal transmission properties using a heat flow meter apparatus 
(ASTM C518, 2015). This methodology requires that materials are tested at a mean temperature of roughly 
24 °C using a temperature difference between the two faces of the material of 20 °C using a heat flow meter 
that guarantees stationary one-directional heat exchanges. However, research has shown that the thermal 
conductivity results obtained following the ASTM C518 may be misleading for determining the actual 
performance of building insulating materials (Berardi and Naldi, 2017). For example, the effectiveness of 
foam insulating materials vary over the range of temperatures typically encountered in buildings (Lepage and 
Schumacher, 2013). Additionally, research also showed that insulating materials have moisture content 
dependent conductivities, as higher thermal conductivity at higher levels of moisture content will be due to 
the relatively high thermal conductivity of water vapor (Muller-Steinhagen and Ochs, 2005). 


In addition to the performance of insulating materials varying over a range of temperatures and moisture 
content, foam insulation are often indicated to experience a reduction in performance over time, due to the 
effects of aging and environmental weathering time. In foam insulation, the main cause of reduced thermal 
performance is believed to be related to the escape of the blowing agent gasses from the foam cell structure 
(Stovall, 2009). Methods for accelerated aging have been developed in order to determine the long-term 
thermal resistance (LTTR) on a shorter timeline. For example, the CAN/ULC-S770 standard (2015) set a 
methodology in Canada for obtaining the LTTR of closed-cell thermal insulating foams after an aging period 
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of five years in a laboratory environment in less than three months.  


While aging alone will have an effect on the performance of insulating materials, weathering due to the 
combined effects of hygrothermal exposure and UV radiation have been shown to contribute to the 
deterioration of polymer materials too (Ludwick et al., 2008). While Ludwick et al. focused on the structural 
performance of the foams, it is valuable to investigate the effects that aging has on their thermal conductivity 
too. In fact, the investigation into the performance of insulating materials over a range of temperatures and 
moisture content, as well as how those relationships are affected by the aging of the material will provide 
valuable insight into the expected performance of these materials in the built environment. As the building 
industry moves towards high efficiency design strategies, not only the level of performance, but also the 
accuracy at which the performance can be determined, is becoming highly important to match the 
assumptions done at the design stage with the final operative effective performance. 


In this paper, the thermal conductivity of several foam materials over a range of temperatures and aging in 
an oven is measured. These data are then used for analysis of the foam materials within several building 
envelopes using WUFI simulations. The intent of this paper is to allow further analysis regarding which 
materials are better suited to be used under certain environmental conditions or assembly designs.  


LITERATURE REVIEW 


Foam insulations have been used in residential housing since the 1950s. Different varieties of foam insulation 
used in buildings exist among which expanded polystyrene (EPS), extruded polystyrene (XPS), one‐part 
polyurethane foam, polyisocyanurate, closed‐cell spray polyurethane, and open‐cell spray polyurethane. 
Each type of foam has different thermal and moisture properties. Additionally, the foam chemistry for most 
of these products has significantly changed over the past 30 years and has adapted to mitigate the 
environmental implications of their products. Since the use of the first-generation of blowing agents known 
as chlorofluorocarbons, or CFCs, began in the mid-1900s, the global regulatory landscape has continually 
evolved. With a focus on protecting the ozone layer, second-generation blowing agents, known as 
hydrochlorofluorocarbons or HCFCs (for example, spraying systems formulated with HCFC-141b) were 
introduced. HCFCs were phased out in North America by third-generation blowing agents, called 
hydrofluorocarbons or HFCs. HFC foam blowing agents are considered non-ozone-depleting by the U.S. 
EPA and are commonly used worldwide nowadays. With continued regulatory pressure to reduce greenhouse 
gas emissions, fourth-generation blowing agents known as hydrofluoro-olefins, or HFOs, have been 
introduced recently to offer almost no global warming potentials. The U.S. EPA has announced phase-out 
dates for HFC blowing agents under its Significant New Alternatives Policy (SNAP) program through the 
two rules 20 and 21 published in 2015 and 2016. For spray polyurethane foam, the current SNAP rules ban 
the use of HFCs in high pressure two-component foam and low pressure one-component foam. Moreover, in 
October 2016, delegates to The Montreal Protocol met Kigali (Rwanda) and agreed to an amendment that 
adds high-GWP HFCs to the Protocol ban, and establishes schedules for the final HFCs phase down. Canada 
supported that accord to accelerate the adoption of HFC substitutes. As a consequence of the rapid evolution 
of these products, newer foams are continuously introduced into the market, and these are expected to 
perform differently from the results obtained in previous decades about the effective thermal conductivity 
considering operative temperatures and material aging. Unfortunately, a lack of tests on newer foams exists.  


In fact, a common misconception regarding insulation materials is that the conductivity of a given material 
is constant over a range of environmental conditions. Advertised conductivity values for insulation are based 
on testing in accordance with ASTM C518, and the advertised LTTR is determined under strictly controlled 
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laboratory settings such as the CAN/ULC-S770 (2015), commonly used for closed-cell foam insulation. 
Under the standards for determining the LTTR of a material, the thermal conductivity value is still based on 
measurements in accordance with the ASTM C518. Although this standard only requires measurements at 
one average temperature, it is often reported that at lower temperatures, the conductivity reduces (Grin et al., 
2014). In Fig. 1, this change in conductivity is shown for various insulating materials. Temperature dependent 
conductivity can be explained through basic state of matter laws in physics: as the temperature of a material 
increases, the molecules of the material vibrate and move faster, allowing for increased rates of heat transfer 
through conduction. 


Similarly, diffusion into insulating materials due to humidity causes an increase in thermal conductivity as 
the moisture content increases (Muller-Steinhagen and Ochs, 2005). As shown in Fig. 2, as the level of 
moisture increases, the conductivity of the material also increases due to the relatively high conductivity of 
water (~0.6 W/mK) compared to the conductivity of dry foam insulation, which are generally advertised to 
perform in the range of ~0.02-0.04 W/mK. Figure 2 also shows that at higher temperatures, the rate at which 
the increasing moisture content affects the conductivity is higher. This testifies the need to test several 
environmental parameters in different combinations.  


 
Figure 1: Thermal conductivity and material temperature (Muller-Steinhagen and Ochs, 2005). 


 
Figure 2: Thermal conductivity and moisture content (Muller-Steinhagen and Ochs, 2005). 
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In the late 1970s and early 1980s, a flurry of building science studies looked into the moisture characteristics 
of foam. In fact, moisture in foam insulations may even change the physical structure of the foam. 
Additionally, foam that has absorbed moisture can be susceptible to damage from freeze/thaw cycles, 
allowing for further absorption of moisture. Moisture absorption in foams is dependent on the type of foam 
but also on the environmental conditions. Simultaneous thermal and moisture gradients have shown 
detrimental effects on the thermal performance and dimensional stability of closed‐cell foams (Schwartz et 
al., 1989). Freeze/thaw cycles affect polystyrenes more than polyurethanes, whereas polyurethanes are more 
susceptible to TMD than polystyrenes. Kaplar (1974) found that polyurethanes accumulate moisture over 
repeated freeze/thaw cycles. Similarly, research from the early 1990s summarized show that polyurethane 
foam samples increased 1.17 to 5.21% in mass after 168 freeze/thaw cycles. 


Between the impact of temperature dependent and moisture content dependent conductivity, the overall 
thermal resistance of a building assembly that was designed under the assumption of a constant conductivity 
will perform differently from the expected, although modern hygrothermal simulations typically do not 
consider such a behavior. While an assumed linear temperature dependent conductivity does provide an 
adequate model for most materials, some materials do not follow a linear trend. Some recent foamed 
insulation products such as polyurethane and polyisocyanurate have an unusual behavior (Lepage and 
Schumacher, 2013). Berardi and Naldi (2017) recently showed that the measured thermal conductivity of 
new polyisocyanurate compared to other traditional insulating materials shows an anomaly pattern with 
significant thermal conductivity increase at the temperatures below 15 ºC. Meanwhile, Grin et al. (2014) 
report that in simulations of a large flat roof taking into account the measured conductivity of a 
polyisocyanurate, the effective conductivity could be 32% to 58% higher in the heating season and 16% to 
37% higher during the cooling season compared to it is advertised value. In a similar study, Lepage and 
Schumacher (2013) found similar results when assessing a range of polyisocyanurate materials.  


A study of the temperature dependent thermal conductivity of polyurethane foam conducted by Tseng et al. 
(1997) provides deeper analysis at the material level regarding its unusual thermal behavior. In the study, the 
conductivity of polyurethane foam is explored both theoretically and through measurements from 20 K (-253 
ºC) to 300 K (27 ºC). The report provides insight into the non-linear trend found in the temperature dependent 
conductivity. Tseng et al. explain what is happening within the material where this non-linear trend is 
occurring: as the temperature of the polyurethane foam decreased below 270K, the R141b gas within the 
material begins to condense, increasing the conductivity. At 230K, the gas is fully condensed, and the linear 
trend begins to occur again as the temperature reduces from there (Tseng et al., 1997). It is also mentioned, 
that due to the uncertainties in the processing conditions, blowing agents, and gasses used in polyurethane 
manufacturing, this trend may occur differently in any given sample.  


In modern production, the R141b gas is no longer used as it was discontinued in favor of the current HFC 
blowing agents in polyurethanes and pentane gasses in polyisocyanurate foams. Although some recent studies 
have confirmed that foam insulating materials may still experiencing the effect of increased conductivity at 
low temperatures, there is a clear demand for studies using new products. This study focuses on foam based 
insulating materials. Commonly used foam insulating materials include polyurethane and polyisocyanurate. 
Each of these materials is studied in order to discover why they may react to changing environmental 
conditions and aging effects differently.  


FOAM INSULATION MATERIALS  


Polyurethane foam is a versatile material, used for many purposes from insulation to padding. There are two 







 


 


Paper 3       Page 5 of 15 
 


major types of polyurethane foam, open and closed cell. Within each of these categories, there are further 
distinctions within the types of material and their functions. The two types of insulating polyurethane that 
will be assessed are a low density semi-rigid open cell foam, and a high density, rigid closed cell foam. 


In open cell polyurethane, the foam is expanded using CO2 as a blowing agent, as the foam expands, bubbles 
within the foam develop open connections to each other allowing the CO2 to escape and be replaced by air, 
this means that the foam is permeable to both air and vapor. Open-cell insulation is often referred to as low-
density foam and generally is produced to be 0.5lbs/cu.ft (8kg/m3), and has a firm cushion structure. A low-
density open cell polyurethane foam generally provides ~3 R/inch (20.7mK/W). Closed cell polyurethane is 
expanded using a blowing agent such as an HFC (hydrofluorocarbon). Through the nature of the foam 
expansion with the blowing agent, a more dense foam is created and bubbles are prevented from developing 
open connections, leaving the gas trapped within the foam bubbles. This creates a material that has a higher 
thermal resistance value than an open cell foam, and is impermeable to air after 2.5 cm of thickness as well 
as to vapor above 5 cm of thickness. Generally, closed cell insulations are referred to as medium or high-
density foam: medium density foams usually have a density of 2 lbs/cu.ft (32 kg/m3) and provide a thermal 
resistance value of ~6 R/inch (41.4 mK/W). High-density foams are generally only used where greater 
compressive strength is required, and can be produced with a density greater than 3 lbs/cu.ft (48 kg/m3). 


The Canadian Urethane Foam Contractors Association (CUFCA) and many national and international 
laboratories have often indicated a correlation between the overall thickness of the spray foam insulation and 
its long-term thermal conductivity. They describe that the effects of off gassing and aging generally occur on 
the surface of the material, meaning that the thicker that the material is sprayed, the higher the overall thermal 
resistance over time. With the material in the center of the foam being less affected by aging, so that portion 
of the foam holds a higher thermal resistance for longer. 


Similar in nature to polyurethane foam, polyisocyanurate is a versatile foam capable of performing as a high 
efficiency insulator. Polyisocyanurate products are all relatively high density closed-cell products which are 
manufactured similarly to polyurethane, using blowing agents to expand the polymer material into foam, 
currently making use of various pentane gas mixtures (Letts et. al, 2016). Polyisocyanurate is most commonly 
used in roofing applications for cold climates, as well as exterior insulation of an existing wall. Generally 
being advertised as the highest thermal resistance rating per material thickness among insulating materials, 
since some of the high efficiency varieties have conductivities advertised to be 0.02 W/mK. A major 
difference between polyurethane and polyisocyanurate is that polyisocyanurate is generally manufactured 
into boards, where most polyurethanes are sprayed in place.  


Blowing agents are used in the manufacturing process of foam insulation to expand the foam material through 
chemical reaction, provide thermal resistance within closed cell foams, and have a large impact on the end 
product of the material. Historically, CFC and HCFC gasses were once used as blowing agents. These 
blowing agents were phased out after the ODP Reduction Montreal Protocol. Currently, HFC gas is used as 
the blowing agent for most polyurethane foam insulation. After the phase out of HCFCs, most 
polyisocyanurate manufacturers moved toward pentane gas mixtures as blowing agents. As evidenced by 
recent research carried out by Grin et al. (2014) and Letts et al. (2016), polyisocyanurate do not conform to 
the assumed linear trend in temperature dependent conductivity. While polyurethane materials have shown 
this effect in past studies (Tseng et al., 1997), recent investigations reveal that the occurrence is more 
prevalent in polyisocyanurate samples. Research suggests that this may be related to the changes in blowing 
agents used between the date of Tseng's 1997 investigation and the investigations by Grin et al., in the last 
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five years, while polyurethanes moved towards HFC and Polyisocyanurates moved to Pentane gasses. 


The CAN/ULC-S770 provides the framework for determining the long-term thermal resistance of a closed 
cell foam insulation sample through the thin slice stack method. The thin slice stack method, carried out in 
accordance with ASTM C1303 allows the foam material to age at an accelerated pace by creating thin slices 
of a foam material from the original sample. When these thin slices have been aged and the conductivity has 
been re-measured after the aging period, the rate of accelerated aging on the thin slices be equated to the 
actual pace of aging for the full sized sample in a laboratory setting using the following scaling equation: 
(t1/t2) = (L1/L2)², where t1 and L1 are the duration of the test and the thickness of the thin slice, while t2 and 
L2 refer to the original sample. In order to determine the LTTR of the foam material, t2 should be 5 years. 
When the value of L1 and L2 are measured, t1 can be solved for, providing the scaled test duration for the thin 
slice. In order to ensure accuracy in the test method, the control (unaged) samples should have their 
conductivities verified prior to aging. The samples being prepared for thin slice aging should be sliced into 
four 10 mm slices, 2 face slices and 2 core slices. Prior to aging, it must be verified that the core slices when 
measured in a stack, have a conductivity within 12% of the core slices measured in a stack. After the thin 
slices have been aged for the scaled test duration, the surface and core slices will again be measured in 
separate stacks in order to determine the aging factor of the samples.  


The effects of material aging show that in addition to having an inconsistent thermal conductivity in a range 
of environmental conditions as previously discussed, the thermal conductivity of closed-cell foam insulations 
increases over time. Several studies have found that the accuracy of the thin slice method provided a predicted 
LTTR value within a few percentage points of the actual value after being aged at full thickness for 2 years 
(Stovall, 2009). While the ASTM method for determining LTTR has been validated though lab testing, 
further studies have been carried out on polyurethane foams in order to determine the effects of accelerated 
aging on structural material properties after aging under high temperatures (Tcharkhtchi, 2014, Abdou and 
Budaiwi, 2014) as well as through UV exposure and moisture exposure (Ludwick et al., 2008).  


The effect of material aging can have an impact on the insulating value of the material over time. The effects 
of aging occur slowly in most insulating materials, and in order to develop an understanding of the effect of 
aging on foam insulation, the aging process must be expedited. In a study on the aging of polyester materials, 
it was found that the temperature at which a material is store has a large impact on the aging process (Hunter 
et al., 2000). In fact, at higher temperatures, the rate of deterioration increases substantially. 


As reported by Jelle (2014), accelerated aging through various mechanisms such as elevated temperature, 
high hygrothermal exposure and UV radiation can be used to affect building materials in different ways. Jelle 
(2014) also reported that the duration of the expedited aging process can be correlated using the Arrhenius 
Equation to the time it takes for the material to age similarly in standard environmental conditions. Knowing 
this, foam insulation samples can be stored at higher than standard temperature levels for an extended period 
of time, and later it can be determined the equivalent age in a standard environment, allowing conclusions to 
be drawn regarding the effect of long term aging performance. 


METHODOLOGY  


In the initial phase of testing, tests on various foam insulation were performed. The specific information sets 
that were determined including the temperature dependent conductivity, moisture dependent conductivity, 
and the effects of aging on the previous qualities. Only a portion of these results are reported in this paper. 
For each type of testing, a new sample was used in order to prevent issues with lasting effects of previous 
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tests. The materials that were tested include the following samples: 


 Polyurethanes: (A) medium density (33.6 kg/m3) closed cell - RSI (50mm thick) 2.55 m2*K/W; (B) 
medium density (28.9 kg/m3) closed cell - RSI (50mm thick) 2.14 m2*K/W; 


 Polyisocyanurates: (A) medium density (32.04 kg/m3) closed cell - RSI (25mm thick) 1.44 m2*K/W, 
aluminum faced; (B) medium density (32.04 kg/m3) closed cell - RSI (50mm thick) 2.01 m2*K/W, 
cardstock faced; (C) medium density (32.04 kg/m3) closed cell - RSI (50mm thick) 2.01 m2*K/W, 
cardstock faced.  


In order to gain a full understanding of the performance in the Canadian climate, the samples were tested in 
range from -20 °C to 30 °C. In addition to the standardized test at 24 °C, the samples were tested at a range 
of average temperatures of 30, 20, 10, 0, -5, -10, -15, and -20 °C. Due to potential limitations with the cooling 
power of the testing equipment, at the tests at mean temperature -15 and -20 °C, the temperature difference 
across the samples was reduced to 10 °C instead that the 20 °C used at other average temperatures.  


RESULTS 


The five types of material samples (two polyurethane foams and three polyisocyanurate foams) were tested 
in the initial measurement phase in order to determine the temperature dependent conductivity of those 
materials. The results are plotted against the assumed constant value of the manufacturers advertised 
conductivity (Figs.3 and 4).  


The results in the first material test for Polyurethane A reveal that contrary to what some research suggests 
(Tseng, 1997), this polyurethane does not appear to have a major increase in conductivity below 0 ° C, though 
the value towards -20 does very slightly increase. This may indicate that at even colder temperatures the 
effect of increasing conductivity may be seen, though for the purposes of construction in Canada, it may not 
be relevant. At higher temperatures, the conductivity seems to increase at a relatively linear rate, which is 
consistent with general research regarding temperature-dependent conductivity of any other insulating 
products (Grin et al., 2014). The results of Polyurethane B reveal a similar trend to the previous polyurethane 
sample, though in this material, the conductivity increases relatively linearly towards 30 °C, without the 
slight increase in conductivity around -20 °C.  


 
Figure 3: Temperature dependency of the thermal conductivity for the polyurethanes considered in this paper. 
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Based on the results of the two polyurethanes, it seems that polyurethanes do not experience the negative 
effects of increasing conductivity below 0 ° C. The lack of this effect being observed could be explained by 
differences in the blowing agents used in polyurethane foam insulations compared to when Tseng et al. 
conducted their tests. While the exact nature of the blowing agents used has not been disclosed by the 
manufacturers, it is evident that with the regulations introduced after the Montreal Protocol and other similar 
protocols, the new blowing agents have also improved the low temperature performance. 


The test result of Polyisocyanurate samples A, indicates a negative effect of temperature increasing the 
conductivity at temperatures below 0° C (Fig.4). Below 5° C, the conductivity appears to increase, where it 
begins to plateau. According to research by Grin et al., 2014, it can likely be expected that past -20 °C, the 
conductivity will level out and begin to reduce again. Given the opportunity, it would be important to continue 
to explore the effects of cold temperature on the conductivity of this material below -20 °C as well in order 
to gain a full understanding of when it can be expected that the conductivity returns to the assumed linear 
correlation of reducing as temperature decreases. Finally, there is ~18% increase in conductivity from the 
lowest value measured at 5 °C compared to the highest at -20 °C. 


Contrary to the plateau in conductivity below -15 °C in sample A, polyisocyanurate samples B and C 
experience a continued increase in conductivity at a much higher rate. Between the lowest and highest 
conductivity measured for sample B, there is 33% reduction in performance at -20 °C compared to the lowest 
measured value at 10 °C, while in sample C there is a 29% reduction in performance between the highest 
measured value at -20 °C and the lowest at 10 °C. While both Polyisocyanurate B and C follow very similar 
temperature dependent conductivity curves, the sample B appears to be increasing linearly at a slightly higher 
rate as the temperature decreases below 0 °C.  


An important observation that was made looking at all material test results is the inconsistencies between the 
advertised value and the measured value of materials. In order to gain a better understanding of this 
difference, more samples of each material should be tested in order to find an average temperature-dependent 
conductivity, as there are likely to be inconsistencies between different samples of the same materials. 
Looking at the current result, the measurements suggest that in a scenario where an assembly is designed 
with a specific U-value, the wall may perform much differently than the advertised value suggests, even 
without taking temperature-dependent conductivities into account. 
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Figure 4: Temperature dependency of the thermal conductivity for the polyisocyanurates considered in this paper. 


From the previous discussion it emerges that there is over 15% difference between the highest and lowest 
values in all materials, in the Polyisocyanurate samples B and C, this range is greatly increased to 33% and 
29% respectively. Additionally, and most importantly, the temperature at which the lowest and highest 
conductivities are experienced are different for different material. In the polyurethanes, both material samples 
experience their lowest conductivity at temperatures below water freezing, while at those temperatures, the 
polyisocyanurate are experiencing their highest conductivity values.  


These measurements reveal that the effects of condensing blowing agents causing an increase in conductivity 
at low temperatures are only seen in the polyisocyanurate materials. The exact nature of the blowing agents 
used have not been disclosed by the manufacturers, but through research by Lett et al. in 2016, it can be 
assumed that the Polyisocyanurate samples that were tested make use of Pentane blowing agents, while the 
current HFC gasses used in polyurethane foams do not encounter the same effect.  


The material were then aged in an oven at 60 °C for different periods for each sample. Through this high 
temperature aging, notable decreases in performance were found across all of the samples tested (Fig.5), and 
especially for polyisocyanurates which showed clear reduction in their thermal performance already after 30 
days (1months). 
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Figure 5: Thermal conductivity of the polyisocyanurate after high temperature exposition for different periods (expressed in 
months; i.e. 1m: 1 month) in an oven for different periods for polyurethanes (above) and polyisocyanurates below.  


DISCUSSION 


In order to determine the effect of temperature dependent conductivity on the performance of a building 
envelope under realistic conditions, WUFI hygrothermal analysis software was used in order to perform 
hygrothermal simulations on wall assemblies using the tested materials. Using the WUFI software, material 
files based on the results of the material investigations have been created. Each material incorporates the 
temperature dependent conductivity values found through measurements with the heat flow meter, while 
other required material details were obtained through manufacturer technical data sheets. Additionally, 
material files that use a consistent thermal conductivity based on the advertised conductivity, as well as the 
measured conductivity at 24 °C was created in order to compare between the advertised and measured results 
in a wall assembly simulation. These materials were applied to basic wood frame construction assemblies 
(Fig.6), replacing the specified insulation with an equivalent amount of each of the tested materials.  


Through the results of WUFI simulations, two datasets were obtained to be used in the analysis of thermal 
performance. By observing the monitored temperature at the center of the insulation layer, which is assumed 
to be the mean temperature in the insulation, the effective U-Value at any point throughout the simulation 
was assumed as the mean insulation temperature.  


In order to observe the effect of the insulations dynamic conductivity with the most clarity, a basic wood stud 
wall assembly with OSB and gypsum board on either side was simulated filled with each insulating material. 
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This type of wall assembly achieved nearly all of its effective U-value through the insulation alone. 


 


 


Figure 6: Wall assemblies for interior application simulation and interior and exterior applications 
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Polyisocyanurate B – new material– exterior application 


 
Polyisocyanurate B – aged material– exterior application 


 
Polyisocyanurate B – new material– interior application 


 
Polyisocyanurate B – aged material– interior application 
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Figure 7: Hygrothermal results of the effective thermal conductivity under realistic conditions as result of WUFI simulations.  


 
Polyurethane A – new material – exterior application 


 
Polyurethane A – aged material – exterior application 


 
Polyurethane A – new material – interior application 


 
Polyurethane A –aged material – interior application 
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In Fig.7, the results of two representative months in the Toronto climate are shown. Contrary to what the 
temperature-dependent conductivity charts might suggest, the results of the simulations indicate that for the 
most part, the insulation performs better than the measured value at 24 °C year round, with the only exception 
being Polyisocyanurate B, which performs slightly worse in January and February, when the exterior 
environment is at its coldest. 


Looking into the results from WUFI, it is shown that even in the coldest months of the year, when the exterior 
temperature reaches below -20 °C, due to the interior environment being simulated at a constant of 21 °C, 
the mean temperature within the insulation rarely drops below 0 °C. Among all the results, nearly all data 
points for the temperature at the mid-point of the insulation are between 0 and 20 °C.  


The polyurethane samples results in an increase in performance throughout the cold winter months, due to 
the more linear decrease in conductivity as temperature is reduced, while the polyisocyanurate samples are 
shown to perform relatively consistently year round. According to the temperature-dependent conductivity 
charts, this can be explained by the relatively consistent conductivities measured between 0 and 20 °C in 
those materials. Looking only at these simulations, it could be concluded that, while the temperature-
dependent conductivity of the insulating foams have a relatively large range, the negative effect on the actual 
performance of a building under realistic conditions is quite low in the polyisocyanurate, and in fact, in 
polyurethane samples, the material performs better than the assumed performance in the colder months. 


CONCLUSIONS 


Constant conductivity values of insulating materials are typically used in building design and assessment. 
However, the thermal conductivity of insulating materials is affected by the operative conditions. The 
attention has focused on foamed insulation such as polyurethane and polyisocyanurate, which exhibit less 
regular behavior. Using constant thermal resistance values results in actual building envelope performance 
different from the design predictions as it has been shown both trough experimental results and simulations. 
This paper aims to start a more critical discussion about how the impact of temperature and material aging 
over the thermal conductivity affect foam insulation performance in building envelopes. 
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ABSTRACT 


High-rise apartments in Toronto are an integral part of the residential building stock, representing over 50% 
of total dwellings, home to approximately a third of the city’s population. The recent architectural trend of 
high-rise apartments is moving towards more transparent facades with fully glazed exteriors. Higher 
window to wall ratios (WWR) entails significant discomfort due to higher solar heat gain and heat loss, 
causing overheating and extreme temperatures. Passive latent thermal energy storage is a possible solution 
to regulate indoor room temperatures. This study investigates the effectiveness of Phase Change Materials 
(PCMs) in apartments with 80% WWR. A composite PCM system, comprised of two PCM products with 
melting temperatures of 21.7 oC and 25 oC is introduced to provide annual thermal energy storage. The 
phase change cycles of the PCMs and their impact on indoor air and building interior surface temperatures 
are assessed using field tests. Two small scale test cells were constructed, one reference cell as a baseline 
and another cell enhanced with the composite PCM system positioned on walls and the ceiling. The results 
indicate improved performance of the test cell containing the composite PCM layer in lowering peak indoor 
and surface temperatures up to 6 oC. The melting and solidification patterns showed a close correlation with 
peak solar heat gain and heat loss times during the day respectively.  


INTRODUCTION  


High-rise residential towers represented an era of change and modernization in Canadian cities in the past 
decades. The aim to form self-sufficient communities, in contrast to the previous urban sprawl, in addition 
to factors such as urbanization, shortage of suitable lands and accessibility issues, brought this model of 
housing to spotlight (Kesik and Saleff, 2009). In fact, high-rise apartments are still a prominent choice for 
housing in major Canadian cities and their dominance continues to grow as the market demands escalate. 
However, aging high-rise apartments are faced with crucial performance problems; deteriorating building 
components, leaky envelope and moisture problems are some major issues that in time degrade the living 
conditions for occupants (Touchie et al. 2014). Specifically, thermal discomfort is a critical issue that entails 
various problems and subsequent complaints in high-rise apartments as stated by RDH, (2012). 


Issues such as draft, daily temperature swings, and vertical temperature stratification are among the most 
common causes for indoor thermal discomfort. In older apartment buildings, aging infrastructure, lack of 
proper insulation and poor performing windows cause large discomfort. However, in newer buildings, given 
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the new architectural trend shifting towards transparent facades, high window to wall ratios (WWR) or fully 
glazed facades lead to high solar heat gain and heat loss causing large indoor temperature fluctuations 
(Rodriguez-Ubinas et al., 2013; Touchie et al. 2014). Thermal discomfort in buildings implies higher 
reliance on mechanical systems to provide acceptable living conditions, which entails high energy demand. 
As shown by Alsaadani et al. (2016), space conditioning holds the highest share of energy consumption in 
high-rise residential buildings. Furthermore, high dependence on mechanical space conditioning decreases 
the resiliency of these buildings to anomaly weather events and climate change effects (Ozkan et al. 2016). 


Considering the crucial importance of high-rise apartments in the residential stock of Canadian cities, it is 
crucial to improve their performance and enhance occupant satisfaction. Energy retrofits are a significant 
opportunity to reduce the energy consumption and carbon footprint of existing buildings, in addition to 
enhancing occupants’ comfort (Touchie et al. 2014). Particularly in the context of high-rise apartments that 
provide affordable housing, energy retrofit measures would improve quality of life for available housing 
(Alsaadani et al. 2016). In this research, passive latent thermal energy storage (TES) as a retrofit measure 
is considered by incorporation of Phase Change Materials (PCMs) in indoor surfaces of apartment units. 
The aim of this paper is to evaluate the impact of integrating PCMs in highly glazed apartment units for 
regulating indoor temperature swings and temperature extremes.  


LITERATURE REVIEW 


Two main types of thermal storage applicable to buildings are sensible and latent heat storage, considering 
that electrochemical TES is typically unsuitable. PCMs are latent heat storage systems that store heat by 
undergoing a phase change -such as changing from solid to liquid states- at specific temperatures. PCMs 
store both sensible and latent energy; as indoor temperatures rise, a PCM stores sensible energy until the 
melting temperature is reached and then the latent heat storage occurs in a nearly constant temperature 
range and the PCMs store the latent heat of fusion in the process. The constant temperature range during 
the phase change process is a key factor to guarantee indoor temperature stabilization when PCMs are 
integrated to buildings (Soares et al. 2013).  


PCMs are an appropriate choice for retrofit applications compared to materials with sensible TES for being 
easy to apply and unobtrusive (Ascione et al., 2014; Sharma et al., 2009). Furthermore, PCMs store heat in 
narrow temperature ranges and they have higher heat storage capacities in lighter density (Soares et al., 
2013). Several studies have presented extensive literature reviews on PCM products, their various 
applications and their impacts on buildings’ indoor environment. Tyagi and Buddhi (2007), Pasupathy et 
al. (2008), Kuznik et al. (2011), and Soares et al. (2013) have provided comprehensive background research 
on PCMs. It is argued that the melting temperature or temperature range in which the phase transition occurs 
is the most important parameter for PCM performance. In order for PCM to get activated and perform 
effectively, their melting range must correspond with the environment they are applied to (Evola et al. 
2013). 


The indoor thermal environment in buildings is primarily governed by the climate in which they are located 
in and how it is controlled by the occupants. Hence, indoor and outdoor boundary conditions are an 
important subject of study for PCM integration in buildings. For instance, Evola et al. (2014), Ascione et 
al. (2014) and Fiorito (2014), have investigated the impact of climate on PCM operation. Results of these 
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studies point to a clear link between PCM performance and climate and that the performance of PCM 
applications is climate specific as the correlation of melting temperature with the indoor temperatures of 
the building are interrelated.   


Existing literature regarding TES with PCMs is mainly focused on applying PCMs for the cooling season, 
even though some studies such as Cao et al. (2010) and Pisello et al. (2015) have studied the impact of 
PCMs in the heating season. Athienitis et al. (1997) and Nikoofard et al. (2014) have assessed PCM 
integration in Canada, the results clearly point to the potential of TES using PCMs in the Canadian climate 
for both the cooling season and the heating seasons. Multiple studies such as Muruganantham et al. (2010) 
and Pasupathy et al. (2008) have analyzed the performance of PCMs in buildings for one year. Optimization 
of PCMs to operate for an entire year is quite difficult as studies have shown that PCMs with melting points 
selected based on the summer boundary conditions do not operate in other seasons. While the primary 
operation of PCMs is intended to reduce summer overheating, their impact on regulating temperatures in 
winter and shoulder periods must not be neglected. 


To optimize PCMs for annual performance, Diaconu and Cruceru (2010), proposed a composite PCM wall 
system comprised of two PCM integrated wallboards with two different melting points. One PCM was 
positioned near the exterior side of the envelope with a melting range appropriate to control the summer 
conditions and a second gypsum board was positioned on the inside lining of interior walls to control the 
radiant heat during winter. The results showed significant total cooling and heating energy savings as well 
as regulated temperatures inside the building enclosure throughout the year. Pasupathy et al. (2008), Entrop 
et al. (2011), Ascione et al. (2014), Heim et al. (2016) and Hoes and Hensen (2015) have also addressed 
the insufficient effectiveness of one PCM melting point to operate for an entire year and suggested more 
research on hybrid PCM systems. 


Considering the case specific design of PCMs in relation to climate, more research in Canadian climate is 
necessary to evaluate the effectiveness of PCM applications in this context. The aim of this study is to 
provide year around thermal energy storage using PCMs, thus optimizing PCM applications to have two 
melting points as a potential approach is investigated to address both heating and cooling seasons.  


As outlined in the literature, due to simplifications of simulation modeling in calculating PCM performance 
in addition to inability to model hysteresis and sub-cooling of PCMs, it is suggested to use experimental 
tests for a more accurate and reliable assessment of PCM behavior (Pasupathy et al. 2008). Table 1 shows 
some of the main studies that have performed experimental tests on PCM building applications using test 
huts. 


Table 1: Experimental studies on PCM building applications 


Reference 
PCM Properties  Test Location  Parameters of 


Study 
 Results 


Application  Test Period 


Pasupathy et 
al. (2008) 


Salt hydrate 
Tmp: 26-28 oC 


Chennai, India, 
13.1o N 


 
One year 


- PCM panel 
thickness 
- Aiding PCM 
solidification 
through water 
heat exchangers 
- Validation of 
numerical 
analysis 


- Roof temperature with the PCM 
higher for a longer period of time as a 
result of lower conductivity of the PCM 
roof 
- Higher PCM ceiling temperature due 
to lower heat removal from the PCM 
room 
-Increasing the thickness affects the 
solidification process of the PCM.  


Embedded in steel mesh 
for the Roof 
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Kuznik and 
Virgone  
(2009) 


Energain board 
Tmp: 18-22 oC 


Climate chamber 
controlled 


conditions - 
Heating + 
cooling 


conditions 


- Effect of 
seasonal 
temperature 
changes 


- In all the cases the PCM test cell had 
4.2 oC lower indoor temperatures as 
result of decreased overheating.  
- No thermal stratification was observed 
in the PCM test cell as opposed to 1.3 C 
temperature stratification between high 
and mid points in the reference test cell.  


Walls 


Muruganant
ham et al.  
(2010) 


BioPCMTM 
Tmp: 29 oC Arizona, USA, 


34.04o N  
 


One year 


- PCM effect on 
energy 
consumption 
- Cost analysis 


 


- A peak load shifts of 1 hour occurred 
in the PCM shed only in summer 
months. 
- Highest energy saving (30%) in 
November. Lowest saving (9%) in 
March 


Floor, wall and ceiling 


Entrop et al. 
(2011) 


Micronal DS  
Tmp: 22-25 oC Enschede, 


Netherlands,  
52.2o N  


 
One year 


- Insulation 
thicknesses 
 
- Glazing types 


- 16 oC reduction of maximum room 
temperature and 7 oC increase in 
minimum room temperature observed. 
- Increasing thermal insulation lowers 
the activation process of PCMs 
- The level of solar radiation coming in 
the cells corresponds directly with the 
PCM floor’s effectiveness in different 
seasons.  


Concrete floor 


Ceron et al. 
(2011) 


Paraffinic Mix 
Tmp: 13-20.5 oC 


Madrid, Spain 
45.5o N   


 
60 days in Spring 


- Direct and 
indirect solar 
exposure to the 
floor surfaces 


- Shadow on PCM tiles facing direct 
sunlight reduces their efficiency by 6 oC 
lowered temperature and reduced heat 
storage capacity.  
- PCM tiles not receiving direct solar 
radiation have smaller stored energy to 
discharge at night.  


Clay floor tiles 


Whole building tests, outdoor test huts and indoor test rooms in labs or climates chambers are some of the 
most commonly adopted experimental test methods in the literature (Kosny, 2015). Full-scale experimental 
tests are an important method to evaluate building envelope components containing PCMs, to observe the 
performance of PCMs directly in interaction with building systems and functions. However, test huts are 
often preferred as they are less expensive and easier to implement, in addition to being more accessible and 
flexible if built in small scales. Often, including a baseline model is a common strategy to evaluate the 
performance of PCM integrated enclosures compared to a benchmark with conventional enclosures. Kuznik 
and Virgone (2009) emphasize the necessity of two cells tested under simultaneous conditions to test PCMs. 
The aim of field tests in this study is to analyze the behavior of the composite PCM system in detail and to 
better understand its daily activation. 


METHODOLOGY  


A hybrid PCM system for annual thermal energy storage is proposed to be integrated into walls and ceilings 
of high-rise apartment units. This composite PCM system is targeted for applications in direct contact with 
the indoor environment. In this study, commercial PCM products were selected to form the composite PCM 
system. Most reviewed studies have focused on pure PCMs or reference PCMs introduced with theoretically 
high latent heat values or high PCM percentages for maximum effectiveness. However, as commercially 
available PCMs get applied to building materials such as gypsum, they are mixed with flame retardants and 
other elements which changes their thermophysical properties and therefore affects their performance. 
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Thus, it was considered to investigate real available products.  


Therefore, it was determined to investigate the potential of PCMs commercially available in the market. 
Several commercial products suitable for wall and ceiling applications were identified and reviewed based 
on their physical and thermal properties. The focus was specifically, on organic microencapsulated PCMs 
were selected as they are often preferred for their longer lifespan, structural stability, and congruent melting 
(Sharma et al. 2009; Bruno et al. 2015). Finally, two products; BioPCM™ and Energain™ were selected 
as the PCM options for this study, for their high latent heat values and their appropriate melting ranges for 
indoor applications in the climate of Toronto. The applicability of the products to retrofit projects and their 
availability in the Canadian market were other considerations. Table 2 reports the properties of the selected 
PCM products.  


Table 2: Thermophysical properties of the selected PCM products 


PCM Product 
Thickness 


(cm) 


Melting 


Temperature Range 


(oC) 


Latent Heat 


Capacity 


(KJ/Kg) 


Specific Heat 


(KJ/Kg.oC) 


Conductivity 


(W/m.K) 


Energain™ PCM (Gilbert 
and Koster, 2010) 0.5 18- 21.7 70 2.5 0.18 - Solid 


0.14 – Liquid 
BioPCM™ (Phase change 
energy solutions, 2016) 1.5 21 - 25 200 2.1 0.2 


 


Regarding thermal characteristics of the two selected products, Energain™ PCM panels have melting points 
approximate to indoor temperatures in winter months. BioPCMTM panels with a nominal melting point (Tmp) 
of 25 oC are compatible to indoor conditions in summer months in Toronto. Combining these two products 
in a composite PCM system could show a high potential for indoor temperature with only 2 cm additional 
thickness as shown in Fig. 1a. Higher thermal energy storage in a small density and thickness in Energain™ 
and BioPCMTM is due to their high latent heat and specific heat values leading to large sensible and latent 
heat storage (Fig. 1b). 


The configuration of the composite PCM system is primarily based on the thermophysical properties of 
each PCM, specifically the heat conductivity. Both PCMs have low conductivity values, however, the 
conductivity of Energain™ is 0.18 W/m.K when solid and 0.14 W/m.K when liquid, while this value is 0.2 
W/m.K for the BioPCMTM panel. If Energain™ panel was positioned in the first layer it would melt faster 
than the BioPCMTM in summer and would result in slower heat transfer to the BioPCMTM layer which is 
intended to regulate the indoor summer temperatures.  
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a)


 


b) 


 


 
Figure 1: a) The composite PCM system b) Temperature-enthalpy curves for the PCM products 


Experimental Test Methodology 


In this study, the experimental tests rely on passive solar gain and ambient temperatures to activate the 
composite PCM system as no mechanical intervention was used. The objective was to monitor the behavior 
of the composite PCM system for several months. Including seasonal temperature variations and longer test 
period allowed for a comprehensive analysis of PCM performance.  


Two small scale test cells were constructed, one reference cell as a baseline and one cell with PCM-
enhanced walls and ceiling as shown in Fig. 2. Test cells were constructed to replicate typical apartment 
units on a scale of 1:10, furthermore, they have one glazed wall which covers 80% of one wall similar to 
highly glazed apartment units. The test cells were constructed with an aluminum structural frame covered 
with white rigid polyethylene plastic sheets. Water resistant plywood sheets (Form Ply) were positioned on 
the ceiling and the floor of both test cells. To insulate the units, extruded polystyrene (XPS) insulation was 
used on all the walls, floor and ceiling surfaces from the inside. For the glazing, a clear glass single pane 
was installed on the cells’ façade. 


      


Figure 2: Experimental test cells 


The main enclosure assembly includes gypsum boards facing the interior spaces on all walls and ceiling 
surfaces, with XPS insulation located behind it. The PCM boards are integrated into this assembly between 
the gypsum board and the XPS insulation. The composite PCM system is applied to three walls and the 


 


 (DSC tests @ 0.05 k/min-1) 


b) 
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ceiling of the composite PCM test cell. The arrangement of the PCM boards in the composite PCM wall 
and ceiling is detailed in Fig. 3. For simplification, the test cell integrated with PCMs is referred to as the 
“Composite PCM test cell” and the test cell without PCM application as the “Reference test cell”.  


 


 


Figure 3: Enclosure assembly in the test cells 


Data were collected from the test cells’ indoor room and the wall and ceiling surfaces. Each test cell was 
equipped with one HOBO U-10-003 Data Logger to measure indoor air temperatures. 8 thermocouples and 
2 heat flux transducers were installed on the walls and the ceilings of the cells to measure the surface 
temperatures and heat flow rates. The heat flux sensor used for this study was an HFP01 Hukseflux heat 
flux plate which is a ceramic disc installed between the wall and ceiling surface layers. The sensors were 
attached to the drywall and Energain™ PCM using a conductive paste. The data were recorded using a 
Graphtec data logger with direct connection of thermocouples as well as direct voltage measurements. 
Surface and indoor air temperatures and surface heat flow values were measured continuously with a time 
step of one minute for accurate monitoring of PCM activation patterns. To measure outdoor temperatures 
a Netatmo weather station was positioned two meters behind the test cells.  


The test cells were positioned in Toronto with access to three orientations of south, east, and west. Tests 
were conducted from July to October to observe variations between summer and fall month temperatures 
and how the behavior of the composite PCM system changes.  
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Parameters of Analysis  


The performance and effectiveness of the composite PCM system are quantified in relation to ambient 
weather and solar gain variations. The prominent variables for the experimental study are orientation and 
shading, while inclusion of night cooling is also investigated. In total, five different tests were conducted, 
each focusing on specific variables based on a comparative assessment between the reference test cell and 
the composite PCM test cell. The impacts of the composite PCM system are assessed on room and surface 
levels. The main comparison in the experimental tests is between the two test cells, thus the term “rate of 
change”, is referred to the changes perceived in the composite PCM test cell as opposed to the reference 
test cell. The following parameters were quantified:  


 Room Level: The analysis included the monitoring of room air temperature swings, and the rates 
of heat loss and heat gain inside the cells in relation to the time of day.  


 Surface Level: The analysis allowed to investigate the exact performance and activation pattern of 
PCM products incorporated in the walls and ceiling in each layer. In addition to surface 
temperatures, evaluation of heat flow through each surface indicates the mechanism of heat gain 
and heat release. The temperatures are analyzed based on the melting range of the two PCM 
products.  


 Comprehensive analysis: This final evaluation is focused on connecting the main variables with 
the measured data.  


o The influence of orientation on indoor temperature fluctuations; 


o The influence of shading on indoor temperature and surface temperature; 


o The influence of natural ventilation on indoor room temperatures 
 


 


Figure 4: Timeline of the experimental tests 


RESULTS 
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The Impact of Orientation 


In a 45-day period, data were collected from sensors positioned on two walls, one side wall and one window 
facing wall. Test cells were rotated to three orientations of south, east, and west for a minimum period of 
seven days to assess the influence of solar radiation on PCM performance. The weekly average high and 
low peak indoor air temperature values in each orientation shows that the maximum rate of change in the 
composite PCM test cell occurs when the two highest and lowest peak temperatures are recorded.   


Figure 5 shows the higher effectiveness of the composite PCM system in extreme situations by regulating 
peak temperatures. The influence of the composite PCM shows a 9% reduction of high peak temperatures 
in the west and 22% increase in low peak temperatures in the south orientation. However, as each 
orientation test was conducted in a different week, the ambient conditions are not directly comparable. 
Nevertheless, the average outdoor weather conditions in the west facing and south facing periods in July 
are quite similar, on average the daily outdoor temperature is 23.5 oC in both weeks. Thus, it could be 
suggested that the impact of solar heat gain in the west orientation is larger on indoor air temperatures 
which consequently entails the highest rate of change caused by the composite PCM system.  


The test cells were exposed to the south for four weeks between July and August. As Fig. 6a shows, the 
sinusoidal temperature changes are attenuated in the composite PCM test cell. Overall, the air temperature 
swings are reduced by 6.8 oC. In particular, the effectiveness of the composite system at night is significant 
in maintaining indoor temperatures as air temperatures of the reference cell drops 2 oC below the ambient 
weather. An apparent peak temperature shifting of one hour happens in the composite PCM test cell. The 
maximum air temperature is shifted to later afternoon due to thermal lag in the composite PCM test cell. 


 
Figure 5: Correlation of orientation and peak indoor room temperatures 


As the test cells face the east orientation, indoor air temperatures start to increase rapidly from 6 am in both 
test cells, however the overall rate of change in the composite PCM test cell is similar to the south facing 
scenario. Conversely, by rotating the test cells towards the west orientation, significant changes are 
observed as demonstrated in Fig. 6b. Unlike south and east facing orientations, highest temperatures in the 
test cells occur close to the sunset period from 5 to 7 pm.  
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Figure 6: Hourly indoor room temperatures; a) South orientation – b) West orientation 


Another distinctive pattern in July is the rapid transition of temperatures at night without solar radiation. In 
the east and south orientations, the night temperatures in both test cells decrease over time at a slower rate. 
However, in the west orientation, the large swing observed on the 16th and the 18th are as much as 33 oC in 
the reference test cell and 21 oC in the composite PCM test cell through the night.  


Finally, by comparing the window facing wall and the side wall, the results show that in all orientations, 
window facing walls experience higher temperatures in both test cells. Interestingly, the effectiveness of 
the PCM system is also higher in reducing the surface tempera rues of the window facing wall. For instance, 
when the test cells are facing the west, the composite PCM system reduces the maximum surface 
temperatures of the PCM integrated window facing wall by 7.8 oC, while this effect is 6.7 oC for the side 
wall.  


The Impact of Shading and Night Cooling  


To further observe the influence of solar gains on PCM performance, the shading part of the test cells was 
removed to allow direct solar exposure in the test cells. This test was performed from September 24th to 
October 12th, while the test cells faced the south. The reference test cell showed high dependence on 
outdoor weather conditions ultimately leading to average colder indoor temperatures. Whereas in the 
composite PCM test cell, due to increased thermal inertia and storage capacity, indoor air temperatures 
were kept constantly above the outdoor temperatures. 


Figure 7 compares the average room temperatures and rate of change caused by the composite PCM 
surfaces with and without shading. Removing the shading negatively affected PCMs’ performance in 
reducing excessive heat gain in the spaces. In the no shading scenario, the reduction of high peak indoor 
temperatures in the composite PCM test cell is only 1%. By removing the shading, the increase of low peak 
temperatures at night is 20% higher than when the composite PCM test cell is shaded. However, more 
accurate results in one similar ambient condition while testing the shading could show different results.  


 


 


       


Peak temperature 


shift 


b) a) 


42 







 


 


Paper 30                                                                                                    Page 11 of 19 
 


 
Figure 7: Correlation of indoor temperature changes in the composite PCM test cell with and without shading 


A typical day in the no shading scenario in October and a day in the shaded scenario in September are 
compared. Outdoor temperature variation is between 11.4 to 37.6 oC in September and 7 to 22.6 oC on 
October. Hourly ambient temperature variations in both September and October days occur gradually with 
an average 0.1 oC change. Considering the rate of indoor air change in the composite PCM test cell in 
September with available shading, similar gradual temperature increase could be seen. Indoor temperatures 
in the composite PCM test cell rise slowly and reach the melting range of both PCM products in a 4-hour 
period. In contrast, on the October day with no shading, indoor air temperatures in the composite PCM test 
cell rises by 11 oC from 17 to 28 oC at the peak of solar radiation in the south orientation. This sharp 
increase in the indoor air of the test cell leads to melting of both PCM layers in only one hour which moves 
to sensible gain after they are melted further increasing indoor temperatures. This is directly linked to solar 
radiation and the role of shading in controlling exposure.  


In conclusion, the primary difference between the shaded and not shaded scenario is that by removing the 
shading, the effect of solar radiation is visible in a specific period during the day with sharp temperature 
rise in both test cells. A spot effect which causes the PCMs to melt rapidly and as the excessive heat exceeds 
the latent heat storage capacity of the PCMs, their temperatures rise through sensible storage.  


Higher exposure to solar radiation without shading results in higher night temperatures in the composite 
PCM test cell which also affects room temperatures in the next cycle. One of the key problems associated 
with PCMs is the inability of full solidification process at night due to high night temperatures not reaching 
the freezing point. When PCMs do not discharge the stored energy at night, they lose their ability in the 
next cycle as they stay melted and are unable to reduce the effect of the heat gain. This factor is evident in 
this study on very hot days or in case of extreme solar exposures as shown in Fig. 7 when the test cells are 
facing the west or when the shading part of the composite PCM test cell is removed. 


 One of the prominent solutions stated in reviewed studies is the inclusion of night cooling to facilitate the 
solidification process of PCMs preparing them for sufficient heat storage in the coming day. Therefore, 
night ventilation was applied for several nights by creating a 2 cm opening along the length of one wall to 
provide external airflow to the cells. Figure 8 presents the surface temperature and heat flow variations for 
three days, with night ventilation applied on October 9th for 10 hours until 7:30 am on October 10th. It 
must be noted that based on the parameters of the installed heat flux transducer, negative heat flow values 
indicate heat gain in the wall which means heat loss from the room. (Positive values show heat loss from 
the wall meaning heat gain in the room.) 
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The benefit of using natural ventilation is evident on reducing the high surface peak temperatures on 
October 10th. This is a reduction of maximum temperatures up to 7.8 oC in the composite PCM wall 
compared to the peak in the reference wall. This value is 3.4 oC more than the same change perceived on 
8th and 9th considering a similar trend of surface temperature variation. The surface analysis demonstrates 
the impact of natural ventilation in reducing the surface temperatures well below the melting range of both 
PCM products.  
 


 
Figure 8: Hourly surface temperature and heat flow in the walls from October 8th-10th 


The low temperature experienced at night results in the highest heat release from the wall to the room at 9 
am on October 10th. The results obtained from other tests in this study without night ventilation show that 
higher night temperatures delay the solidification process of the composite PCM layers to early morning 
periods or even after sunshine hours. By allowing natural ventilation into the test cell, a faster 
solidification and heat loss from the surfaces occurred that would show improvements in the summer 
period as well in reducing the recharge time of the composite PCM system.  


Performance of the PCM Integrated Surfaces 


To simultaneously monitor the ceiling and wall surface temperature variations, one side wall and the ceiling 
in the two test cells were investigated from September 7th to 14th. The primary parameter of analysis is the 
difference between the wall and ceiling surface temperature changes in relation to the room temperature. 


The hourly surface temperatures in the composite PCM wall show a faster response to ambient and indoor 
room temperature variations compared to the ceiling. During the day, the wall heats up more rapidly and at 
night it loses heat faster as temperatures start to decrease compared to the composite PCM ceiling.  


Figure 9 shows the hourly room (Ta) and surface temperature (Ts) variations in three consecutive days in 
September. Without PCMs, the indoor room temperatures of the reference cell show a close proximity to 
the reference wall and ceiling’s surface temperatures particularly in maximum peak periods during the day. 
Conversely, considering the indoor air of the composite PCM cell and the composite PCM surface 
temperatures, a notable gap is observed. Even though the overall trend in both figures is very similar, a 
slight variation could be seen in the performance of the composite PCM system applied to the ceiling and 
walls.  
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Average surface temperatures of composite PCM wall and ceiling surfaces are 4 oC lower than the indoor 
cell temperatures. The largest temperature difference between the composite PCM surfaces and their 
corresponding cell air temperature is reached on high temperature peaks during the day. Whereas during 
the night, the surface temperatures get closer to the indoor room temperature as a result of heat release from 
the PCMs Opposite behavior occurs in the reference test cell. At night, the reference surface temperatures 
are lower than the room temperatures and lose heat rapidly. This is a clear indication of heat loss in the 
night hours from the reference surfaces out of the reference test cell. However, the radiant heat impact of 
the composite PCM is evidently keeping the air and surface temperatures approximately in the same range, 
as a result PCM solidification and release of heat back to the cell. The gap between the composite PCM 
surface and room temperature is decreased during the night period, on the contrary, this difference starts to 
rise, as early as 7 am with availability of solar radiation. The room quickly starts to warm, while the surface 
temperatures are increased incrementally as a result of heat storage in the PCMs in the walls and ceiling. 


      


 
 
Figure 9: Hourly Indoor Room Temperature and surface temperature variations; a) Wall- b) Ceiling 


The rate of increase in heat gain and heat loss in the PCM integrated wall and ceiling surfaces is compared. 
In the reference wall as temperatures drop, heat moves towards outwards. Heat release from the composite 
PCM wall to the room is clearly observed as it compensates for the heat loss from the room. However, this 
value is much smaller in the composite ceilings, as the average heat release to the room through the 
reference ceiling is also high at night entailing a smaller gap between the reference and the composite PCM 
ceiling. In contrast, the great difference in heat gain capability of the ceiling is more notable. The overall 
conclusion is that PCMs integrated into the ceiling have better performance in absorbing and storing the 
excess heat which could be due to natural convection and nature of heat transfer. 


 


Test #3: Testing Individual PCM Enhanced Surfaces 


This test was performed for eleven days from August 27th to September 6th, in order to separate the PCM 
products used in the composite PCM application to assess their performance individually. Thus, the 
configuration of the test cells was modified; the walls of one test cell were lined with Energain and the 
walls of the other test cell with BioPCMTM. As shown in Fig. 10a, both PCMs are capable of moderating 
night temperatures individually when they start to solidify. Evidently, due to different melting ranges, 
BioPCMTM test cell’s night air temperatures are above the Energain test cell.  
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In contrast, the high peak temperatures in the Energain test cell are higher than in the BioPCMTM test cell. 
This could be related to the higher specific heat of Energain product leading to higher sensible storage in 
the surfaces. Detailed surface temperature and heat flow graphs presented in Fig. 10b demonstrate a similar 
trend of change in heat flow and surface temperatures in both Energain and BioPCMTM walls on the same 
day. The rate of heat release is 43% higher in the BioPCMTM wall while the rate of heat absorption in both 
surfaces is quite similar. The higher heat discharge observed in the BioPCMTM wall could be due to the 
conductivity of the BioPCMTM, which is marginally higher than the conductivity of the Energain PCM.  


  


 
Figure 10: a) Hourly indoor temperature changes; b) Side wall surface temperature and heat flow variations 


Due to the isothermal effect of PCMs, they maintain the surrounding temperatures within their melting 
range. This is evident in both the surface and indoor temperature graphs. For a better illustration of daily 
fluctuations, temperature changes per minute are assessed on the first three days of September with average 
daylight period of 13 hours. BioPCMTM layer starts to melt on these three days at approximately 10 am, 1 
hour ahead of the Energain layer in the other test cell. The overall melting process of the Energain board is 
shorter than the BioPCMTM, whereas the solidification process of BioPCMTM on average in these three days 
takes only two hours.  During the isothermal process of melting, the rate of surface temperature is slowed 
down as expected. During the melting of BioPCMTM, the surface temperature of this wall is fixed at 22 oC 
from 10:16 am to 12:37 pm. In the Energain, however, the process takes less time, thus shorter constant 
period for the surface temperatures. Nevertheless, as the Energain melts, the surface temperatures are 
constant at 18 oC from 11:10 am to 12:48 pm. In general, considering the entire melting range of each PCM 
layer, the constant period for each temperature point takes on average from 30 to 60 minutes during the 
phase change process.  


Another main factor observed is the time lag caused by the PCMs. Even though this is generally a positive 
factor specifically for peak temperature shifting and maintaining constant temperatures for longer periods, 
the time frame of the solidification period and sunshine hours may not match. For instance, in both test 
cells at night, air temperatures start to decrease rapidly in the room from 7 pm, but in August nights, the 
Energain wall reaches 18 oC in early morning at 7 am. This factor is reduced completely in September, 
indicating that the PCMs are more likely to have discharged the stored energy by morning.  


DISCUSSION  
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The initial research focus in this study was to assess the impact of solar gain and ambient weather variations 
on PCM performance. Pertaining to the experimental test results it is demonstrated that the impact of 
ambient weather is more significant as temperature variations control the entire transition of the composite 
PCM system during the day. Nevertheless, exposure to solar radiation enhances the melting process, while 
this influence is periodical specifically at times of highest solar intensity. A previous study done by 
Muruganantham et al. (2010) with experimental tests performed in mechanically conditioned test cells show 
that the effect of solar radiation becomes more prominent when the room has a constant temperature through 
active space conditioning.  


Regarding different orientations, the experimental tests could not draw a direct link between the impacts 
of solar gains from each direction as ambient conditions in each testing week varied. The behavior of 
composite PCM system in performing the phase transition and heat storage is more constant when test cells 
are facing south. The highest and sharpest fluctuations were experienced when the test cells were rotated to 
the west and furthermore high-peak temperatures in both cells coincided with the peak solar times.  


Another parameter to assess the relation of solar radiation to PCMs was testing the effect of shading. Even 
though removal of the shading occurred in October with lower ambient temperatures, the effect of the 
composite PCM system in reducing overheating due to high solar gain in the test cells was decreased. In 
contrast, higher average temperatures in the composite PCM test cell without shading led to higher night 
temperatures. Excess heat being exposed to the cells causes fast melting of PCMs. This excessive heat 
surpasses the latent heat storage capacity of the composite PCM system which turns into sensible 
temperature rise. Thus, it was observed that a direct link exists between sensible temperature rise and higher 
solar gains. Finally, due to lower temperatures, the availability of solar radiation is more important in fall 
months to ensure activation of the PCMs. Whereas, in summer, the excessive heat could lead to a longer 
period in which the PCMs stay melted, thus having a shading would be beneficial.  


To better explain the impact of ambient weather on PCM performance, average data in each testing period 
in the span of four months are compared. Table 3 summarizes different parameters in each testing period 
where the test cells are facing the south orientation and the wall surface temperatures are recorded.  


By looking at the trend of outdoor temperature variations and the PCM activation, the highest percentage 
of PCM’s being activated is recorded in the month of July. Correspondingly in this month, the composite 
PCM system reduces indoor temperature swings and high peak temperatures significantly compared to 
other months. The effectiveness of having a hybrid PCM system with two melting points is evident as in 
July and August, the Energain™ PCM is mostly in liquid form; in contrast, the BioPCMTM is often in the 
solid state in September and October. The low percent of decrease in maximum temperatures in October is 
due to the excessive heat gain in the cell with removal of shading. The higher rate of increase in minimum 
temperatures in September and October is a result of full solidification due to colder nights. 


 Table 3: The impact of the composite PCM on indoor air temperatures 


Parameters 


Average 


Ambient 


Conditions 


(oC) 


Decrease 


of TMax 


(%) 


Increase 


of TMin 


(%) 


Decrease in 


Temperature 


Swings (%) 


Frequency of PCM Activation 


PCM Layer Solid 
Phase 


Change 
Liquid 


July 19.2 - 31.1 6% 18% 46% BioPCMTM 29% 28% 43% 
EnergainTM 6% 30% 64% 


August 19.9 - 35.7 4% 16% 37% BioPCMTM 7% 18% 74% 
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EnergainTM 0% 9% 91% 


September 15.2 – 31.1 6% 19% 35% BioPCMTM 57% 18% 25% 
EnergainTM 41% 21% 38% 


October  11.2 – 25.6 1% 24% 18% BioPCMTM 86% 7% 6% 
EnergainTM 60% 28% 12% 


CONCLUSIONS 


The overall impact of the composite PCM system demonstrates constant temperatures for longer periods, 
and slower transition times which resulted in peak shifting and reduction of extreme temperatures. The 
experimental tests showed that the proposed composite PCM system could easily be activated in passive 
conditions when the cells are only exposed to solar radiation and ambient weather. Another positive 
outcome of this research proved that longer testing period is beneficial in showing how the PCMs’ behavior 
changes with ambient temperature fluctuations. Specifically, as the proposed composite PCM system in 
this study is intended to perform in diverse yearly temperature variations. The performance of this system 
will be further analyzed using computer simulation to support the present findings with annual performance 
analysis of the composite PCM system in different climates.  


The capability of this system is clearly displayed as each PCM targets the fall and summer months as 
expected, Energain™ layer addresses the indoor temperature range of fall months while the BioPCMTM is 
effective in reducing overheating in July and August. The composite PCM system undergoes one full cycle 
each day; this diurnal cycle consists of one full melting cycle in the day and a solidification cycle at night 
in the case of favorable low ambient temperatures, which could further be adjusted by modifying ventilation 
and shading features.   


Notable results derived from the experimental tests: 


 The main outcome of implementing the composite PCM to surfaces is the significant reduction in 
the vulnerability of the composite PCM test cell to ambient weather changes;  


 Implementing natural ventilation at night is beneficial in accelerating the solidification process and 
leading to an earlier solidification before sunrise hours. However, more detailed analysis is required 
by measuring the amount of heat flow and time of exposure to find the most effective natural 
ventilation scenario for the effective discharge of PCMs;  


 Comparison between composite PCM ceiling and wall surfaces showed a higher percentage of heat 
absorption in the ceiling and thus higher reduction of high peak temperatures;   


 The impact of PCMs in reducing high and low peak temperatures is higher in extreme conditions 
with sharp temperature swings in the test cell; such as periods in which the cell is exposed to the 
west, or high daily temperature variations occur during the days as in fall.   


The highest advantage of the composite PCM system in this study is the inclusion of two different melting 
points in one system, which allowed for high latent heat storage capacity in a thin layer. With only 2 cm 
thickness, it is an unobtrusive addition, suitable for retrofit projects that provides significant thermal 
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storage. In conclusion, multiple PCM systems, using two or more PCM products with different melting 
points have a great potential in becoming a more prominent approach for PCM application in buildings.   
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Instrumentation installed 
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• Moisture Meters at both ends
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Adhesion Testing using Tensiometer and Pucks
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In other industries, adhesion to concrete is delayed until RH in the slab is <80%


• Flooring and 
Coating Industry 
standards


• Used to use 
chloride salt 
absorption test


• Now use ASTM 
F2170 test


• Other industries 
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are typically 
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Adhesion Test Results







Typical primer to concrete failures at early age







Day 11 – Puck failures
Adhesion of membrane to concrete greater than pucks to membrane
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Day 35


• Blisters under Sun exposed 
slabs still visible


• Anecdotal experience says 
that protecting the 
membrane with insulation 
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• Blistering related primarily to 


the TFM and primer system, 


vapour does not appear to 
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primer in this experiment
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Day 83 – removing SAM







Day 83 - Demolition of slabs
Shade slab moved outdoors on Day 60







• SAM and TFM Membrane in the 
shade did not blister


• TFM blistered more than SAM


• Longer experimental time required to 
develop adhesion data at later ages


• Unknown cause of bond reduction at 
later ages.  Possibly water or chemical 
action


• Rain undoes days of drying


• Moisture in slab seems to affect long 
term bond


• Most membrane installed before 28 
days suffered bond reduction after 4 
weeks on installation
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ADHESION OF TORCH-ON AND SELF-ADHESIVE ASPHALTIC 


MEMBRANES OVER GREEN CONCRETE 


Laurence Matzek, RCABC, Leslie Peer, RJC Engineers, Jason Teetaert, SMT Research 


 


 


INTRODUCTION 


Roofing contractors are often asked by general contractors to start roof installation earlier than 28 days, the 
time typically specified for strength gain measurement after concrete placement in new construction.  
Application of membranes to ‘green’ concrete can be problematic, evidence of problems appearing as 
blisters and delamination of the membrane after application.  Some applications are successful, and some 
rules of thumb exist in the industry about when application can proceed.  The RCABC RoofStar guarantee 
standards defer the decision to a structural engineer to allow installation earlier than the 28 day cure time, 
but industry professionals are reluctant to do so because concrete strength time differs from concrete drying 
time.  The authors carried out this parametric study of membrane installation to quantify effects on 
membrane adhesion strength related to its installation during the first month after casting of concrete, when 
initial strength gain and moisture loss are taking place. 


The RCABC has concerns that with the new wind uplift requirements coming into effect in both the 
National and Provincial Building Codes, a premature approval for membrane application could cause the 
roof to fail the wind uplift requirement. 


EXPERIMENTAL WORK 


Concrete Slabs  


Two concrete slabs were built at RCABC’s facility in Langley BC.  The slabs were 1.2 m x 3m (4’ x 10’) 
in size and 0.15m (6”) thick.  They were cast against polyethylene vapour barrier on all 5 sides except the 
top surface which was left open to air after finishing.  The concrete was a Class C4 25 MPa mix from a 
local ready mix supplier, with 14mm aggregate and 6% air entrainment, W/C ratio less than 0.55.  Figures 
1 and 2 show the slab configurations. 


Each slab was built in two halves for installation of the two different membranes, one thermofusible 
membrane (TFM) and the second a self-adhesive membrane (SAM). 
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Figure 1: Concrete slab after casting Figure 2: Layout of concrete slabs 


One slab was left outside in the weather for July and August 2016, while the second slab was moved into 
an open sided shelter immediately nearby. This second slab was thus shaded all day, and not exposed to 
rainfall. 


Moisture sensors were cast into the slabs 40 mm from the top surface in two opposite corners of each slab.  
Temperature and Embedded Moisture Sensors and data logging equipment were provided by a local 
instrumentation company. 


Membrane Installation 


On pre-determined dates, a 0.3m wide section of concrete was primed, and membrane was installed, Figure 
3.  The application methods were both torch applied membrane and self-adhesive membrane. The 
membrane was trowelled or rolled down, similar to membrane flashing applications. 


The dates selected for membrane installation and adhesion testing are shown in Table 1.  In general, new 
membrane was installed 24 hours after casting of the concrete, and then every few days after that over the 
course of a month.  Adhesion tests were carried out the day of installation for the torch applied membrane, 
and the following day for the self-adhesive membrane.  Further adhesion tests were carried out for several 
weeks after membrane installation.  The adhesion testing schedule varied by a few days due to weekend 
and holiday staffing, but was maintained as close to the experimental rotation as practical. 


The primer and membrane system used were as follows: 


 Thermo-Fusible system:  Commercially available asphalt based primer, and SBS modified 
elastomeric bitumen waterproofing membrane with non-woven polyester reinforcement 180g 
reinforced torch grade base sheet 


 Self-Adhesive system:  Commercially available polymer based primer, and self-adhesive SBS 
modified bitumen waterproofing membrane with non-woven polyester reinforcement 180g 
reinforced torch grade base sheet 
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Adhesion Tests 


For each adhesion test, a puck was glued to the membrane and then attached to the tensiometer to perform 
the pull test, Fig 4.  This method is described in ASTM D4541 and the results are reported in this paper 
with adhesion values and failure type, adapted from the standard, similar to Nelson et al 2012 and Moser 
et al 2015.  The puck placement on the exposed slab was selected where no blisters were visible.  As such 
these represent upper bound results, since blistered areas would have 0 adhesion value.  On the TFM the 
pull test was performed approximately 30 to 45 minutes after puck installation. The Day 1 pull test for the 
SAM was performed the following day, as the adhesive primer needed to cure for 24 hours.  


For each test the pull test tension was recorded, as well as the failure mode observation. Failure 
definitions: 
A. Primer: Adhesion failure of primer to the concrete. 
B. Membrane: Failure or separation of the membrane. 
C. Concrete:  Adhesion failure between the primer and the membrane. 
D. Puck Adhesion:  Adhesion failure between the puck and the membrane. 


Several puck types were used for the tensile adhesion tests. One of the most significant experimental 
challenges in this work was developing a reliable method of attaching the pucks to the membrane top 
surface, particularly as the adhesive strength of the membranes went up during the course of the experiment. 
The following puck types were used during the testing, and are noted in Table 1. 


a. 3” round metal plates adhered in torch heated SBS membrane 
i. Un-primed 


ii. Primed 
iii. Abraded and primed 
iv. Adhered to membrane using a low-rise two part polyurethane adhesive 


The pucks were welded to the TFM by heating the membrane surfaces and then installing the puck. The 
adhesion on the scuffed and primed metal plates worked well until the pull test strengths started to deform 
the plates, which caused a concentrated load at the centre and then at the outside areas of the plate. The 
adhesion of the metal plate to the foamed urethane adhesive did not hold well. As measured strengths 


Figure 4 Adhesion test using 3" steel puck on Day 1 Figure 3 Application of Primer to Concrete Slabs on Day 1 
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increased, this puck method was switched to the following: 


b. 3” round plywood. The time to cut round samples, and delamination of the plywood 
forced another puck change. 


c. 3” square maple hardwood, primed and adhered in torch heated SBS membrane. 


This final method of adhering the pucks resulted in a low number of type ‘D’ failures between the puck and 
membrane at the top surface of the membrane later in the testing.  In Table 1, early type D failures with 
very low values were not recorded where they were an obvious a puck installation problem. 


Strain rates for the adhesion testing were kept constant by the operators of the test equipment. Tests 
described by other authors indicate that strain rate affects measured material property values but there do 
not appear to be standardized strain rates for testing adhesion of asphalts in the literature. 


After each pull test the site of the test was patched to re-establish the membrane seal to the top of the slab. 


Data for the adhesion tests are shown in condensed form in Table 1.  The data, expressed in kPa in this 
table, show that for even the lowest adhesive stresses measured, the adhesion of the membrane is 
comfortably higher than general values required to resist wind uplift of roofing. 


Weather Data   


The project was located at the RCABC training facility in Langley, BC.  Weather data was pulled from a 
local weather station at Walnut Grove, Langley and also from the closest Environment Canada data station 
in Abbotsford and is shown in Figures 6 and 7.   Note the rainfall event on the 2nd and 3rd of August that 
preceded membrane installation on Day 14 (Aug 4th).  The rain events in September occurred a week before 
the last piece of membrane was installed on Day 56.  


The adhesion test results in Table 1 are 
not adjusted for temperature.  As noted, 
testing strain rates and other installation 
and testing variables were kept constant 
for the project, so rain days and warmer 
temperature affected results by re-
wetting the outdoor slab and inducing 
higher asphalt temperatures.  This field 
condition experiment was established to 
record real world conditions in the side 
by side sun and shade tests.  The summer 
temperatures did not show great 
variation over the course of the July to 
September testing period (Figs 6 & 7).  
Repeating the testing during an 
equivalent period in winter conditions 
would be expected to produce quite 
different results. Figure 5: Moisture content sensors in concrete slabs 







 


 


Paper 31                                                                                                     Page 5 of 13 
 


Table 1:  Failure load in PSF at time of test and failure type 


 


Moisture Content and Temperature Data from Embedded Sensors 


Moisture contents (MC) were measured with sensors cast into the concrete at opposite ends of the slabs, 
40mm beneath the surface.  In Figures 6 & 7 the red lines measure moisture content at the end of the slab 
which was covered on the first day after casting.  The yellow lines are sensors at the other end of the slab, 
which were not covered until the 56th day (Sept 15).  In Figure 6 for the sheltered and shaded slab, the 
covered sensor records nearly constant moisture content, which increases gradually as the slab ages.  The 
other end of the slab dries steadily over the course of the dry summer months, as it is not exposed to rainfall, 
until it is covered with membrane on Sept 15, after which its MC also begins to trend gradually upward.  
The upward trend in moisture content measured by the sensors is likely due to gradually cooling weather, 
noted in the blue and grey temperature curves in the temperature data above, redistribution of moisture in 
the slabs, or to and may be affected by increasing maturity of the concrete. 
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Figure 7: Temperature, Rain Events, and Concrete Moisture Content - Outdoor Slab 


In Figure 7 for the outdoor slab, the sensors record the effects of rain and exposure.  The yellow line for the 
uncovered MC sensor responds with moisture content increases after each rainfall event, and then dries 
again, until it is covered on Sept 15th.  The time delays for the wetting events are related to the time it takes 
to record moisture content changes 40mm beneath the concrete surface after rainfall at the surface.  
Moisture content of the concrete at depth for membrane applied at 14 and 21 days (on Aug 4 and 11) on 
the exposed slab were similar to the MC on Day 3, even though the surface was dry again.  At Day 56, the 
moisture content was similar to Day 1 due to extended rainfall the previous week. 


  


Figure 6: Temperature, Rain Events, and Concrete Moisture Content - Sheltered Slab 
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OBSERVATIONS 


 Field Observations 


1. Day 1 after concrete pour. The concrete surface was still 
visibly wet which resulted in poor primer bond to the concrete. 


2. Puck adhesion to the membrane was the biggest challenge to 
overcome in the experimental methods.  This is discussed 
above.  


3. The TFM primer absorbed into the concrete better than the 
SAM primer. 


4. There was significantly more blistering of the TFM versus the 
SAM.  The membrane in the shade had no blistering.  The puck 
placement was chosen where blisters were not evident by sight 
or touch.  Membrane blisters appeared in TFM sections to the 
35 day mark on the sun exposed slab. 


5. The pull test results were generally higher for the TFM versus 
the SAM particularly at early ages where little 
adhesion was achieved with the SAM for the first 7 
days.  The SAM primer seemed to be less interactive 
with the slab surface (very clean detachment from 
surface) Figure 8, and seemed to allow vapour 
diffusion from under the membrane (few blisters). 


6. Higher pull tests were achieved when the membrane 
exposed to the sun was still in the shade (from 
neighbouring building). This was most evident for the 
peel and stick membrane, mostly because the bitumen 
for these membrane have a lower softening point. 


7. The concrete slabs were deconstructed on Oct 12, 
2016, 83 days after the pour date. The membrane was 
easily pulled from the concrete slab. The top of the 
slab was moist to the touch, and the primer had been 
pulled up with the membrane. 


Photos of typical pull test pucks are shown in Figures 8-11.  
Samples from Day 1 show nearly complete delamination of 
the primer from the concrete in both TFM and SAM.  
Membrane applied after 28 days, and left in place for 28 
days before testing had failure passing through the 
membrane to primer interface, or in the case of the TFM 
partly through the membrane (Fig 10 & 11).  At 28 days, 
the character of the primer to concrete adhesion, and the 
membrane to primer adhesion behaved as it appears to be 
intended.  However the bond deteriorated significantly 
for all Sun samples between 56 and 83 days when during 
demolition of the experiment the membrane was easily 
removed by hand, parting at the interface of the primer with 


Figure 11:  Removing membrane by hand from Sun slabs 
at 83 days   


Figure 8: Sample 1 SAM test day 1 Shade 


Figure 9: Sample 1TFM test day 1 Sun 


Figure 10: Sample 28 SAM Test day 28 Sun 


Figure 12: Sample 28 TFM test day 27 
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the concrete surface.  Figure12 


Observations from Test Data 


Figures 13 and 14 are graphs of the test data presented in Table 1.  Figure 13 plots the data for SAM exposed 
in the sun and shade, and Figure 14 the data for TFM also in the sun and shade.  


General trends in the SAM data show first day adhesion increasing after about a week after casting of the 
slab.  Samples in the sun did not begin adhering to the slab until after 14 days, while in the shade the 
installation after 7 days had some bond. 


Interestingly, the highest 1st day adhesion strengths occur when installation is delayed 18 to 21 days after 
casting for both sun and shade slabs.   


Concrete surface strength was not a governing failure mechanism in any of the samples tested.  Primer 
adhesion to the concrete appears to 
be the main failure mechanism at 
early ages. 


Sun and Shade exposed SAM 
appear to have similar late age bond 
strengths, with shade values slightly 
higher. 


At 7 to 14 days after installation the 
SAM has generally moderate 
strength, with the high initial 
strength samples decreasing, and 
the low initial strength samples 
increasing in bond strength to lie in 
the range between 100 to 250 kPa. 


14 to 21 days after installation all 
the SAM samples show decreasing 
bond strength, a trend which 
continues for the samples out to 50 
days. 


Thermofusible membrane showed 
generally higher bond strengths, but 
otherwise many of the same trends 
as the SAM bonding.  Only the Day 
3 TFM installation had 0 bond 
strength on the first day.  Early age 
installations generally gained 
strength for the first two weeks, Figure 13: SAM Adhesion in Sun and Shade 
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while later age installations stayed at the same strength after installation, or in some cases (Sun 11, 18, 21) 
went quite high and then decreased again.  


3 weeks after installation, most installed TFM were in the range of 150 to 400 kPa.  After 18 to 21 days 
many early installed Sun strength curves were decreasing, a trend that continued out to 50 days.  The 
membranes installed after 28 days had stable bond strengths but this trend was not verified past 28 days 
since most testing for these samples ended at 28 days. 


Late age bond strength of the Shade samples appear to be consistently higher than Sun exposed samples. 


Field observations of mainly the TFM on the Sun exposed slab noted blistering occurring in all installed 
samples out to 28 days.  This is likely because the primer and membrane installation was vapour tight at 
the slab surface, and solar heating vapourised water from concrete at the top of the slab.  Adhesion testing 
worked around the blisters so these zero bond samples do not appear in the TFM data. 


The SAM membrane did not 
exhibit blistering to the same 
extent as the TFM.  Perhaps the 
primer is sufficiently strong to 
resist blistering, or the small test 
area may have allowed vapour to 
diffuse out of the SAM samples. 
If this is the case, blistering could 
occur in the SAM installations 
also if the covered surface area 
were larger.   


Blister formation was not noted 
in the Shade samples at any age. 


 


  


Figure 14: TFM Adhesion in Sun and Shade 
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After the conclusion of testing, the membranes were removed from the concrete surface before demolition 
of the concrete panels.  The membranes were mostly easily removed from the concrete slabs by hand, with 
the exception of later aged TFM samples. 


INTERPRETATION 


The results show some decreasing bond strength with increasing time after membrane installation.  This is 
not thought to be an artefact of the testing method.  It is not known if this bond strength recovers at later 
ages, there was no sign of recovery during this study.  Degradation of the membrane bond was apparently 
occurring on green concrete, possibly due to physical or chemical action of water at the bonding interface 
of the membrane.   


Water Storage in Concrete and Release as Vapour 


Water in concrete is held too tightly to be released as liquid water and must evaporate in order to dry out of 
the pore system. Water stored in concrete causes a high relative humidity to exist in the pore spaces, and 
the water vapour exerts a gas pressure.  At 50C the partial pressure of water vapour can reach about 12 kPa, 
about 1/8th of an atmosphere.   


In indoor drying tests at the British Cement Association (Parrott 1988), a sensor 7.5mm beneath the surface 
of concrete dried to 80% relative humidity about 40 days after casting.  Drying to 15 mm took nearly 100 
days.  See Figure 15 showing drying rates at a series of depths inside a concrete surface.  Concrete retains 
most of its water content at depths not far beneath the surface for all drying times out to 100 days, so 


Figure 15: From Parrott 1988 Uniaxial drying rates in concrete at increasing depths beneath the surface 
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redistribution of moisture will bring stored water to the surface when a membrane surface barrier is 
installed. 


Evaporation of stored water from concrete takes time and heat energy. If temperatures are low, there is little 
heat energy to evaporate liquid water into vapour, and drying times are extended.  Green concrete not only 
has low matrix strength, it has high internal moisture content.  Concrete in cool damp conditions will take 
longer to be ready for bonding than concrete in warm dry conditions.  A period of drying is required after 
a period of ‘wet curing’ to prepare concrete to receive a coating, even if strength of the concrete is not an 
issue.  


Concrete will absorb liquid water at a far higher rate than it releases vapour, and one small rain shower can 
undo days of drying (See Figure 7). 


Installing an impermeable coating, such as the membranes in this work, across a concrete surface resists 
the interaction of moisture inside the concrete with moisture outside the concrete, and sets up stresses on 
the coating.  Water inside and outside the concrete will exert stress on the coating and the stress may be 
detrimental to the coating or its bond.  The forms of stress can be physical, gas pressure and liquid disjoining 
pressure, and chemical, attack by water or solute content in the water such as hydroxide or minerals.  If the 
water can’t physically push the barrier out of the way, which is what is observed in forming blisters on hot 
days, it can attack its bond chemically until adhesion forces at the molecular level yield.   


In a study of the effect of moisture on integrity of roofing shingles, Dupuis and Graham (2002) noted that 
moisture had a detrimental effect on the bond of asphalt to embedded fiberglass reinforcement in asphalt 
shingles, possibly due to moisture interaction with the bitumen along the fibers. 


Saponification Under Alkaline Conditions 


Studies originating out of the asphalt industry (Robertson, 2000, and Little et al 2003), describe the adhesion 
of asphalt to mineral surfaces occurring through polarity of component molecules within the asphalt and 
the surface.  In general, non-uniform charge distributions attract the opposite charge on the other material, 
leading to bonding.  Some mineral aggregates show changes in surface charge with moisture content, 
however for most aggregates it is reported that surface polarity can be considered a constant.  However, 
polarity in asphalt components can change with moisture content, for instance carboxylic acids are highly 
charged when dry but are easily stripped from mineral surfaces when wetted.  The interaction of cation salts 
(caustic alkalis) such as sodium with carbon chain molecules form soaps (saponification) in basic solution, 
and completely eliminate polar bonding. 


Green concrete has high moisture content, and a large amount of dissolved alkaline salts in the pore water.  
It is possible that degradation of membrane adhesion seen in this study is due in some way to action of 
water moisture or chemical related degradation of the polar bonding at the concrete surface. 


CONCLUSIONS 


All the membrane installations bonded sufficiently to the concrete surface to resist wind uplift requirements 
of the NBCC, with the exception of blistered areas, at early ages.  Since blistered areas were avoided during 
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the testing, we can say that they are potentially problematic and conditions that lead to their formation 
should be avoided.  Direct sun exposure of the TFM and SAM membranes resulted in blistering, the other 
applications were visibly unaffected.   


When left in the sun to 83 days, serious degradation of the bond of the membrane occurred to the point 
where it would likely not have been able to resist wind uplift. 


In general TFM developed higher strength bond to the concrete than SAM. 


Green concrete is not ready to receive membrane application when it is not dried.  Concrete strength is 
typically higher than the asphalt bond after about a week of curing.  In summer drying conditions, concrete 
appears to require about 14 and 21 days of drying (after any wet curing processes are finished) before a TF 
or SA membrane will form any substantial bond to the surface.  The bond is subject to degradation as seen 
in our results, and direct sun exposure will damage bond by blistering.  The integrity of the long term bond 
to green concrete requires further investigation.  


Further work is required to evaluate drying times and adhesion of membrane to green concrete in winter 
conditions 


Formation of blisters due to vapour pressure beneath the membrane occurred when the installation was 
exposed to direct sun, even when installation was delayed to 35 days after casting.  Installation in the shade 
had no blisters.  Blisters were much less severe under the SAM, possibly due to vapour dispersion from 
under the primer. 


Many membrane samples installed before 28 days suffered bond reduction, possibly degradation due to 
wetting or saponification processes at the interface between asphalt and green concrete.  A longer and more 
detailed study is required to evaluate the bond strength of membranes after 28 to 56 days, for up to a year 
would be interesting, and determine why bond strength loss occurs.  


Strong adhesion of the membrane on green concrete appears to depend largely on behaviour of the primer.  
Development of a specialty primer may allow earlier installation of membranes on concrete by improving 
vapour control and resisting possible water chemistry problems. 
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Overview


• Post-War MURBs in Toronto


• Study objectives and methodology


• Results


– Survey 


– Monitoring


– Comparison


• Conclusions
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Typical Energy use in Ontario MURBs


• High variability between buildings


• Mostly space heating energy use


Image credit: Touchie 2014, NRCan 2014, https://www1.toronto.ca/
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Image Source: Tower Renewal Guidelines


Typical Post-war MURB Characteristics


• Thermally massive structure


• Minimal insulation, single-glazed sliders


• Pressurized corridor ventilation system


• Hydronic baseboard heating, no in-suite control


• No central cooling, some window A/C


4







Study Overview


• Seven MURBs 
undergoing energy 
retrofits


• Objective: Compare 
pre- and post-
retrofit IEQ


Image Source: http://www.pae-engineers.com/system/uploads/fae/image/asset/786/1430x950_Human_Comfort.jpg
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Study Buildings


Site Buildings Height # of suites Occupant type


1 A,B 4 storeys 397 Senior


2 C,D,E 7-11 storeys 471 Bachelor


3 F,G 18-19 storeys 369 Family


Image Source: Touchie et al., 2016
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Resident Surveys (180)


• Demographics


• Perceived Comfort


• Behavior in Suite
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In-Suite Environmental Monitoring (70)


• 15-min interval


• Temp, RH, ~MRT


• Dec 2015-Feb 2016
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Reported Thermal Comfort
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Influence of Building Height
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Influence of Building Orientation


Image Source: Touchie et al., 2016
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Window/Door Operation, Smoking 
and Odour Detection
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Monitored Suite Temperatures
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Survey Conclusions


• Taller, family-occupied, East-West facing buildings 
reported “Too Cold” conditions


• No evidence of stack effect 


• High frequency of window/door operation during 
winter
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Monitoring Conclusions


• Sites 1 and 3 outside of comfort zone more than 
half the time


• Observable stack effect in Sites 2 and 3
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Comparing Monitoring and Survey Data


• Window/door opening driven by different factors 
(smoke, odours or thermal comfort)


• Uncomfortable residents more likely to use 
supplementary heaters


• Elderly residents report greatest thermal comfort, 
least time in comfort zone


• Poor agreement between survey and monitoring 
data
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INVESTIGATING WINTERTIME THERMAL COMFORT OF POST-WAR 


MULTI-UNIT RESIDENTIAL BUILDINGS USING SURVEYS AND  


IN-SUITE MONITORING 


Chia Chang and Marianne Touchie 


 


 


ABSTRACT 


Multi-unit residential buildings (MURBs) provide nearly half of Toronto’s housing and contribute 
significantly to energy consumption and greenhouse gas emissions in the city. Many residents, particularly 
in older, post-war MURBs, experience thermal discomfort in cold weather.  The Atmospheric Fund (TAF) 
and a local social housing provider in Toronto, Canada, are undertaking retrofits in seven social housing 
buildings to address issues of both energy performance and thermal comfort. In order to design effective 
retrofit measures, baseline conditions for each building were established through resident surveys and data 
from one year of pre-retrofit in-suite monitoring. The surveys were used to investigate the residents’ thermal 
comfort level, and how they control their indoor environmental conditions in the absence of an in-suite 
thermostat. In-suite sensor packages were used to collect data on air temperature, mean radiant temperature, 
and relative humidity data, which were then used to determine thermal comfort levels in each suite 
according to ASHRAE Standard 55-2013. The monitoring results were compared with the surveys by 
grouping the data by building site and floor to identify commonalities and differences. The results indicate 
that the residents’ reported thermal comfort satisfaction does not consistently correspond with the results 
of the monitored conditions. Furthermore, the magnitude of this discrepancy varied between the study 
buildings. An analysis of the factors that contribute to these discrepancies is presented by comparing the 
results against building height, orientation, demographics and resident behavior. The analysis indicated that 
while resident perception is a major factor in the discrepancies, additional factors such as air leakage and 
window area likely also influence the results. The paper concludes by reflecting on the appropriateness and 
accuracy of the survey and monitoring results and identifies key areas for retrofit based on these findings. 


BACKGROUND 


Multi-unit residential buildings (MURBs) are an important source of housing in Southern Ontario. 
Providing nearly half of the housing in Toronto, many of these MURBs were constructed in the post-war 
era (Touchie et al, 2013). For a number of reasons including excessive air leakage, walls and windows with 
little thermal insulation and the lack of in-suite heating system controls, many residents in these buildings 
experience thermal discomfort during cold weather periods.  With these operational issues and poor energy 
performance, post-war MURBs are excellent candidates for renewal as there is significant potential to 
improve both thermal comfort and energy performance through retrofits.  
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In North America, many older residential buildings are heated with hydronic or steam systems.  These 
systems often led to building overheating in the winter months due to poor boiler control and uneven heat 
distribution (Dentz et al, 2013).  These buildings are also typically bulk-metered which means that residents 
are not directly responsible for their energy costs (Burak et al, 2014).  Without feedback on or responsibility 
for energy use, there is little incentive for residents to conserve energy (Burak et al, 2014).  Furthermore, 
without in-suite thermostats, residents in these buildings typically resort to window operation to control 
indoor climate, which only increases energy consumption (Jian et al, 2011).  One study showed that 
overheating results in an increase in surplus annual energy consumption of approximately 1.8% per degree 
Celsius over the desired temperature, for each eight hours of the day (U.S. DOE 2013).  For the entire city, 
this translates into a large amount of energy that is needlessly wasted.  


Overheating in wintertime poses different challenges when compared to summertime overheating. While 
overheating can adversely affect thermal comfort in both seasons, discomfort in winter is also related to 
low relative humidity levels (Dentz et al, 2013) and localized draught sensation. In addition, poor boiler 
controls and uneven heat distribution not only results in further discomfort, but also increases the space 
heating load in winter (Dentz et al, 2013). Therefore, addressing the overheating problem can improve both 
the thermal comfort and energy efficiency of a building.   


Currently, there is very little research on wintertime thermal comfort in MURBs. To the authors’ 
knowledge, there have been no studies that combine the use of continuous long-term in-suite monitoring of 
thermal comfort parameters with resident comfort surveys in the post-war MURB sector.  The study 
described here which was funded and conducted by The Atmospheric Fund (TAF) and the University of 
Toronto, addresses this gap by exploring the correlation between monitored temperature data and data on 
occupant-perceived comfort. The goal of the study was to determine the most prevalent thermal comfort 
concerns and use these findings to prioritize appropriate retrofit measures for the buildings, as well as 
inform areas for future research. This paper presents a characterization of the wintertime thermal comfort 
conditions in these buildings and discusses whether survey responses can be a proxy for measured in-suite 
conditions.  


METHODOLOGY 


The analysis presented here is based on findings from a larger study, conducted by TAF and the University 
of Toronto, during which data were collected from resident surveys (approved by U of T’s Research Ethics 
Board under protocol number 31142) and a multi-year in-suite monitoring program in seven post-war 
MURBs owned by a local social housing provider in Toronto.  The resident participants were volunteers 
and received modest compensation for the inconvenience associated with study participation.  The purpose 
of the study was to assess the pre- and post-retrofit energy performance and indoor environmental quality.  
The data referenced in this paper are from a one-year period (Dec 21, 2015 – Feb 29, 2016) prior to the 
start of the retrofit.  A summary of the relevant building details is shown in Table 1.  Building D was 
removed from this analysis due to its small sample size and relatively unique building configuration. 
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Table 1:  Summary of Building Parameters 
Bldg. Const. 


Year 


No. of 


storie


s 


Floor 


Area 


(ft2) 


No. of 


Suites 


No. of Suites 


Surveyed 


(% of total) 


No. of Suites 


Monitored 


(% of total) 


Type of 


Occupancy 


Window to 


Wall Area 


Ratio 


(building) 


Window to 


Wall Area 


Ratio 


(suite) 


A 1972 4 113,580 213 30 (15%) 11 (5%) Seniors 0.17 0.12 


B 1972 4 97,920 184 25 (15%) 9 (5%) Seniors 0.15 0.12 


C 1965 7 126,540 217 33 (15%) 14 (6%) Bachelor 0.26 0.24 


D 1965 7 35,960 58 6 (10%) 3 (5%) Seniors   


E 1965 11 116,820 196 31 (16%) 12 (6%) Bachelor 0.25 0.24 


F 1974 19 148,485 165 25 (15%) 11 (6%) Family 0.24 0.47 


G 1974 18 206,928 204 30 (15%) 13 (6%) Family 0.16 0.47 


In order to establish a pre-retrofit baseline for resident thermal comfort perceptions prior to the retrofit, 
surveys were conducted to determine residents’ level of satisfaction with their indoor environment.  The 
surveys included questions about demographics, occupant behaviors such as window, air conditioner and 
supplementary heater use as well as perceptions of thermal comfort and indoor air quality.  At this time, an 
in-suite monitoring campaign was also initiated.  Air temperature, relative humidity and a proxy for mean 
radiant temperature, among other parameters, were collected in 15-minute intervals over the monitoring 
period.    The purpose of the monitoring was to collect objective data that could be compared across the 
study buildings and with other studies as well as with the results of the resident surveys.  The survey results 
were also helpful for understanding variation in the suite-level monitoring data.  A detailed description of 
the building envelope and HVAC system in each building as well as further information on the survey 
methods and in-suite monitoring is presented in Touchie et al., 2016. 


In this paper, first the survey and monitoring results are presented separately and then discussed.  This is 
followed by a comparison of the survey and monitoring data on a suite-by-suite basis, as opposed to a 
comparison between aggregated data from these data sets.  The results and comparisons were used to 
explore the various factors contributing to the different thermal comfort responses.  These factors include 
building characteristics, such as height and orientation, and resident behavior, such as window operation 
and heater usage.  In order to provide a meaningful comparison of the difference between the survey and 
monitoring results, only suites with both survey and monitoring data available are compared on a suite-by-
suite basis.  However, in the results section, all survey responses are included to take advantage of the larger 
sample size.  


SURVEY RESULTS AND DISCUSSION 


In this section, survey results relating to wintertime thermal comfort are presented with respect to building 
height and orientation. An analysis of window operation, and a comparison between perceived thermal 
comfort and supplementary space heater use are also shown.  


Resident Survey 


Residents were asked to rate their level of thermal comfort during the winter months as either “Too Cold”, 
“Just Right” or “Too Warm”.  There was also an option to respond “Don’t Know”.  These responses are 
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shown in Table 2, with the most common response in each building presented in boldface: 


Table 2: Survey Responses for Residents’ Winter Time Thermal Comfort Level 
Site 1 2 3  


Building A B C E F G Total 
# of Respondents 30 25 33 31 25 30 157 


Too Cold 3% 0% 12% 42% 76% 70% 30% 


Just Right 63% 76% 55% 32% 16% 17% 46% 
Too Warm 33% 24% 27% 26% 8% 13% 23% 


Don’t Know 0% 0% 6% 0% 0% 0% 1% 


The totals show a somewhat even distribution of responses across the three comfort levels. However, at the 
building level, the responses vary as the majority of residents reported being “Too Cold” in Buildings E, F 
and G, while the majority reported being “Just Right” in Buildings A, B and C.  In an attempt to explain 
this difference in response, the paper has identified several factors that can influence the thermal comfort 
between suites, floors and buildings. These include building related factors, such as building orientation, 
air leakage, window to wall area ratio, and occupant related factors, such as window operation, use of a 
supplementary heater, as well as comfort perception by different demographics. In this section, building 
height, orientation, window operation and supplementary heater use are explored. 


Building Height 


It was suspected that stack effect would play a significant role in the cause of thermal comfort issues 
therefore Figure 1 shows a plot of the percentage of respondents who reported being “Too Cold” against 
the building height which suggests a positive correlation between building height and cold thermal 
discomfort.   


 
 Figure 1: Relationship Between Building Height and the Percentage of “Too cold” Responses 


While this may reflect the difficulty controlling conditions in taller buildings due to stack effect, a closer 
examination of the thermal comfort response on each floor is inconsistent with stack as many residents near 
the top of the buildings reporting conditions being too cold.  This is contrary to expectation because stack 
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effect will result in a warmer temperature on the upper floors compared to the lower floors. As this is not 
the case, it suggests that there are other characteristics in these taller buildings that contributed to a higher 
proportion of cold discomfort. 


Building Orientation  


The orientation of each building is presented in Figure 2 along with the location of each of the monitored 
suites indicated by the numbered boxes.  Numbers greater than one indicate that there are monitored suites 
in the same position but on different floors. 


 
 Figure 2: Building Orientations (reproduced from Touchie et al., 2016) 


By comparing the suite orientation with the thermal comfort responses, it was observed that a higher 
proportion of residents living in the North and South facing buildings (A, B and C) report to being “Just 
Right” (65%), while the majority of residents living in the East and West facing buildings (E, F and G) 
report to being “Too Cold” (63%).  The wind rose for each winter month, shown in Figure 3, indicates that 
the dominant direction of the winter wind is from the west and, to a lesser degree, from the east.  These 
wind directions are normal to the broad face of the buildings with a larger proportion of respondents that 
report to being “Too cold”.  


 


 
Figure 3: Toronto Wind Rose in December, January, and February (“Windfinder”, 2015) 


Given the age of these buildings and the airtightness of the building envelope, infiltration may be impacting 
the thermal comfort of residents living in the taller East and West facing buildings more than those in lower 
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North and South facing buildings. This is supported by the survey question about draughts, where 62% of 
residents in Site 3 (two tallest E-W facing buildings) reported experiencing draughty conditions around the 
window, compare to 10% of Site 1 and 2 (two shortest buildings).  Coupled with this, taller buildings are 
exposed to higher wind pressures (Simmonds et al, 2013).  Buildings E, F and G are taller than Buildings 
A, B and C which may expose them to higher wind pressures near the top of the buildings.  This is also 
supported by the survey where 53% of the responses reporting draughty conditions in Site 3 were from 
suites located in the upper half of the building. When combined with stack effect, this could potentially 
explain the drastic difference in comfort level between Buildings A, B, C and Buildings E, G, F.  However, 
envelope and inter-suite air leakage testing is needed to investigate this further. 


Window and Balcony Door Operation 


Figure 4 shows the proportion of residents who open their windows and balcony door, alongside reported 
smoking habits and detection of cooking and tobacco odours, presented by site.  This plot reveals that Site 
2 has a higher balcony door operation rate (69%) compared to 54% at Site 3 (only a small proportion of 
suites have balconies at Site 1 so these were excluded).  Sites 1 and 3 have higher window operation rates 
(95% for Site 1, 65% for Site 2 and 86% for Site 3).  The reason for the high balcony door operation at Site 
2 may be due to a higher smoking population, as more residents “allow smoking” in their suites.  On the 
other hand, high window operation rate at Site 3 may be attributed to odour detection, as more residents 
reported being affected by cooking odours from both themselves and neighbours. High window operation 
rate at Site 3 is noteworthy because Site 3 is also the site with the highest proportion of “Too Cold” 
responses.  Visual observations on site also showed that some balcony doors at Site 3 would not close fully 
and some of the window sliders had missing lites which would contribute to uncontrolled air leakage.  This 
could suggest that provision of adequate mechanical ventilation at Site 3 may also improve thermal comfort 
by lowering window opening rate. 


Although Site 1 has the highest window opening rate, its residents are least affected by odours.  Given the 
lack thermostatic controls in Site 1, window operation at Site 1 may instead be used to control the thermal 
comfort in the suite. This point is explored further in the monitoring section.  
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Figure 4: Relationship between Opening Frequency, Smoking Behaviour and Odour Detection  


Use of Supplementary Heaters 


The use of supplementary heaters was examined to assess the popularity and effectiveness of this strategy 
for dealing with thermal discomfort during cold weather.  The relationship between frequency of use and 
thermal comfort response is presented for each site in Figure 5.   


 


   


Figure 5: Frequency of Supplementary Heater Use 


Most residents in the study do not use or do not own a supplementary heater (66%).  Not surprisingly, the 
majority of supplementary heater use occurred at Site 3, which also had the greatest number respondents 
reporting conditions were “Too Cold”.  In other words, the interior conditions at Site 3 may have prompted 
the residents to use indoor heaters more frequently, yet this action still did not achieve an acceptable thermal 
comfort level.  One of the issues could be that suites at different sites have different volumes of indoor 
space, which could impact the effectiveness of the supplementary heaters. This may explain the high heating 
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demand in Site 3 as they are also the largest suites of the three sites.  Additionally, the fact that the mean 
radiant temperatures were consistently lower than the air temperatures at all three sites (0.56°C, 0.54°C and 
0.61°C lower in Site 1, 2 and 3, respectively) suggests that radiant heat loss to the window could also have 
contributed to cold thermal discomfort.   


MONITORING RESULTS AND DISCUSSION 


In this section, suite air temperature results are summarized and discussed in the context of stack effect, 
window operation, and supplementary heater use. 


Suite Air Temperature 


In order to compare the survey results to objective data, in-suite monitoring of temperature, mean radiant 
temperature, and relative humidity, among other parameters, was conducted in 15-minute intervals.  Figure 
6 summarizes the suite air temperature distribution for each building including the median, interquartile 
range and minimum and maximum values.  Each data point represents a suite temperature collected in a 
15-min time interval in order to reflect the temperature fluctuation within each suite in the winter months, 
therefore there are tens of thousands of data points in each box plot below.  The number of distinct suites 
monitored in each building can be found in Table 1.  


  
Figure 6: Winter Suite Temperature Distribution for Each Building 


The distribution of suite temperature in winter reveals a general trend of overheating.  In particular, Sites 1 
and 3 experienced a median temperature above 26.5°C, which exceeds ASHRAE’s recommended winter 
indoor temperature range of 22.4 – 26.1 °C (ASHRAE 55, 2013).  At Sites 1 and 3, the air temperature was 
above the 26.1°C threshold for 61 % and 59% of the time, respectively.  Additionally, Site 1 showed a 
higher average temperature than Site 3, which may suggest that suites in Site 1 not only experience higher 
temperature extremes, but are also exposed to longer periods of overheating.  In comparison, air 
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temperatures at Site 2 were above 26.1°C for only 22% of the time while also experiencing lower extremes 
of indoor temperature. The differences between these buildings may be a result of resident behavior, such 
as window operation and supplementary heater usage, as discussed, as well as other suite-specific 
conditions.  


In a few instances, extremely high and low temperatures were recorded.  The maximum suite temperature 
of 39.2°C is found in Building B, while the minimum of 13.8°C is found in Building E.  For the high 
temperature case, the suite was found to be consistently more overheated as it had an average suite air 
temperature of 29.7°C, the highest in the building.  On the other hand, the low temperature case seems to 
be an outlier as the average suite temperature of 23.9°C was close to the median.  These extremes, whether 
they are the result of suite conditions or occupant behavior, are explored in the next section. 


Stack Effect 


To understand what drives the temperature distribution within a building, stack effect was analyzed by 
examining the difference between the temperatures in the upper and lower half of the building.  These 
differences between the upper and lower half mean temperatures were determined to be statistically 
significant using an ANOVA test (p<0.001 in all cases). Table 3 shows the suite temperatures in the upper 
and lower half of the buildings on each site.   


Table 3: Suite Temperature Comparison between Upper and Lower Half Floors 
Site 1 2 3 


Upper Half Floors 26.1 °C 25.0 °C 26.7 °C 


Lower Half Floors 27.2 °C 24.4 °C 25.9 °C 


Contrary to the survey results, the analysis revealed observable stack effect in the buildings on Sites 2 and 
3 where suites in the upper half are warmer by an average of 0.88°C and 1.23°C, respectively.  On the other 
hand, no stack effect was observed in Site 1, where upper floors are, on average, slightly cooler than the 
lower floors with greater temperature variance.  The difference in the magnitude of stack effect may be 
attributed to the building heights.  Site 2 and 3, with building heights of 7, 11 and 18, 19 stories, respectively, 
showed stronger stack effect than Site 1, where the buildings are 4 stories. 


Window and Balcony Door Operation 


In addition to stack effect, human factors may contribute to the temperature difference between suites. The 
average indoor air temperatures of the suites were compared to the frequency of balcony door operation: 
daily, weekly, or never.  The result showed that suites with balcony doors opened daily or weekly are on 
average colder than those who never opened by 0.79°C, 0.96°C and 1.27°C at Sites 1, 2 and 3, respectively. 
Furthermore, at the site level, Figure 6 demonstrated that Site 2 has lower average indoor temperatures, 
both in the upper and lower half of the building, when compared with Site 1 and 3.  This corresponds with 
the frequency of balcony door operation where 68% of Site 2 residents reported opening the door daily or 
weekly, compared to 54% in Site 3. Although Site 2 has a lower window operation frequency than Site 1 
and 3, it was assumed that opening balcony door brings in higher volume of cold air than opening windows.  
In contrast to Site 2 and 3 whose high balcony door and window operation rates were attributed to odour 
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control, it is suspected that residents at Site 1 use window operation to control their thermal environment. 
As the highest average temperature is found at Site 1, the monitoring result supports this theory.  


Use of Supplementary Heater 


The relationship between supplementary heater use and indoor temperature is shown in Figure 7.  The 
purpose of this analysis was to identify whether different rates of supplementary heater use contributed to 
indoor temperature differences between the buildings.  The effectiveness of supplementary heaters in 
controlling suite temperature in each of the buildings is also discussed. In Figure 7, each point corresponds 
to the average temperature of a suite over winter.  


 
Figure 7: Average Suite Temperature for Suites That Use and Do Not Use Supplementary Heaters  


Firstly, for Site 1 and 2, a higher average temperature is observed for suites that use supplementary heaters. 
However, this is not the case for Site 3, where no clear differentiation is observed between suites that use 
heaters and suites that do not.  In addition, while Site 2 showed a similarly low rate of heater usage compared 
to Site 1, the average suite temperature in Site 2 is lower by 2°C.  Site 3, on the other hand, showed a much 
higher rate of heater use than Site 1, while still experiencing lower average suite temperatures. This 
corresponds with the survey results which showed the ineffectiveness of heaters in producing satisfactory 
thermal comfort at Site 3.  As discussed, supplementary heater effectiveness may be influenced by a larger 
room volume, WWR and the associated draughts (air movement measurements were not taken in the suites).  
The larger WWR at Site 3 (0.47)  may explain why there are significantly more residents at Site 3 who 
reported to being too cold compared to Site 1 (WWR=0.12), even though the monitored average 
temperature in both sites are within 0.3 °C. 


COMPARISON ANALYSIS 


This section examines the agreements and discrepancies between the survey responses and monitored data. 
Where agreements are observed, they can be used to inform and prioritize appropriate retrofit measures. 
Where discrepancies are found, they can used to reveal shortcomings in the survey and monitoring 
programs, and inform areas for future studies and research.  In order to provide meaningful comparisons 
between surveys and monitor results, only suites with both survey and monitoring data available are 
investigated in this section.  Figure 8 shows residents’ reported comfort level from the survey compared 
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with the monitored indoor air temperature on a per suite basis.  Each data point represents a suite 
temperature collected in a 15-min time interval during the winter months which yields tens of thousands of 
data points per box plot. The number of unique suites in each category are listed at the bottom of Figure 8. 


   
Figure 8: Comparison between Suite Air Temperature and Survey Comfort Level 


From Sites 1 to 3, there is no consistent agreement observed between suite temperature and residents’ 
thermal comfort. For example, suites that report to being “Too Cold” do not, generally, have lower indoor 
temperatures than suites that report to being “Too Hot” or “Just Right” in the same building.  This 
discrepancy is further observed between different buildings, where no consensus is reached on which 
temperature is “Just Right”.  This is problematic because it makes it difficult to find a set point temperature 
that will be able to satisfy the majority of residents (Touchie et al, 2016). 


The difference in the comfort responses is especially prevalent between Sites 1 and 3.  Although the average 
suite air temperature difference between the two sites is negligible (0.3 °C which is within the temperature 
sensor error of 0.35°C for the Onset HOBO U12-13), 79% of residents at Site 3 report to being “Too Cold” 
compared to none at Site 1.  In addition, while Site 2 is on average 1.7 °C colder than Site 3, only 23% of 
residents report being “Too Cold”.  Thus, Site 3 shows the largest proportion of residents who feel that their 
suites are too cold, even though the monitored data shows similar average suite temperatures compared to 
the other sites.  


Thermal Comfort 


Due to the level of discrepancy in thermal comfort, indoor air temperature alone was determined to be an 
insufficient basis for comparison.  To create a more complete picture of thermal comfort for each suite, the 
Thermal Comfort Calculator developed by The Atmospheric Fund (TAF) was used to compute the thermal 
comfort for each suite according to ASHRAE 55-2013.  The model incorporates the monitored mean radiant 
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temperature and relative humidity in each suite.  Due to lack of on-site measurements, air speed in the suites 
is assumed to be 0.15 m/s, while resident’s clothing level and metabolic rate are 1.0 clo and 1.0 met, 
respectively. The clothing level corresponds to typical winter indoor clothing, while the metabolic rate 
corresponds to a sedentary person. The results are shown in Figure 9.  Similar to Figure 8, each data point 
represents a suite temperature collected in a 15-min time interval during the winter months and the number 
of suites in the each box are shown at the bottom of the figure.  


   
Figure 9: Percentage of Time When Suite Comfort Level Falls Out of ASHRAE 55-2013 Comfort Zone 


The analysis shows a stronger agreement between monitored results and survey responses. In Buildings B, 
C, E and F, suites that are reported to being “Too Cold” or “Too Warm” are outside of ASHRAE 55-2013 
defined comfort zone 45%, 8%, 16% and 29%, of the time respectively. In contrast, Buildings A and G 
showed the opposite trend. In Building G, this may be due to the small sample size where only one suite 
reported to being just right. In Building A, however, this discrepancy may be caused by a combination of 
other factor such as different perception of comfort.  


When comparing by sites, Site 1, 2 and 3 are outside of comfort zone by an average of 57%, 37% and 57%, 
respectively. While the comfort zone analysis reveals Site 2 to be 20% more comfortable, this figure does 
not align with the dramatic difference in the survey’s perceived comfort level, where Site 1, 2 and 3 each 
has 20%, 58% and 81% of suites who reported feeling “Too Cold” or “Too Warm”.  In particular, while 
monitored results show that Site 2 is 20% more comfortable than Site 1, there are 38% less suites in Site 2 
who reported being “Just Right”.  This discrepancy may be caused by residents’ personal comfort 
perception or the assumptions made about air speed, clothing and metabolic rate when determining the time 
spent within the comfort zone.  Another possibility is that the suspected air leakage and colder temperatures 
near the window are having an impact on comfort. 


Comfort Perception 


A comparison between occupancy type and comfort level, as determined by both the surveys and the 
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monitoring, is summarized in Figure 10. The goal of the analysis was to identify whether different 
demographics have different perceptions of comfort and if this is may, in part, explain the disagreements 
between survey and monitoring results.   


 
 Figure 10: Occupancy Type and Surveyed and Monitored Comfort Level 


Although difficult to quantify, studies have found that elderly people and non-elderly, in the same 
environment, experience the indoor climate differently (Roelofsen, 2015).  The difference can be explained 
by the elderly having a slower thermoregulatory response when compared to their younger counterparts 
(Gonzalez, 1977), and therefore have a slower reaction when it comes to changes in the thermal 
environment.  Furthermore, even though the elderly are less tolerant of uncomfortable environments and 
are more prone to health hazards (Roelofsen, 2014), they often under-report pain because they believe it is 
part of the normal aging process (Jones et al, 2016).  This may explain why thermal discomfort seems to 
be under-reported in Site 1 which is predominantly occupied by seniors.  


From Figure 10, there is agreement between both survey and comfort zone data showing that Site 2 has 
higher comfort level than Site 3.  On the other hand, while Site 1 is most frequently outside of ASHRAE 
55-2013’s defined comfort zone, it has the highest reported level of comfort in the surveys. Although 
comfort perception may vary from one person to another, this discrepancy at Site 1 may be partially 
explained by the subjective thermal comfort perceptions of the elderly residents.  


CONCLUSIONS AND IMPLICATION FOR RETROFITS 


In this paper, the indoor thermal comfort of six buildings on three different sites were compared.  After 
analyzing data from resident surveys and a year-long monitoring program, discrepancies were found 
between the perceived and monitored thermal comfort between the buildings. 


The survey results:  
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 showed that residents in taller, East-West facing, family-occupied (as opposed to bachelor or 
senior) buildings most frequently reported to being “Too Cold”;   


 did not show any indication of stack effect so it is suspected that the impact of air infiltration due 
to the increased exposure of tall buildings to the dominant Easterly and Westerly wind in Toronto 
influences the thermal comfort response more than stack effect; and,  


 showed a high reported frequency of window and balcony door operation at all three sites 
throughout winter period.  


The monitoring data showed that:  


 there was a noticeable stack effect in Site 2 and 3, where upper half of the floors were warmer by 
an average of 0.88°C and 1.23°C, respectively;  


 the lowest suite temperatures were observed in the mid-rise building (Site 2), where average 
temperature is 1.64°C lower than the buildings on the other sites.   


A comparison of the survey and monitored data showed:  


 That the lower suite temperatures on Site 2 were likely due in part to the fact that Site 2 has more 
residents who smoke, and therefore open balcony doors more often;   


 The suspected motivation for window and balcony door operation at the various sites: it is suspected 
that residents at Site 2 and 3 open balcony door and windows due to odours and residents at Site 1 
likely use windows to control their thermal environment; 


 Despite the fact that the average suite temperature of the high-rises (Site 3) is only 0.3°C lower 
than the low-rises (Site 1), a significantly higher proportion of the Site 3 population reported being 
“Too Cold” in Site 3 indicating that there are other factors besides air temperature that are impacting 
thermal comfort, such as air movement, that was not monitored.   


 An estimate of the time each suite was within the comfort zone as defined by ASHRAE 55-2013 
was determined from the monitored air temperature, mean radiant temperature and relative 
humidity data as well as assumed, constant values for air velocity, clothing level and metabolic 
rates.  These data were compared to occupant-related factors, including window operation, heater 
usage and personal perceptions. This analysis showed that: 


 Suites on Sites 1 and 3 are out of comfort zone similarly by an average of 57% of the time, which 
is significantly different from the comfort level reported in the survey where 92% of residents in 
Site 3 report to being “Too Hot” or “Too Cold” compared to the 19% in Site 1. Assuming a higher 
rate of air leakage in taller, East-West facing buildings due to greater window-to-wall ratio and 
resulting indoor air movement, then the considerably higher rate of “Too Cold” responses at Site 3 
may be explained.  However, as these data were not collected in the monitoring and future studies 
involving in-suite air movement will be required to confirm this theory; 
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 Residents who do not own or never used heaters have higher comfort satisfaction, likely because 
the central heating system is sufficient to meet their needs.  However, Site 3, which has the highest 
usage rate for heaters, had 30% more residents who reported being “Too Cold” that use heaters 
than those who do not.  This indicates that there are large differences between suite conditions 
across different buildings, and that the effectiveness of supplementary heaters in controlling indoor 
environment is dependent on suite characteristics.  This theory is further supported by the 
monitored results, which found no clear difference in indoor temperature in Site 3 between suites 
who use and do not use heater.  This suggests that suites with larger volume and window to wall 
ratio, such as Site 3, may have a more difficult time achieving adequate thermal comfort.  This may 
also indicate a higher rate of infiltration in taller buildings, as the heat loss may be too much to be 
compensated for by supplementary heaters.  


 That the elderly residents at Site 1 reported the highest levels of thermal comfort while being 
outside of ASHRAE 55-2013’s comfort zone more than any other site.  This may be due to elderly 
residents’ under-reporting discomfort due to reasons mentioned in the previous section. 


In conclusion, in-suite monitoring showed a trend of overheating, in some cases extreme overheating, at all 
three building sites throughout winter. However, as the survey and in-suite monitoring showed, the 
circumstances differ between the three sites. At Site 1, high frequency of window operation was found. 
Given the lack of thermostatic control, the residents likely resorted to window operation to control their 
indoor thermal environment.  At Site 2 and 3, high frequency of balcony door and window operation was 
found, which was likely done to remove odours due to smoking and cooking. This suggests that a more 
effective mechanical ventilation system may reduce the need to open windows or balcony doors, and could, 
in turn, prevent the building from overheating to compensate for the cold draughts.  


Lastly, the analysis of suite temperature and satisfaction level indicated no clear consensus as to which 
temperature range is “Just Right”.  This may indicate that adjusting the building set temperature alone is 
insufficient to solve the overheating and thermal comfort issues.  As there are currently no in-suite heating 
controls in any of the three building sites, installing thermostats at all three building sites, in addition to 
adding/improving suite-based ventilation at Sites 2 and 3, might significantly improve resident thermal 
comfort while improving energy savings by reducing window and door operation in the winter.  
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ABSTRACT 


Wind-driven rain (WDR) can be considered as one of the most important boundary conditions and 
moisture sources that influences hydrothermal performance and durability of building envelopes. Given 
that the deposition of rainwater over building façade and its penetration through the cladding may lead to 
several types of defects and failures, applying roof overhangs can be considered as an effective feature in 
building envelope design that provides some degree of protection. Previous experimental studies and 
CFD modelling have shown that roof overhangs shelter the building facade from WDR. However, there is 
very limited information on the quantitative evaluation of the overhang effectiveness in protecting the 
building facade from WDR, especially through field measurements under real-life conditions.  


A six-storey mid-rise building with a low-sloped roof located in Vancouver has been fully equipped with 
a retractable overhang along with a rooftop weather station, a horizontal rain gauge and sufficient number 
of WDR gauges strategically mounted on the building facades. The spatial distribution of WDR on the 
building façade has been studied without and with overhang under real-life conditions. The effectiveness 
of overhang was calculated using two methods: similarity and symmetry. Field measurements show that 
for the particular climate characterized by long rainy winters with mild wind and rain, the overhang is 
effective and significantly reduces WDR for this six-story building, especially for areas directly 
underneath the overhang. The protection increases from the side edge to the center and from the bottom to 
the top of the façade. The protection provided by the overhang can extend to about half building height. 
As expected, the larger overhang provides a greater protection and an exponential relationship of 
overhang width and its effectiveness has been observed.   


INTRODUCTION 


Wind-driven rain (WDR) is rain that falls obliquely since it is given a horizontal velocity component by 
the wind. It is one of the most important environmental loads and the main moisture source that affects 
the hygrothermal performance and durability of building envelopes. Excessive moisture accumulation on 
porous materials may lead to water penetration, freeze-thaw damage, efflorescence, cracking, and facade 
soiling. Furthermore, water penetration may lead to the chemical breakdown of organic materials (such as 
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wood), mould growth, and may reduce the effectiveness of insulating materials (Kumaran et al., 2008). In 
fact, the amount of rainwater that impinges on the vertical surface of building envelopes under the 
influence of wind, is the result of complex interactions among wind, rain and buildings. The quantity and 
spatial distribution of WDR is affected by a wide range of parameters including wind speed, wind 
direction, rainfall intensity, building geometry, location on building facades, and surrounding topography 
(Blocken et al., 2004). The importance of WDR has led to intensive research efforts in the past. In recent 
years, the application of advanced numerical modelling (Abuku at al., 2009; Blocken et al. 2006; Derome 
at al., 2017; Huang et al., 2010; Kubilay et al. 2013, 2014, 2017and Pettersson et al., 2016) and efforts in 
collecting high quality and high-resolution measurements (Blocken at al., 2005; Den Nath et al., 2015; 
Kubilay at al., 2014 and Nore et al., 2007) have advanced our understanding of this complex phenomenon 
such as the effect of building size, configurations and geometrical details, local weather conditions, and 
turbulence dispersion (Blocken et al. 2002, 2006, 2009, 2010, 2011; Briggen at al., 2009 ; Deb Nath et al., 
2015; Etyemezian at al., 2000; Foroshani at al. 2013; Kubilay et al., 2014, 2015, 2017 and  Lalehal et al., 
1995).   


Roof overhangs have been traditionally used for several purposes including protection against rain. 
Previous studies show that the shapes of roofs and overhangs have a significant impact on the amount of 
WDR deposited on building façades. Pitched roofs and overhangs protect the walls below them by 
shadowing and redirecting airflow (Blocken et al. 2006 and Inculet et al. 1995). Field observations have 
shown that roof overhangs are effective in certain climates. For example, the field survey on building 
envelope failures in Southern British Columbia showed that walls with wider overhangs had fewer 
moisture problems. Field measurements of WDR carried out by Ge and Krpan (Ge et al. 2009) in the 
same region showed that by having typical overhangs (0.3-0.6 m width) on low-rise buildings and a 0.9 m 
overhang on a 12-story high-rise building, the deposition of WDR on the building can be significantly 
reduced, especially at the upper portion of the facade. By reducing the amount of WDR impinged on the 
top of the façade will also reduce the rainwater runoff that will add to moisture load to the lower portion 
of the façade.  A comprehensive analysis of the effect of roof overhang on the WDR wetting of a low-rise 
cubic building using CFD modeling was carried out by Foroushani et al. (2013). The influence of wind 
speed, wind angle, and rainfall intensity was investigated for various overhang sizes. All the tested 
overhangs protected the upper half of the façade from WDR under the wind and rain conditions 
examined. The lower half of the façade, however, remained almost unaffected by the overhang. The 
protective effect of the overhang increases with the increase of overhang width and decreases with the 
increase of wind speed. Compared to rainfall intensity, both wind speed and wind angle have much 
greater impact on the WDR loads and the performance of overhangs. Most recently, Kubilay et al. (2017) 
investigated the effect of overhang and balcony projection on the WDR wetting of the façade through 
CFD modeling. 


Although some field observations have shown that overhangs are effective in reducing WDR wetting of 
building facades under certain climatic conditions, there has not been any systematic study on quantifying 
the effect of overhangs on WDR loads, especially through field measurements. In many previous studies, 
overhangs are part of the buildings on which data is collected. The existence of the overhang is, thus, 
merely reported rather than being studied as a parameter. The design practice has been generally based on 
rules-of-thumb and governed by the architectural expression. Given the level of skepticism in the 
construction community on the utility of overhangs on taller buildings, and the under-appreciation of the 
importance of overhangs in protecting WDR in contemporary design practice, it is important that data be 







 


 


Paper 33                                                                                                     Page 3 of 18 
 


generated to evaluate and quantify the effect of overhang on WDR acting on mid-rise and high-rise 
buildings.  


The objective of this research is to quantify the effectiveness of roof overhangs in reducing WDR loads 
on building façades under real life conditions through field measurements. A unique adjustable overhang 
has been installed on a six-story building in Vancouver and over three-year’s WDR data has been 
collected and analyzed for various sizes of overhangs. This is the first time, to the best of the authors’ 
knowledge, that the effect of overhangs on WDR wetting of façades has been quantified through field 
measurements. The field data is also required to validate a CFD model, which will be used for a 
systematic study of various overhang designs under various climatic conditions. Ultimately, these 
research efforts will lead to recommendations on effective roof overhang designs for various types of 
buildings and climates.  


MEASUREMENT SETUP 


Test Building 


The building studied is a six-storey rectangular residential building with a flat roof and a short parapet 
located near the Burnaby/Vancouver border in British Columbia. The building sits atop an escarpment 
with the east façade facing the direction of the escarpment and is surrounded by 3-storey residential 
buildings to its north and west and a highway to its east and south (Figure 1). The building is 39.2 m long, 
15.2 m wide, and 19.8 m high. The building facades face the cardinal directions with one of the long faces 
facing the east perpendicular to the prevailing wind direction during rain hours (Morris, 2006 and Zhu, et. 
al., 1995). It is a fairly open site within a suburban setting making it an ideal building for wind-driven rain 
studies. 


 
Figure 1: Satellite images of residential building and its surroundings, Vancouver (https://www.google.ca/maps, August 21st, 
2016)   


Instrumentation 


The installed equipment consists of a customized retractable overhang, an anemometer, a temperature and 
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relative humidity probe, a horizontal rain gauge, and 31 customized driving rain gauges. The retractable 
overhang was designed as a permanent structure on the rooftop and can withstand the wind and 
environmental loads as required by the building code. It is made up of an aluminum framing structure 
controlled by motor for the adjustment to represent different widths of overhang. The retractable 
overhang can be changed in width ranging from 0 to 1.2 m and located at the northeast corner of the 
building covering 15 m of the east façade and 10 m of the north façade. It is attached to the parapet wall 
(photo in Fig. 2) 


The wind monitor measures the wind speed and the wind direction. It is mounted on top of a tripod cross-
arm that is 4.6 m above the mechanical room that is located on top of the main roof. It can measure wind 
speed with a range of 0–50 m/s with an accuracy of ±0.2 m/s or 1% of reading and measure wind 
direction within a range of 0–360° with an accuracy of ±0.3°. The horizontal rain gauge has a conical 
collection area (24.5 cm diameter) constructed of gold anodized spun aluminum. The resolution of the 
tipping bucket is 0.1 mm/tip. The driving rain gauges are customized aluminum plate-type gauges 
consisting of a square collection area, 30.5 cm by 30.5 cm, for a collection area of 930.3 cm2. The rain 
gauge was designed with details to minimize measurement errors. The choice of aluminum plate was 
made considering durability and good surface water runoff to reduce the adhered water. The collector’s 
rim height is kept at 25.4 mm - a low profile to minimize wind errors. The WDR gauge has a dual 
tipping-bucket mechanism with a resolution of 0.06 mm/tip. 


Location of WDR Measurements on Facades 


Locations of driving rain gauges on building façades were selected strategically based on prevailing wind 
direction, building geometry and surroundings. Historical data collected from Environment Canada`s 
National Climate Services were analyzed to identify the prevailing wind direction during rain, which is 
from the east. Therefore, a greater number of driving rain gauges are installed on the building east façade. 
To capture the distribution of WDR on façade, the driving rain gauges were placed at various locations 
both horizontally and vertically with a focus at the top and corners to create a grid representing a typical 
wetting pattern on façades. These gauges were typically installed vertically along the corner of the façade 
at varying heights i.e. 0.61m (2’), 2.44m (8’), 4.88m (16’) and 9.14m (30’) below the top of the parapet. 
Figure 2 shows the locations of on-site weather station and the exact WDR gauge locations on building 
facades. 
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Figure 2: Location of on-site weather station and WDR gauges on the east and north façades 


Data Collection and Processing  


All measuring instruments were connected to a central data logger, which was programmed to collect and 
store raw data every 5 minutes. Wind speed, wind direction, temperature and relative humidity are 
averaged every 5 minutes. The number of tips is registered also every 5 minutes for the horizontal and the 
WDR gauges. The data logger is connected to the internet via Ethernet, which allows the data to be 
collected remotely. Arithmetic-averaging is applied to obtain hourly data that is used in WDR analysis. 


The data analysis reported in this paper includes on-site weather conditions, spatial distribution of WDR 
using catch ratios, and effectiveness of overhang. The on-site wind data have been verified by comparison 
with data reported by Environment Canada from surrounding weather stations (Chiu, 2016). The spatial 
distribution of WDR on building facades was analyzed for four cases: no overhang, 0.6 m, 0.9 m and 1.2 
m overhang. The effectiveness of each roof overhang in reducing the amount of WDR on façade was 
assessed.  


Data analysis reported in this paper is based on measurements collected from August 2013 to March 
2017. This period is divided into four sub-periods: 


1) No Overhang: 16 August 2013 to 1 December 2014 (456 days)  


Retractable overhang installed 
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2) 4 feet OH (1.2 m): 2 December 2014 to 1 March 2015 and 3 December 2015 to 21 April 2016 
(263 days)  


3) 2 feet OH (0.6 m): 2 March 2015 to 2 December 2015 (275 days) 


4) 3 feet OH (0.9 m): 22 April 2016 to 31 March 2017 (346 days) 


RESULTS AND DISCUSSION 


On-site Weather Conditions 


Figure 3 and Figure 4 show the frequency distribution of wind direction and wind speed measured at the 
anemometer height during all hours and during rain hours for the four sub-periods, respectively. Rain 
hours refer to the hours during which horizontal rainfall is registered. Figure 5 shows the frequency 
analysis of rainfall intensity recorded over the four sub-periods.  


Similar wind direction and wind speed frequency distributions are observed over the four monitoring 
periods. The prevailing wind direction for “all hours” and “rain hours” is from the east, however, the 
frequency of easterly winds increases significantly during rain hours. Winds are also quite frequent from 
the east-south-east and east-north-east directions. This narrow band of wind directions coming from the 
east-north-east to east-south-east, creates an ideal opportunity to study WDR on the east facade, since the 
prevailing wind is blowing approximately normal to the wall.  


 
     (a)                                                                                          (b)    


Figure 3: Frequency distribution of wind direction (a) all hours and (b) rain hours for the four sub-periods 


Typically, the wind speed is higher during rain hours. Wind speed in the range of 0 to 2 m/s is less 
frequent during rain hours, which is about 40% of the time, while the majority of wind speed is in the 
range of 2 to 4 m/s with a frequency of about 50%. Higher wind speeds in the range of 4 to 6 m/s 
contribute less than 10% of the time and wind speeds greater than 6 m/s have a very low frequency. 
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During all hours, the frequency is 61% in the range of 0 to 2 m/s, 33% in the range of 2 to 4 m/s and 5% 
in the range of 4 to 6 m/s, respectively. Rainfall intensity is mostly light to moderate with less than 2 
mm/hr for the majority of the time (83%), 2 to 4 mm/hr sometimes (~14%) and rarely over 4 mm/hr.   


 (a) (b)  
 Figure 4: Cumulative frequency of wind speed for all hours (a) and rain hours (b) for sub-periods of study 


 
Figure 5: Cumulative frequency of rainfall intensity for sub-periods of study 


On-site weather data analysis shows similar wind and rain conditions over the four monitoring periods, 
which allows the comparison of catch ratios on façade with and without overhang during different 
monitoring periods to assess the effectiveness of overhangs. This approach is referred to as similarity 
(repeatability), which will be discussed in the “Similarity” section.  


Catch Ratio  


Catch ratio provides the basics to understand the spatial distribution of WDR on the building façade and it 
is defined as the ratio of WDR intensity impinged on the vertical façade of the building (RWdr) to the 
horizontal rainfall intensity (equation 1). 
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η                                                                                (1) 


Catch ratio is calculated for each monitoring period in order to provide primary understanding of wetting 
pattern of the façade and how it is influenced by applying overhang with different widths over the roof 
top of the building and to evaluate the effectiveness of overhang.  


Figure 6 shows the catch ratios calculated over the four periods on the east façade. The amount of rain 
deposited on the building façade, indicated by the catch ratio, varies with location, however, a 
symmetrical distribution of WDR across the east facade can be observed during the period without 
overhang (Fig. 6a) given that the prevailing wind direction is from the east most of the time resulting in 
the wind blowing normal to the façade. The classic wetting pattern can be observed: (1) the top corners 
are the most wetted followed by the top and side edges and (2) wetting increases from the bottom of the 
facade to the top and from the middle of the facade to the sides.  


Figure 6: Catch ratios on the east façade: (a) no overhang; (b) 0.6 m overhang, (c) 0.9 m overhang and (d) 1.2 m overhang 


With overhangs added (Fig. 6b-6d), the majority of the catch ratios (i.e. at locations without overhang) on 
the east facade are similar to that of the monitoring period without overhang since both prevailing wind 
directions are from the east with similar wind speeds and horizontal rainfall intensities. However, it is 
evident that the gauges below the overhang have much lower catch ratios when compared to: (1) other 
gauges of similar height and distance from edge and (2) the same gauges during the monitoring period 
without overhang. The gauges right below the overhang are the most protected (EN1, EN5, EN8). 


Figure 7 shows the catch ratios calculated over the four periods on the north façade. Since the prevailing 
wind direction is from the east, the catch ratios on the north facade are not symmetrical and are much 


(a)                                                                                    (b) 


(c)                                                                                    (d) 
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lower than that on the east façade. The gauges on the left edge of the facade (NE1 and NE2) receive less 
rain than the gauges located to their right. This may be explained by considering the wind flow around the 
building. Since the prevailing wind direction during rain hours is from the east, flow separation occurs at 
the edges of the east facade, resulting in a wetting pattern that is reflective of the wind flow around the 
north-east edge. The locations right below the overhang (NE3 and NC1) are the most protected having 
significantly lower catch ratios when compared to NW1 (Fig. 7b-d), which is at the same height. This is 
also apparent when compared to the north facade without overhang (Figure 7a). The remaining locations 
below the overhang are protected to various degrees.  


Figure 7: Catch ratio on the north facade: (a) no overhang; (b) 0.6 m overhang; (c) 0.9 m overhang and (d) 1.2 m overhang 


Effectiveness of Overhang 


The effectiveness of overhang, δ, is defined as the percentage reduction in catch ratios with and without 
the overhang. The overhang effectiveness is assessed by two approaches: 1) similarity, which compares 
two similar rain events during the periods with and without overhang; and 2) symmetry, which uses a 
symmetrical distribution of WDR across the building facade during a rain event.  


                   (2) 


Where η is the catch ratio without overhang, ηOH is the catch ratio with overhang. 
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Similarity 


The overhang effectiveness can be assessed by comparing the catch ratios at the gauge locations that are 
directly under the overhang (gauges EN1 to EN9) in one rain event with the catch ratios at the same 
gauge locations in a similar rain event without overhang. To establish similarity, both rain events should 
have similar meteorological characteristics, i.e. wind speed, wind direction and rainfall intensity, 
ultimately leading to similar catch ratios at the gauge locations that are not influenced by the overhang. 
Once this similarity has been established, the catch ratios at gauge locations EN1 to EN9 (under the 
overhang) during rain events without overhang can be compared to the catch ratios during rain events 
with overhang.  


As an example, Table 1 shows the catch ratios on the east façade for two similar rain events, RE 6 during 
the period without overhang, and RE 54 during the period with the 0.9 m overhang. The comparison of 
onsite meteorological data indicates similar wind and rain characteristics between these two rain events 
that yield similar catch ratios on the gauges not sheltered by the overhang, which are the un-shaded values 
(EC1, EC2, ES1 to ES7). The wind and rain characteristics of these two rain events: (1) RE6: Oct. 12 
2013 to Jan. 02 2014; total rainfall amount=111.5mm, no. of rain hours=161 hours, average wind speed 
=1.52m/s, average arithmetic wind direction=120o and average rain fall intensity=0.7mm/hr. (2) RE54: 
Oct. 19 2016 to Oct. 30 2016; Total rainfall amount=103.4mm, no. of rain hours=110 hours, average 
wind speed =1.64m/s, average arithmetic wind direction=115o, average rain fall intensity=1mm/hr.  


Table 1: Catch ratios and overhang effectiveness on the east façade for rain events 6 and 54. 


WDR Gauge 
Catch Ratios Overhang 


Effectiveness (%) 
RE 6 (No OH) RE 54 (0.9 m OH)  


EN1 0.108 0.022 80 


EN2 0.096 0.036 63 


EN3 0.049 0.042 15 


EN4 0.038 0.026 33 


EN5 0.093 0.003 97 


EN6 0.050 0.012 76 


EN7 0.034 0.012 63 


EN8 0.093 0.001 99 


EN9 0.045 0.010 78 


EC1 0.101 0.105  


EC2 0.021 0.018  


ES1 0.111 0.101  


ES2 0.062 0.061  


ES3 n/a 0.054  


ES4 0.025 0.019  


ES5 0.085 0.100  


ES6 0.057 0.044  
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ES7 0.035 0.029  


* Shaded rows catch ratios for WDR gauges located under the retractable overhang. Data for gauge ES3 was not available 


during this period due to hardware malfunction.  


A number of similar rain events are identified for each overhang size. The percentage reduction in catch 
ratios, i.e. overhang effectiveness, is calculated for each pair of rain events. Given that the WDR 
deposition on façade is highly dependent on the meteorological parameters and that the catch ratios vary 
over different rain events, each comparison yields a different percent reduction in catch ratio for the same 
gauge location and an average is used to report the effectiveness of overhangs.  


Symmetry 


As shown in Figure 6, the catch ratios are more or less symmetrical on the east façade given that the 
predominant wind direction is from the east during rain hours, which is normal to the façade. Therefore, a 
symmetrical distribution of WDR can be assumed to evaluate the effectiveness of overhang by directly 
comparing the catch ratios at gauge locations underneath the overhang on the north side of the façade 
(EN1 to EN7) to those on the south side of the façade (ES1 to ES7), which do not have an overhang 
above them. Rain events with the prevailing wind direction coming from the east are selected and the 
percentage reduction in catch ratios for all three overhang sizes are calculated. The meteorological 
parameters between rain events differ from one another resulting in different percent reductions in catch 
ratio for the same gauge location, therefore, the average is used to report the effectiveness of overhangs.  


Similarity versus Symmetry  


The average percentage reductions in catch ratio calculated for gauge locations on the east façade using 
both methods are compared (Figure 8). In general, there is a good agreement between these two methods 
with a difference between 0 to 21%. For the 0.6 m overhang, the average percent reductions calculated 
using the similarity approach are slightly higher than those calculated using the symmetry approach. The 
highest discrepancy is for gauge EN2 (14%) and less than 10% for other gauges. For the 0.9 m overhang 
the highest difference is for gauges EN3 and EN 7 with 16% and 11% difference, respectively and less 
than 5% for other gauges. Regarding the 1.2 m overhang, the average percent reductions in catch ratios 
are almost identical for both methods (0-7% difference) with the exception of EN4 with the difference of 
21%.  
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Figure 8: Comparison of overhang effectiveness calculated using similarity and symmetry approaches for gauges on the east 
façade 


Quantification of Overhang Efficiency  


Given the similar results obtained by similarity and symmetry approaches and the fact that predominantly 
easterly winds do not allow for symmetry analysis on the north facade, similarity method is used to 
calculate the effectiveness of overhang for the north façade. However, for the east façade, the average 
calculated using these two methods is used for the analysis presented in this section.  


Figure 9 and Figure 10 show the effectiveness of overhang on the east façade and north façade, 
respectively. Similar trend is observed on both façades. In general, with the increase of overhang size, the 
protection, i.e. overhand effectiveness, increases. The effectiveness of the overhang decreases when 
moving from the upper edge towards the ground and from the center towards the side edge of the façade. 
The overhang reduces the WDR deposited on the façade, especially the area immediately beneath the 
overhang (EN1, EN5, EN8, NE3, NC1 at 0.6 m below the roofline, i.e. 3% of the building height). 
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Figure 9: Effectiveness of overhangs on the east façade 


 
Figure 10: Effectiveness of overhangs on the north façade 


The overhang effectiveness is also plotted in relation to the normalized building height, as shown in 
Figure 11 for the east façade. With the increase of distance from the roofline, the overhang effectiveness 
decreases, which exhibits a quasi-linear relationship. At a distance of 0.6 m below the roofline (i.e. 3% of 
the building height), the overhang effectiveness ranges from 70% to 99% for the three different overhang 
sizes, while the overhang effectiveness is reduced to a range of 30-80% at a distance of 4.9 m below the 
roofline (i.e. ¼ of the building height, EN3, EN7, EN9). The protection area can extend up to 9.1 m below 
the roofline (i.e. about 45% of the building height, EN4) with a similar amount of WDR reduction of 
about 30% as at a distance of 4.9 m below the roofline for 0.6 m and 0.9 m overhang, while the overhang 
effectiveness is slightly higher, i.e. 37%, at this location for 1.2 m overhang. A similar trend is observed 
for the north façade.  
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Figure 11: Effectiveness of overhangs on the east façade with regard to distance from the roofline 


To quantify the effect of overhang on the reduction of WDR impinged on the façade, an area-weighted 
average catch ratio ( ) is introduced (equation 3) to calculate the area-weighted overhang effectiveness 
for four areas shown in Figure 12, namely A1, A2, A3 and A4 representing 15%, 30%, 60% and 100% of 
the façade area, respectively. This evaluation is carried out for the case that the entire façade width is 
fitted with overhang (i.e. full overhang) for both east and north facades.   


      (3) 


where, the summation index i is the cell number, Ai is the area of the ith cell and n is the total number of 
the cells over which the average is calculated. The façade is divided into cells in such a way that rain 
gauges are located in the centre of a cell. There are twenty-five cells, five columns and five rows on the 
east façade. For the cells with rain gauge, a constant catch ratio is assigned with value measured by the 
gauge located in its centre. For the remaining nine cells located at the lower and centre parts of the façade, 
a constant catch ratio interpolated from the adjacent cells is assigned. For these areas, the catch ratios are 
quite small.  


 
 


 


 


 


 


 


Figure 12: Areas on the east façade for the calculation of area-weighted overhang effectiveness. 
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Table 2: Effect of full overhang on WDR reduction on the east façade  


Façade 
area 


No overhang 0.6 m overhang 0.9 m overhang 1.2 m overhang 


 


WDR 
distribution 
on façade 


(%)   


Area-
weighted 


effectivenes
s (%)  


Area-
weighted 


effectivenes
s (%)  


Area-
weighted 


effectivenes
s (%) 


A1 
(15%) 18.2 53.0 6.41 65 4.09 77 2.10 92.2 


A2 
(30%) 23.2 67.6 9.84 58 6.68 71 3.84 86.8 


A3 
(60%) 29.9 87.4 14.38 52 11.57 61 8.11 77.7 


 A4 
(100%) 34.3 100 18.70 45 15.89 54 12.43 68.0 


Total WDR reduction (%) 45  54  68  
 


As shown in Table 2, without overhang, the top 15% of the façade area receives 53% of the total WDR 
and the top 30% of the façade area receives about 70% of the total WDR impinged on the entire façade. 
With a 0.6 m overhang added, the 53% of WDR impinged on the top 15% of façade area can be reduced 
by 65%, which is 35% reduction of the total amount and this reduction can be increased to about 50% 
when a 1.2m overhang is added. These results show that the addition of an overhang is effective in 
significantly reducing WDR amount especially for the top area. The total amount of WDR impinged on 
the façade can be reduced by 45% with a 0.6 m overhang, 54% with a 0.9 m overhang and by 68% with a 
1.2 m overhang, respectively. A linear relationship exists between the overhang width and the amount of 
WDR deposited on façade, as shown in Figure 13. The results obtained for north façade are very similar 
to those observed on the east façade.  


 
Figure 13: Relationship between overhang width and the amount of WDR deposited on east façade for four different areas. 
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CONCLUSIONS 


The effectiveness of overhang on reducing WDR on façade has been studied through field measurements 
by fitting a retractable overhang on a six-story building located in Vancouver. On-site weather data and 
WDR on façade have been collected for four overhang widths over a period of four years. The main 
findings are: 


 For the particular climate characterized by long rainy winters with mild wind and rain, the 
overhang is effective and significantly reduces WDR for this six-story building, especially for 
areas directly underneath the overhang.  


 The protection increases from the side edge to the center and from the bottom to the top of the 
façade. 


 The protection provided by the overhang can extend to about half building height.  


 Given that about 70% of the total amount of WDR impinged on the façade is received by the top 
30% of the façade area, overhangs that can shelter the top 30% of the façade can effectively 
protect the façade from WDR wetting. A 0.6 m overhang can reduce the total amount of WDR by 
45% on this six-story building.   


 As expected, the larger overhang provides a greater protection. An exponential relationship with 
good correlation of overhang width and its effectiveness has been observed based on the data 
points available.  
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Wind-driven rain (WDR)


 The rain given a horizontal velocity 
by wind, falling obliquely


 Major source of moisture damage


 Knowledge of WDR is essential for 
design of durable envelopes and Heat, 
Air and Moisture (HAM) modeling as 
boundary conditions


 WDR is the least known among
climatic loadings 


 Overhangs are a classical solution, but 
their effects are not known 
quantitatively, especially for mid-rise & 
high-rise buildings
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ISO 15927-3: Calculation of a driving rain index for vertical surfaces from hourly wind and rain data  


ISO Proposed Wall Factors


Wind-driven rain


Semi-empirical model:


IA = Airfield index


v = Hourly mean wind speed in m/s 


r = Hourly rainfall total in mm


D = Hourly mean wind direction from north


θ = Wall orientation relative to north where cos(D-θ) is positive


IWA = Wall index


CR = Terrain roughness coefficient 


CT = Topography coefficient 


O  = Obstruction factor 


W = Wall factor 
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Field measurements of WDR 


Locations of test buildings (Source: Google maps)
4







 Quantify the effectiveness of roof overhang in reducing 
WDR loads on building façades through filed 
measurements 


 Provide data to validate CFD model to be used for a 
systematic study of various overhang designs


 Provide recommendations on effective roof overhang 
design for different types of buildings and climates


Objectives
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Test Building in Vancouver Canada
(Aug. 2013 to June 2017)


prevailing wind direction
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Retractable overhang


Customized WDR Gauge


Horizontal Rain GaugeRooftop Weather Station
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Field measurements started from August 2013 to March 2017. This period is 
divided into four sub-periods:


1. No Overhang: 16 August 2013 to 1 December 2014 (456 days) 


2. 4 feet OH (1.2 m): 2 December 2014 to 1 March 2015 and 3 December 2015 to 21 April 
2016 (263 days) 


3. 2 feet OH (0.6 m): 2 March 2015 to 2 December 2015 (275 days)


4. 3 feet OH (0.9 m): 22 April 2016 to 31 March 2017 (346 days)


No Overhang 0.6 m Overhang 1.2 m Overhang


Data collection and processing
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Wind direction frequency 


(b) Rain hours 
(a) All hours 


 On-site weather conditions for each sub-period


RESULTS


9







 On-site weather conditions for each sub-period


Cumulative frequency 
distribution of wind speed 


(b) Rain hours (a) All hours 


Cumulative frequency of 
rainfall intensity


RESULTS
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Catch ratio:


η  =
𝑅𝑤𝑑𝑟


𝑅ℎ


Observation for the period without 
overhang


 Symmetrical distribution of WDR across 
the east facade during the period without 
overhang


 Top corners are the most wetted followed 
by the top and side edges


 Wetting increases from the bottom of the 
facade to the top and from the middle of 
the facade to the sides. 


East façade 


North façade


 Spatial Distribution of WDR


RESULTS
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Catch ratio on the east façade


No Overhang 0.6 m Overhang


0.9 m Overhang 1.2 m Overhang


 Overhang Effectiveness


RESULTS
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13


comparing the catch ratios at the
gauge locations that are directly
under the overhang (gauges EN1
to EN9) in one rain event with the
catch ratios at the same gauge
locations in a similar rain event
without overhang.


 Method 1: Similarity


No Overhang


With Overhang


Overhang Effectiveness


RESULTS







Both rain events should have similar
meteorological characteristics including
wind speed, wind direction and
rainfall intensity, which results in
similar catch ratios at locations without
overhang


Overhang Effectiveness


 Similar Rain Events 


RE6: October 2013, No Overhang
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RE54: October 2016, 0.9 m Overhang
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RESULTS


Total Rain fall: 111.5 mm
Average of WS: 1.46 m/s 
Average of WD: 93°


Total Rain fall: 103.4 mm
Average of WS: 1.96 m/s 
Average of WD: 100°


WDR
Gauge


Catch Ratios


RE 6 (No OH) RE 54 (0.9 m OH)


EC1 0.101 0.105


EC2 0.021 0.018


ES1 0.111 0.101


ES2 0.062 0.061


ES3 n/a 0.054


ES4 0.025 0.019


ES5 0.085 0.100


ES6 0.057 0.044


ES7 0.035 0.029
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Overhang Effectiveness


 Method 1: Similarity 


RESULTS


WDR Gauge
Catch Ratios


Overhang 
Effectiveness 


(%)


RE 6 (No OH) RE 54 (0.9 m OH)


EN1 0.108 0.022 80


EN2 0.096 0.036 63


EN3 0.049 0.042 15


EN4 0.038 0.026 33


EN5 0.093 0.003 97


EN6 0.050 0.012 76


EN7 0.034 0.012 63


EN8 0.093 0.001 99


EN9 0.045 0.010 78


EC1 0.101 0.105


EC2 0.021 0.018


ES1 0.111 0.101


ES2 0.062 0.061


ES3 n/a 0.054


ES4 0.025 0.019


ES5 0.085 0.100


ES6 0.057 0.044


ES7 0.035 0.029


Catch ratios and overhang effectiveness on the east façade for rain events 6 and 54 North side of east façade 


OH Effectiveness =
ɳno OH − ɳOH


ɳno OH
x 100
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Comparing the catch ratios at gauge locations underneath the overhang on the north
side of the façade (EN1 to EN7) to those on the south side of the façade (ES1 to ES7)


South WDR Gauges North WDR Gauges


 Method 2: Symmetry


Overhang Effectiveness


RESULTS
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 Similarity versus Symmetry 


 In general, there is a good agreement between these two methods 
with a difference within 20%; 


 Better agreement with larger overhang 


Overhang Effectiveness


RESULTS
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North Facade


East Facade


 Similar trend is observed on both façades


 With the increase of overhang size, protection increases 


Overhang Effectiveness


RESULTS


 At Each Rain Gauge Location 
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Effectiveness of overhangs on the east façade with regard to distance from the roofline


Overhang Effectiveness


RESULTS


 At Each Rain Gauge Location 
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 𝜂 =
1


 𝑖=1
𝑛 𝐴𝑖
 


𝑖=1


𝑛


𝜂𝑖 𝐴𝑖


Overhang Effectiveness


RESULTS


 Area weighted overhang effectiveness 
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Overhang Effectiveness


RESULTS


 Area weighted overhang effectiveness 


 Exponential correlation between overhang size and overhang effectiveness
 Greater protection for the upper portion of façade 
 The total amount of WDR impinged on the façade can be reduced by:


 45% with a 0.6 m overhang
 54% with a 0.9 m overhang 
 68% with a 1.2 m overhang
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For the particular climate characterized by long rainy
winters with mild wind and rain, the overhang is effective
and significantly reduces WDR for this six-story building,
especially for areas directly underneath the overhang.


 The protection increases from the side edge to the center and
from the bottom to the top of the façade.


 The protection provided by the overhang can extend to about half
building height.


Conclusions
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Conclusions


The larger the overhang, the greater the protection


 An exponential relationship with a quite good correlation is observed
between the overhang width and overhang effectiveness based on
the available data points


 Given that about 70% of the total amount of WDR impinged on the
façade is received by the top 30% of the façade area, overhangs
that can shelter the top 30% of the façade can effectively protect
the façade from WDR wetting
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ABSTRACT 


The commonly used approach to implement thermal bridging in whole building energy modeling is to adjust 
the insulation level such that the thermal transmittance of the wall will be equal to the effective overall U-
value of the envelope details with thermal bridges. This approach does not take into account the dynamic 
effect of thermal bridges. This paper focuses on evaluating the dynamic effect of thermal bridges on the space 
heating and cooling energy demand of a typical multi-unit residential building (MURB) built in British 
Columbia through simulations. The parameters investigated include 1) four cities representing four climatic 
zones (zones 4-7); 2) two construction types, i.e. pour-in-place concrete and brick veneer with Concrete 
Masonry Unit; 3) two levels of thermal bridges, i.e. standard and improved design; 4) seven typical junction 
details; and 5) two modeling approaches, i.e. dynamic 3D modeling and the equivalent U-value method.  


Simulation results show that the equivalent U-value method can underestimate the annual space heating 
energy demand by up to 13% for the pour-in-place concrete construction with standard connection details. 
The impact of dynamic effect of thermal bridges in brick veneer construction is less significant due to smaller 
area of thermal bridges. The difference between 3D dynamic modeling and the equivalent U-value method 
is reduced to less than 3% when the connection details are improved. These results indicate the importance 
of minimizing thermal bridges, which not only reduce the annual space heating energy demand but also 
reduce the error in modeling energy performance by the commonly used simple method. Therefore, more 
effort should be placed on designing building envelopes with improved connection details to eliminate 
thermal bridges, especially when higher insulation levels and better windows are used. It is equally important 
for all climates to minimize thermal bridges in building envelope design. 


Keywords: dynamic effect of thermal bridges, Multi-unit Residential Buildings (MURB), whole building 
energy modeling, 3D modelling of thermal bridges, equivalent U-value method.  


INTRODUCTION 


To achieve high performing low-energy buildings, the design and performance of building envelopes is 
critical. Thermal bridges created by the discontinuity of thermal insulation have significant effects on the 
thermal performance of building envelopes. Thermal bridging at interfaces, such as slabs, parapets and 
glazing transitions, can be sources of significant heat loss in the winter and heat gain in the summer. Reduced 
interior surface temperatures due to thermal bridges can increase risk of condensation and mold growth in 
the winter time. Studies have shown that in some buildings up to 50% of the elevation area consists of three-
dimensional envelope structural details as thermal bridges (Kosny and Desjarlais, 1994) and that up to 38% 
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of the heating energy can be lost through thermal bridges for well-insulated residential buildings with high 
performance windows and highly insulated walls and roofs (Theodosiou and Papadopoulous, 2008; Erhorn, 
2010; Berggren and Wall, 2013; Theodosiou et al., 2015). 


The effect of thermal bridges on the energy performance of buildings is typically evaluated through whole 
building energy modeling using the equivalent U-value method. The equivalent U-value method involves 
adjusting the insulation level of the one-dimensional multi-layered envelope component such that its thermal 
transmittance is equal to the effective overall U-value of the envelope detail with thermal bridges, while the 
material properties of the multi-layered component are kept unchanged. Therefore, the effect of thermal 
bridges on the overall thermal transmittance is taken into account, while the thermal inertia effect of the 
thermal bridges is ignored.  


The presence of thermal bridges not only reduces the overall thermal resistance but also changes the dynamic 
characteristics of opaque walls, i.e. the amplitude and phase lag of admittance and transmittance of these 
walls (Mao and Johannesson, 1997).  To account for the dynamic effect of thermal bridges in energy 
modeling, the equivalent wall method was developed by Kossecka and Kosny (1997 and 1998) and used to 
generate conduction transfer functions for 20 common wall assemblies with connection details, which are 
included in EnergyPlus™ (Kossecka and Kosny, 2001). The equivalent wall method represents the thermal 
bridges by a 1-D multi-layered structure, which has the same dynamic thermal characteristics as the complex 
wall systems with thermal bridges, therefore, the thermal inertia effect can also be taken into account. The 
more accurate modeling approach would be the direct implementation of 2D or 3D connection details in the 
whole building energy modeling program, however, this approach requires greater computing capacities and 
increases the complexity. A study by Ge and Baba (2015) found that the annual heating energy demand of a 
two-storey residential building with the inclusion of thermal bridges modeled using 3D dynamic method in 
WUFI Plus is 8–13% higher than that modeled using the equivalent U-value method for Montreal.  


Multi-unit residential buildings (MURBs) consist of one-third of the residential buildings and consume 40-
50% of the energy used by the residential sector in Canada (NRCan, 2008). A study by Ge et al. (2013) 
showed that for a typical high-rise MURB building, a balcony cross-section area representing 4% of the total 
exterior wall may contribute up to 11% of the space heating energy consumption depending on the thermal 
performance of windows and the opaque walls. Ignoring the dynamic effect of the concrete balcony of this 
building using the simplified equivalent U-value method can underestimate the space heating energy demand 
by up to 15% (Baba and Ge, 2016).  


The province of British Columbia recently introduced the Energy Step Code (2016) for voluntary use as a 
measure to guide the industry to achieve consistent energy efficiency improvement from current building 
codes to net-zero energy ready buildings by 2030. To achieve this goal, emphasis is placed on comprehensive 
and stringent requirements on building envelope performance including the connection details. Given the 
increased importance of thermal bridges for better insulated building envelopes, how the simplified thermal 
bridging model approach using the equivalent U-value method impacts the accuracy of energy performance 
prediction requires further investigation. The objective of this paper is to evaluate the dynamic effect of 
thermal bridges on the energy demand of typical MURBs built in BC’s climates. In this study, the equivalent 
U-value method and 3D dynamic modeling method were used to implement thermal bridges in whole 
building energy simulation programs. 
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METHODOLOGY 


The dynamic effect of thermal bridges represented by typical junction details on the annual space heating 
and cooling energy demand is evaluated through simulations on a typical MURB with high thermal mass. 
The effects of two thermal bridging modeling methods, namely, equivalent U-value method and 3D dynamic 
modeling, on the energy performance of the case study building are compared. The following sections present 
the case study building, the two modeling methods implemented, and the simulation scenarios studied. 


Case Study Building 


The sketch up of the case study building is shown in Figure 1. This archetype building represents a typical 
MURB built in recent years in British Columbia (BC) of Canada. The selected building has 30 floors with a 
window wall ratio of 40%. The gross floor area of the building is 27,871 m2 and its length to width ratio is 
1:1 and wall to roof ratio is 10.8:1, respectively.   


 
Figure 1: a) Sketch up of the case study building; b) 3D representation of a typical floor with thermal bridge locations. Dimension 
in m (adapted from BC Hydro Power Smart, 2014) 


Typical Thermal Bridge Junctions 


Two construction types with high thermal mass are considered for the case study building, i.e. pour-in-place 
concrete with interior insulation and brick veneer with concrete masonry unit (CMU). The typical thermal 
bridge junctions identified in this building include 1) intermediate floor junction; 2) intermediate 
wall/window junction; 3) balcony junction; 4) balcony sliding door junction; 5) partition wall junction; 6) 
roof junction; and 7) below-grade wall junction. Two levels of thermal bridging designs are considered for 
each junction, namely, standard and improved designs.  


In the concrete construction, the strategy typically used to minimize thermal bridges at connections is to 
move the interior insulation to the exterior of the structural element. In the improved design, thermal 
insulation is placed on the exterior side of the pour-in-place concrete construction. The balcony thermal 
bridges can be improved by adding an insulated balcony separator as the thermal break. The separator is 
composed of an 80 mm thick expanded polystyrene (EPS) module to be inserted between the floor slab and 
balcony cantilever slab. Stainless steel tension and shear reinforcement bars pass through the EPS to allow 


                                 
a)                                                                                            b) 
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forces to be transferred from the balcony to the floor slab, but replacing the concrete volume with insulation 
significantly reduces heat flow through this thermal bridge. 


 In the brick veneer CMU construction, the standard design has insulation placed on the exterior side of the 
CMU backup wall and the main thermal bridges are present at the connection between shelf angle and the 
concrete floor slab. Therefore, in the improved design, the continuity of the exterior insulation at the 
slab/shelf angle connection is achieved by the use of offset shelf angle. The pour-in-place concrete connection 
details and brick veneer connection details are shown in Figure 2 and 3, respectively. 


  
a). standard b). improved 


Connection detail 1: Intermediate floor junction 


  


a). standard                                b). improved 


Connection detail 2: intermediate window/wall junction 


  


a). standard b). improved 


Connection detail 3: balcony junction 
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a). standard b). improved 


Connection detail 4: balcony/sliding door junction 


 
 


a). standard b). improved 


 
Connection detail 5: partition wall junction (plan view) 


  
a). standard b). improved 


Connection detail 6: roof/wall junction 


  
a). standard b). improved 


Connection detail 7: below-grade wall junction 
Figure 2: Seven thermal bridges in pour-in-place concrete construction. All dimensions in m. 
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a). standard b). improved 


Connection detail 1: Intermediate floor junction 


  


a). standard b). improved 


Connection detail 2: intermediate window/wall junction 


   
3 a). standard 3 b). improved 


Connection detail 3: balcony junction 


  
a). standard b). improved 


Connection detail 4: balcony/sliding door junction 
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a). standard b). improved 


Connection detail 5: partition wall junction (plan view) 


  
a). standard b). improved 


Connection detail 6: roof/wall junction 


  


a). standard b). improved 


Connection detail 7: below-grade wall junction 
Figure 3: Seven thermal bridges in brick veneer CMU construction. All dimensions in m. 


SIMULATION SCENARIOS 


According to National Energy Code of Canada (2011), BC has climate zones ranging from Zone 4 to Zone 
7.  A typical city for each climate zone, Vancouver for zone 4, Summerland for zone 5, Prince George for 
zone 6 and Fort Nelson for zone 7, have been chosen for the simulations.  


Two insulation levels, one meeting ASHRAE 90.1-2010 requirements, the second representing a higher 
insulation level, which has an overall thermal transmittance 20-45% (depending on the climatic zones) lower 
than the National Energy Code of Canada 2011 required, are included in the thermal bridge details to 
investigate the impact of thermal insulation levels on the dynamic effect of thermal bridges. Under the steady-
state, the increase of insulation will amplify the thermal bridging effect and further degrades the effect of 
insulation on the effective overall U-value. The dynamic effect of higher insulation level of the thermal 
bridges needs to be studied.  


Three levels of thermal bridges are evaluated including cases without thermal bridges, cases with the seven 
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standard connection details, and cases with the seven improved connection details, as shown in Figures 2 and 
3. The case modeled without thermal bridges establish the baseline to demonstrate the contribution of thermal 
bridges to heating and cooling demand of the building.    


In total 72 cases are modeled and the scenarios simulated are summarized in Table 1.  


Table 1: Simulated scenarios 
Parameters  


Thermal bridge levels  No thermal bridges 
 Standard connection details 
 Improved connection details  


Insulation level  Standard construction meeting building codes 
 Higher level of insulation 


Thermal bridge 
modeling approaches 


 Direct 3D dynamic modeling 
 Equivalent U-value method 


Climates  Four climatic zones: 
1. Vancouver (zone 4) 
2. Summerland (zone 5) 
3. Prince George (zone 6) 
4. Fort Nelson (zone 7) 


3D Dynamic Modeling Method 


WUFI Plus provides the possibility to draw 3D thermal bridges directly into the building. Four steps are used 
to model the seven different junctions. The first step is to identify the thermal bridges and its quantities in 
3D-object list. The second step is to determine the dimensions of each junction by x, y and z axis to draw the 
thermal bridge junctions and then select the materials for each junction. The fourth step is to link the thermal 
bridges with the zones in the whole building by determining the interior and exterior boundary conditions. 
To avoid counting the portion of the walls that have already been modelled in the 3D object twice, the net 
volume of the whole building needs to be calculated excluding this portion of the walls.  


Equivalent U-Value Method 


The different junctions are modelled in THERM 7.3 to calculate the effective overall thermal transmittance. 
The overall U-value obtained from THERM is used as the equivalent U-value for the implementation of 
thermal bridge junctions in WUFI Plus program. The sub-surfaces with various dimensions that have the 
same component layers as the 1-D building envelope component are added in WUFI Plus to represent the 
junctions. In these sub-surfaces, the physical properties and thickness of 1D wall components are kept 
unchanged except the thickness of thermal insulation layer, which is adjusted to achieve the effective U-
value of the junction.  


Table 2: Overall thermal transmittance (U-value in W/m2·K) of pour-in-place concrete thermal bridge junctions obtained from 
THERM. 


 Standard insulation level High insulation level 
Junction Climate zones 4-6 Climate zone 7 All zones 


Standard Improved Standard Improved Standard Improved 
Intermediate floor junction 1.41 0.57 1.22 0.38 0.99 0.18 
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Intermediate wall/window junction 1.60 0.51 1.42 0.33 1.17 0.20 
Balcony junction 1.51 0.51 1.32 0.32 1.10 0.18 
Balcony sliding door junction 2.26 0.52 2.12 0.38 1.81 0.18 
Partition wall junction  0.57 0.54 0.41 0.38 0.31 0.18 
Below-grade wall junction 1.87 0.55 1.80 0.48 1.63 0.25 
Roof wall junction  0.69 0.53 0.50 0.34 0.38 0.22 
Roof slab junction 1.14 0.64 1.11 0.61 0.88 0.28 


Table 3: Overall thermal transmittance (U-value in W/m2·K) of brick veneer thermal bridge junctions obtained from THERM. 
 Standard insulation level High insulation level 
Junction Climate zones    4-6 Climate zone 7 All zones 


Standard Improved Standard Improved Standard Improved 
Intermediate floor junction 0.95 0.42 0.80 0.29 0.62 0.16 
Intermediate wall/window 
junction 


1.06 0.43 0.91 0.3 0.87 0.16 


Balcony junction 1.16 0.44 1.02 0.31 0.89 0.18 
Balcony sliding door junction 1.95 0.45 1.79 0.32 1.57 0.44 
Partition wall junction  0.51 0.41 0.35 0.28 0.28 0.18 
Below-grade wall junction 1.26 0.5 1.16 0.38 1.15 0.25 
Roof wall junction  0.51 0.45 0.37 0.32 0.30 0.24 
Roof slab junction 0.64 0.53 0.56 0.38 0.40 0.30 


Settings in Whole Building Energy Simulations   


In the whole building energy simulations, the heating set point is 21 oC with a night setback temperature of 
18 oC (22:00-6:00) and the cooling set point is 25 oC with a night setback temperature of 27 oC (22:00-6:00) 
as per ASHRAE’s 90.1 - User's Manual, Table G-G schedule (2010). Each floor is divided into five thermal 
zones, four perimeter zones according to the orientation, i.e. south, north, east, west, and one core zone for 
the corridor. The four perimeter zones include twelve apartments with an occupancy of 0.04 people/m2. An 
infiltration rate of 0.25 L/s.m2 through building envelope and a lighting power density of 8 W/m2 is assumed. 


RESULTS AND DISCUSSIONS  


Space heating and cooling energy demand is used as the performance indicator to evaluate the effect of 
thermal bridges as the results of varying thermal bridge designs, insulation levels, and modeling approaches.  


Annual Space Heating and Cooling Energy Demands with Standard Insulation Level 


Figures 4 and 5 show the comparison of annual space heating and cooling energy demand in percentage 
difference between the cases with and without thermal bridges and the difference between the dynamic and 
equivalent U-value methods for pour-in-place concrete and brick veneer CMU, respectively. The annual 
space heating and cooling energy demand modeled without thermal bridges are used as the reference for 
calculating the percentage difference between the cases with and without thermal bridges.  Also, the annual 
space heating and cooling energy demands modeled by the 3D method are used as the reference for 
calculating the percentage difference between the two modeling approaches. 


Effect of Thermal Bridges on the Annual Space Heating and Cooling Energy Demand  


As shown in Figure 4, the presence of the seven junctions as thermal bridges increased the annual space 
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heating energy demand of the building by 42.4% for Vancouver, 40.5% for Summerland, 38.9% for Prince 
George and 38.2% for Fort Nelson, respectively, when the 3D dynamic method is used. Fort Nelson is a city 
located in the coldest climatic zone among the four cities. Although the increase in space heating energy 
demand due to the thermal bridges (the case with thermal bridges compared with the case without thermal 
bridges) is higher for the colder climate (445.6 MWh in Fort Nelson v.s. 277.8 MWh in Vancouver), the 
percentage increase of the thermal bridge contribution is smaller for the colder climate (38.2% in Fort Nelson 
v.s. 42.4% in Vancouver, as shown in Figure 4) because of the higher annual space heating energy demand 
in Fort Nelson. In addition, the thermal insulation level prescribed by the building code for colder climates 
is relatively lower compared to those for milder climates. For example, the insulation level required by 
ASHRAE 90.1-2010 is the same for the roof for the four cities and similar for the wall insulation level for 
Vancouver, Summerland and Prince George. In the simulations, the same 1D wall and roof insulation level 
is assumed for the three cities except for Fort Nelson. Therefore, the assigned insulation level is relatively 
higher for Vancouver. The higher the insulation level, the more significant the thermal bridge contribution. 
Given that the four cities studied are in heating-dominant climates, the presence of thermal bridges under 
cooler temperatures especially during night in the summer help dissipate heat gained during the day, 
therefore, cooling needs are reduced by taking into account the effect of thermal bridges. The presence of 
thermal bridges reduced the annual space cooling energy demand by 14.8% for Vancouver, 8.4% for 
Summerland, 25.6% for Prince George, and 19.7% for Fort Nelson, respectively. Compared to heating energy 
demand, the space cooling energy demand is only a small portion of the space heating energy demand, 
ranging from 6% for Prince George to 30% for Summerland. The cooling energy demand is the highest for 
Summerland because of its particular climatic conditions. Among the four cities, Summerland has the highest 
design temperature in July and the highest annual solar radiation.  


The improvement of connection details significantly reduced the contribution of these thermal bridges to the 
annual space heating energy demand of the building to 3.2% for Fort Nelson and to 4.0% for Vancouver. It 
also reduced the contribution of thermal bridges to the annual space cooling energy demand of the building 
to 4.4% for Vancouver, 3.3% for Summerland, 8.9% for Prince George, and 2.8% for Fort Nelson, 
respectively. 
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*TB-Thermal Bridge 


Figure 4: Comparison of annual space heating and cooling energy demand in percentage difference between 3D modeling method 
and Eq. U-value method for the cases with and without thermal bridges for the concrete construction with standard insulation level.  


Figure 5 shows that the presence of the seven junctions as thermal bridges in brick veneer construction 
increases the annual space heating energy demand of the building by 27.5% for Vancouver to 24.0% for Fort 
Nelson when the 3D dynamic method is used. Compared to the pour-in-place concrete construction, the 
contribution of thermal bridges are considerably lower in brick veneer CMU construction. Same as for the 
pour-in-place concrete construction, the percentage increase of the thermal bridge contribution is smaller for 
the colder climate (24.0% in Fort Nelson v.s. 27.5% in Vancouver, as shown in Fig. 5) because of the higher 
annual space heating energy demand in Fort Nelson and the relatively higher insulation level assigned for 
Vancouver. The improvement of connection details significantly reduced the contribution of these thermal 
bridges to the annual space heating energy demand of the building to 3.7% for Fort Nelson and to 5.5% for 
Vancouver. Same as for the concrete construction, the improvement of connection details reduces the impact 
of thermal bridges on the space cooling energy demand.  
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*TB-Thermal Bridge 


Figure 5: Comparison of annual space heating and cooling energy demand in percentage difference between 3D modeling method 
and Eq. U-value method for the cases with and without thermal bridges for the brick veneer construction with standard insulation 
level. 


Comparison Between 3D Dynamic Modeling and Equivalent U-value Methods  


As shown in Figure 4, the space heating energy demands modeled by the 3D dynamic method are higher than 
those modeled using the equivalent U-value method. The difference between 3D dynamic and U-value 
method is 12.9% for Vancouver, 12.5% for Summerland, 12.0% for Prince George, and 8.8% for Fort Nelson, 
respectively. The milder the climate the higher the discrepancy, which is consistent with the observation 
made on the effect of thermal bridges to the space heating energy demand. As discussed earlier, the 
contribution of thermal bridges is slightly higher for milder climates, so is the dynamic effect of thermal 
bridges. As for the cooling energy demand, the modeling approach has a smaller impact, the difference 
between the 3D dynamic modeling and the equivalent U-value method ranges from 2.5% to 9.5%. The space 
cooling energy demand modeled by the 3D dynamic method is lower than that using the equivalent U-value 
and the equivalent wall methods. With the improvement of connection details, the dynamic effect reduces. 
The discrepancy between 3D dynamic modeling and the equivalent U-value method is reduced to 1.8-3.1% 
for space heating energy demand and 0.8-2.7% for space cooling energy demand, respectively.  


As for the brick veneer construction (Figure 5), the difference between 3D dynamic and the equivalent U-
value is reduced given that the brick veneer construction has less thermal bridges. The discrepancy in space 
heating energy demand ranges from 4.0-7.0% between 3D dynamic method and the equivalent U-value 
method for the four cities studied. Similar to the concrete construction, with the improvement of connection 
details, the dynamic effect slightly reduces. The annual space heating energy demands modeled by the 3D 
dynamic modeling are 2.4-3.8% higher than that obtained by the equivalent U-value method. As for the 
cooling energy demand, the difference between 3D and equivalent U-value method ranges from 1.0% to 
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2.8%. 


Annual Space Heating and Cooling Energy Demands with High Insulation Level  


Figures 6 and 7 show the comparison of annual heating and cooling energy demands in percentage difference 
between the cases with and without thermal bridges and the difference between the dynamic and equivalent 
U-value method for pour-in-place concrete and brick veneer CMU, respectively. The annual space heating 
and cooling energy demands modeled without thermal bridges are used as the reference for calculating the 
percentage difference between the cases with and without thermal bridges, and the 3D method are used as 
the reference for calculating the percentage difference between the two modeling approaches. 


 
*TB-Thermal Bridge, 


Figure 6: Comparison of annual space heating and cooling energy demand in percentage difference between 3D modeling method 
and Eq. U-value method and the cases with and without thermal bridges for the concrete construction with high insulation level.  


Effect of Thermal Bridges on the Annual Space Heating and Cooling Energy Demands 


As shown in Figure 6, with the increase of insulation level, the presence of thermal bridge junctions 
significantly increases the annual space heating energy demand of the building by 74.7% for Vancouver, 
66.6% for Summerland, 56.1% for Prince George and 54.2% for Fort Nelson, respectively, when the 3D 
dynamic method is used. The impact of thermal bridges on space heating energy demands is more significant 
compared to the standard insulation level, at which the increase in annual space heating energy demand 
ranges from 38.2% to 42.4% for the four cities. The presence of thermal bridges reduces the annual space 
cooling energy demand by 17.6% for Vancouver, 11.8% for Summerland, 26.8% for Prince George, and 
21.2% for Fort Nelson, respectively, which are slightly higher than the cases with the standard insulation 
level. Similar to the cases with the standard insulation level, the improvement of connection details 
significantly reduces the contribution of these thermal bridges to the annual space heating energy demand of 
the building to 5.1% for Vancouver, 3.8% for Summerland, 2.9% for Prince George, and 2.7% for Fort 
Nelson, respectively. It also reduces the contribution of thermal bridges to the annual space cooling energy 
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demand of the building to 2.8% for Vancouver, 2.2% for Summerland, 4.5% for Prince George, and 4.1% 
for Fort Nelson, respectively. In general, the equivalent U-value underestimates the contributions of thermal 
bridges to space heating and cooling energy demands compared to 3D dynamic modeling method.   


 
*TB-Thermal Bridge, 


Figure 7: Comparison of annual space heating and cooling energy demand in percentage difference between 3D modeling method 
and Eq. U-value method and the cases with and without thermal bridges for the brick veneer construction with high insulation 
level.  


Similar trends are observed for brick veneer construction. As shown in Figure 7, the inclusion of thermal 
bridges increases the annual space heating energy demand by 35.0% for Fort Nelson to 50.5% for Vancouver, 
when the 3D dynamic modeling method is used. The improvement of connection details significantly reduced 
the contribution of these thermal bridges to the annual space heating and cooling energy demands.             


Comparison between 3d Dynamic Modeling and Equivalent U-Value Methods 


As shown in Figure 6, the space heating energy demands modeled by the 3D dynamic method are higher than 
those modeled using the equivalent U-value method. Compared to the standard insulation level, the 
discrepancy between 3D dynamic modeling and the equivalent U-value is slightly reduced. The difference 
between 3D dynamic and the equivalent U-value method is 12.0% for Vancouver, 11.8% for Summerland, 
11.1% for Prince George, and 11.0% for Fort Nelson, respectively. As for the cooling energy demand, the 
modeling approach has a smaller impact, the difference between the 3D dynamic modeling and the equivalent 
U-value method ranges from 1.9% to 2.4%. The space cooling energy demand modeled by the 3D dynamic 
method is lower than that using the equivalent U-value. With the improvement of connection details, the 
dynamic effect is reduced. The discrepancy in space heating energy demand is reduced to 1.4-2.6% between 
3D dynamic modeling and the equivalent U-value method. 


As for the brick veneer construction (Figure 7), the difference between 3D dynamic and the equivalent U-
value is reduced given that the brick veneer construction has less thermal bridges. The discrepancy in space 
heating energy demand ranges from 4.3-6.7% between 3D dynamic method and the equivalent U-value 
method for the four cities studied. As for the cooling energy demand, the difference between the 3D and the 
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equivalent U-value method ranges from 0.4% to 2.2%. The space cooling energy demands modeled by the 
3D dynamic method are lower than those obtained using equivalent U-value method. With the improvement 
of connection details, the dynamic effect of thermal bridges on the space heating energy demand significantly 
reduces. The annual space heating energy demands modeled by the 3D dynamic modeling are 0.2-0.5% 
higher than that obtained by the equivalent U-value method. 


CONCLUSION 


The dynamic effect of seven thermal bridges on the energy performance of a high-rise residential building is 
studied through simulations by comparing the simulation results using the equivalent U-value method with 
those obtained using 3D dynamic modeling approach. The annual space heating and cooling energy demands 
are used as performance indicators to evaluate the dynamic effect of thermal bridges. Simulation results show 
that: 


 The dynamic effect of thermal bridges on the energy performance (difference between 3D dynamic 
modeling and the equivalent U-value method) depends on the quantity and quality of thermal bridges.  


o The equivalent U-value method can underestimate the annual space heating energy demand 
by up to 13%. The thermal bridges of the study building represent about 12% of the exterior 
envelope area. With the increase of thermal bridging area, the dynamic effect of thermal 
bridges will be also increased. 


o The difference between 3D dynamic modeling and the equivalent U-value method is reduced 
to less than 3% when the connection details are improved. These results indicate the 
importance of minimizing thermal bridges, which not only reduces the annual space heating 
energy demand and energy consumption but also reduces the error in modeling energy 
performance by the commonly used simple method.  


 With the increase of insulation level, the contribution of thermal bridges to the energy consumption 
significantly increases, while the dynamic effect of thermal bridges slightly decreases.  


 It is observed that the dynamic effect of thermal bridges is slightly more significant (in term of 
percentage difference) for milder climates in space heating energy demand calculation due to the fact 
that the insulation levels for milder climates are relatively higher than those specified for colder 
climates by building codes and used in simulations. The higher the insulation levels, the greater the 
contribution of thermal bridges. Therefore, it is equally important for all climates to minimize 
thermal bridges in building envelope design. 


 Efforts should be placed on designing good building envelope connection details to 
minimize/eliminate thermal bridges especially when higher insulation levels and better windows are 
used, which not only reduces the energy consumption of buildings but also the errors in modeling 
the dynamic effect of thermal bridges using simplified method.  
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1. To investigate the dynamic effect of thermal bridges on the energy performance of a multi-
unit residential building under BC’s climates
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Parameters


Construction types  Pour-in-place concrete construction


 Brick veneer


Thermal bridge levels  No thermal bridges


 Standard connection details


 Improved connection details 


Insulation level  Standard construction meeting building codes


 Higher level of insulation


Thermal bridge 


modeling approaches


 Direct 3D dynamic modeling


 Equivalent U-value method


Climates  Four climatic zones:


1. Vancouver (zone 4)


2. Summerland (zone 5)


3. Prince George (zone 6)


4. Fort Nelson (zone 7)
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Units Value Notes and References


Hourly simulations over one year period are carried out using CWEC weather file


Occupancy People/m2 0.04 Hotel Schedule


Heating Set Point °C 22 Table G–G schedule (ANSI/ASHRAE/IES Standard, 2010b)


Heating Set Back °C 18 Table G–G schedule (ANSI/ASHRAE/IES Standard, 2010b)


Lighting Energy W/m2 8 Table G–G schedule (ANSI/ASHRAE/IES Standard, 2010b)


Infiltration rate L/s-m2 0.25 MH Report
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• The equivalent U-value method can underestimate the annual space heating energy 


demand by up to 13%; 


• The difference between 3D dynamic modeling and the equivalent U-value method is 


reduced to less than 4% when the connection details are improved.


• With the increase of insulation level, the contribution of thermal bridges to the energy 


Demand significantly increases, while the dynamic effect of thermal bridges slightly 


decreases


• Efforts should be placed on designing good building envelope connection details to


minimize/eliminate thermal bridges, especially when higher insulation and better


windows used


o Reduce energy consumption; reduce modeling errors
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STUDY ON THE IMPROVEMENT OF THERMAL PERFORMANCE OF 


CURTAIN WALL SPANDRELS 


Weidong (Jacee) Tan 


 


 


ABSTRACT  


Thermal performance is an important issue in building envelope design because it impacts directly the 
building energy consumption, indoor thermal comfort, and the envelope durability. Curtain walls are 
lightweight glazed facades that are characterized by having two distinct glazed areas: a translucent vision 
area and an opaque spandrel area. In the curtain wall industry, thermal transmittance U-factor or thermal 
resistance R-value of the vision and spandrel areas, and overall U-factor or R-value of whole curtain wall 
are usually specified individually. To achieve good overall thermal performance, both vision and spandrel 
play important roles. This paper investigates materials and technologies to improve thermal performance 
of spandrel panels in curtain walls.  


Three types of spandrel configurations are studied: conventional, vacuum insulated panel (VIP) and a 
combination of both of them. U-factor and/or R-value of each configuration, either nominal or weighted 
are reviewed and compared in this project. THERM 6.3 2D a free finite-element modeling software by the 
Laurence Berkeley National Laboratory (LBNL) is used to model the thermal performance for these three 
configurations on a unitized curtain wall system. The thermal properties are compared and discussed. 
eQuest® a free energy modeling tool that uses the DOE 2-2 simulation engine is used to simulate energy 
performance for a whole building, a 20-storey office building cladded with curtain wall. Energy 
consumption is compared, per these three different spandrel configurations. 


INTRODUCTION 


A curtain-wall system is a full-height cladding system that bypasses floor slabs. The curtain-wall system is 
designed to satisfy thermal performance requirements, in addition to structural integrity and deflection 
requirements, and wind-driven rain and air leakage control (R.L. Quirouette, 1982).  


Generally, glass curtain walls have lower thermal performance compared to other types of enclosure 
systems. Often there is a desire to use vision glass for appearance and day-lighting purposes; however, the 
most recent advances in the glazing industry, high performance insulating glass units (IGU), still do not 
provide sufficiently improved thermal performance. The trend to maximize the area of vision glass causes 
reduced wall thermal performance. Therefore, the opaque spandrel area with higher thermal performance 
is sought to balance the poor thermal performance of the vision area.  
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Energy Standard for Buildings except Low-Rise Residential Buildings (ASHRAE 90.1-2010) requires that 
the total vertical fenestration area shall be less than 40% of the gross wall area (5.5.4.2.1). In other words, 
window-to-wall ration (WWR) shall be less than 40%. This requirement in curtain-wall systems indicates 
having a vision area of less than 40% of the total wall area, which is typically not the case. It is believed 
that to increase the WWR on curtain walls to values higher than 40%, spandrels with higher thermal 
performance need to be specified to maintain overall thermal requirements.  


HYPOTHESES 


To improve the thermal performance of spandrel walls, a new high efficiency insulation product, Vacuum 
Insulation Panel (VIP) is proposed to replace the conventional spandrel insulation. Furthermore, combing 
the conventional spandrel with a VIP panel is also expected to achieve higher thermal performance. The 
objective of this paper is to test these hypotheses. 


LITERATURE REVIEW      


According to proposed energy consumption, architects either specify U-factors or R-values  


Table 1: Examples of specified U-factors and R-values of two curtain wall projects in Vancouver, BC 
 Residential Commercial 
 U-factor 


(W/K.m2) 
R-value 


(ft2.h.°F/Btu) 
U-factor 


(W/K.m2) 
R-value 


(ft2.h.°F/Btu) 
Vision 2.27 2.5 1.75 3.25 


Spandrel 0.94 6.0 0.94 6.0 


Overall 2.00 2.8 1.59 3.57 


Vision 


A typical double glazing IGU with 8mm and 6mm clear glass, low-E coating on surface #2, 90% Argon 
filled in 12mm cavity and warm edge spacer, provides nominal Rcop-4.1 at centre of panel (COP). A triple 
glazing IGU with three 6mm glass panes, low-E coatings on surface #2 and #5, 90% Argon filled in two 
layers of 9mm cavity and sealed with warm edge space, offers nominal Rcop-6.5 at centre of panel.  


However, thermal bridging at aluminum frame greatly impacts the overall thermal performance. For a 
typical unitized curtain-wall system with R-value at center of glazing of R-4.1, the effective or weighted 
R-value of vision panel with double glazing IGU drops to R-3.0 (Table 2). 


Table 2: U-factor and R-value of typical IGU at vision panel 
 Centre of vision (Nominal) Overall of vision (Effective) 


 Ucop (W/m2.k) Rcop (ft2.h.°F/Btu) Uv (W/m2.k) Rv (ft2.h.°F/Btu) 


Double glazing 1.39 4.1 1.85 3.1 


Triple glazing 0.87 6.5 1.61 3.5 


COP data refers to SYP’s data; overall data refers to Jangho Curtain Wall’s curtain wall system. 
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Conventional Spandrel 


A conventional spandrel panel on curtain wall usually consists of single or double opaque glazing, mineral 
wool and galvanized metal sheet (G.M.S.) back-pan. Opaque glazing gives the desired visual effect, while 
mineral wool insulation provides most thermal properties and G.M.S. acts as insulation support as well as 
air barrier. (Figure 1) Mineral wool is widely used on curtain wall spandrel panels due to its excellent 
properties, such as high R-value (R-4.1), fire resistant, water repellent, chemical inert and sound absorbent. 


   
Figure 1: Conventional spandrel   


Vacuum Insulation Panel (VIP) spandrel 


Vacuum Insulation Panel (VIP) consists of a core material (typically fumed silica) with small pores, around 
10-100 nm, which is enclosed in a thin laminate film with low gas permeability. (Figure 2) The core material 
is evacuated to pressures of 0.2-3 mbar which, depending on the core material, give a thermal conductivity 
of 2-4 mW/m·K (Axel Berge et al, 2012). The envelope is normally polymer laminates which contain 
metallized polymers or aluminium foils as barrier layer. It is responsible for the maintenance of the vacuum 
inside the panel (Markus Erb, 2005). VIP offers good compressive strength, good fire rating performance 
and very high R-value up to R-39/inch (Dow Corning). 


    
Figure 2: Vacuum Insulation Panel 


Vacuum Insulation Panel used for curtain walls is typically pre-manufactured in IGU, either of double 
glazing or triple glazing. VIPs are protected from exterior climate by glass panes and edge seal of IGU. 
(Figure 3) Considering thermal bridging of the aluminized packaging envelope for each of the individual 
VIP’s and perimeter air gap between VIP’s, the resultant value of the composite panel is approximately an 
R-Value of 30. This could then be used in THERM to calculate the total spandrel thermal performance 
(Lawrence D. Carbary). 
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Figure 3: VIP used in IGU 


For a curtain-wall system, the effective R-value is much lower than the nominal R-value due to thermal 
bridging. High-performance buildings require energy modeling by using effective R-values for accurate 
assessment and comparison of insulation systems. With a 5/8-inch VIP in double glazing IGU and 
considering the impact of an aluminum curtain-wall frame and edge of spandrel, the effective or overall R-
value of spandrels for a typical unitized curtain-wall system at typical spandrel panel modulus drops to 
around R-11. (Table 3, Figure 4) 


Table 3: R-values of double glazing IGU with VIPs 
IGU Thickness 


(inch) 


VIP Thickness 


(inch) 


COP R-value 


(ft2.hr.F/Btu) 


Overall R-value 


(ft2.hr.F/Btu) 


1 5/8 21.80 10.84 


1-1/8 5/8 21.80 10.67 


COP and overall data refer to Dow Corning Architectural Insulation Modules brochure. 


 


  


 
Figure 4: VIP applications and U-factors of VIP spandrel at frame and edge 


Combined Conventional and VIP spandrel 


Combined conventional and VIP spandrel consists of mineral wool and galvanized metal sheet (G.M.S.) 
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back-pan, which uses an IGU with VIP insulation integrated. Obviously both mineral wool insulation and 
VIP provides high thermal resistance of the curtain-wall spandrel. (Figure 5)


 
Figure 5: U-factors of combined spandrel at center of panel, frame and edge 


PROBLEM STATEMENT 


Even VIP has very high specific thermal resistance R-39 per inch compared to conventional mineral wool 
R-4.1 per inch, evidence suggests that the overall R-value of VIP spandrels might not increase much after 
the elimination of mineral wool insulation. Moreover, the impact of thermal bridging at the curtain wall 
frame for a VIP spandrel is expected to be higher than the impact for a conventional, back-insulated, 
spandrel; the reason is that the interior curtain wall frame is more exposed to interior conditions (higher 
exposed heat loss surface); on the other hand, the frame of a conventional spandrel is mostly protected by 
mineral wool insulation. 


Certainly, a combination of conventional mineral wool insulation at the back of the spandrel with VIP at 
the glass is expected to offer the highest thermal resistance value.  


Window to Wall Ratio (WWR) is one other important factor that affects overall thermal resistance value of 
curtain wall spandrel. The higher WWR, the lower the percentage of spandrel area ratio to gross curtain 
wall area is. Hence, the less the increase of overall R-value of spandrel is, as spandrel is changed from 
conventional or VIP to combined.  


ASHRAE 90.1 Standard (ASHRAE, 2010) required a maximum thermal transmittance U-factor for vision 
part of fenestration. (Table 4).   


Table 4: Building Envelope Requirements for Climate Zone 5 (A, B, C), ASHRAE 90.1-2010 


Fenestration 


Non-residential Residential Semiheated 


Assembly 


Max. U 


Assembly 


Max. 


SHGC 


Assembly 


Max. U 


Assembly 


Max. 


SHGC 


Assembly 


Max. U 


Assembly 


Max. SHGC 


Metal framing 


(curtain wall/storefront) 
U-2.56 


SHGC-


0.40 
U-2.56 


SHGC-


0.40 
U-2.56 SHGC-NR 


             


IGU with VIP 


Mineral 


wool 


insulation 
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ASHRAE 90.1 also requires that the total vertical fenestration area shall be less than 40% of the gross wall 
area (5.5.4.2.1). In other words, window to wall ration (WWR) shall be less than 40%. Actually architects 
often design curtain walls with larger WWR in order to increase daylight into the occupied space, or for 
desirable aesthetic purpose. In some cases WWR could reach 80%. 


METHODOLOGY 


Modeling with THERM 6.3 


By integrating with a real unitized curtain wall system, the overall U-factors or R-values of three types of 
spandrel approaches are modeled in THERM (Figure 6). 


  
Figure 6: Components for the whole curtain wall area-weighted calculation 


Per NFRC 100: Procedures for Determining Fenestration Product U-factors", the whole-product area 
weighted U-factor calculation is shown below. R-value is easily calculated accordingly. 
 


𝑈𝑡 =
[∑(Uf ∗ Af) + ∑(Ue ∗ Ae) + ∑(Ucop ∗ Acop)]


At
 


Where: 


Ut =   Total product U-factor, W/m2-°K.  


At =   Projected fenestration product area, m2.  
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Uf =   Frame U-factor, W/m2-°K.  


Af =   Frame area, m2.  


Ue =   Edge-of-panel U-factor, W/m2-°K.  


Ae =   Edge-of-panel area, m2.  


Ucop =   Center-of-panel U-factor, W/m2-°K. 


Acop =   Center-of-panel Area, m2.  


Modeling with eQuest 3-65 


eQuest is a sophisticated, yet easy to use building energy use analysis tool which provides professional-
level results with an affordable level of effort. This is accomplished by combining a building creation 
wizard, an energy efficiency measure (EEM) wizard and a graphical results display module with an 
enhanced DOE-2-derived building energy use simulation program.   


  
Figure 7: 3D model in eQuest 


A 20-storey commercial building located in Vancouver BC, clad with curtain wall was modelled using 
eQuest (Figure 7).  Three spandrel scenarios (conventional spandrel, VIP spandrel, and combined spandrel) 
studied in this paper were simulated and compared. Of these three scenarios, the vision panels of the curtain-
walls were same. Furthermore, for each of scenario, three models at WWR 40%, 60% and 80% were 
simulated and compared. (Figure 8) 
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Figure 8: General building parameters in eQuest 


Monthly and annual energy consumption of electric and gas by end use were reported. Graphic charts and 
spread sheets were plotted for easy review. Comparison of annual consumption of different conditions 
described above was given. Graphic charts and spread sheets were plotted as well for analysis.  


ANALYSIS AND RESULTS 


Modeling with THERM 6.3 


Based on equation specified on NFRC 100: Procedures for Determining Fenestration Product U-factors", 
the whole-product area weighted U-factor calculation. U-factors of frame, edge and center of panel are 
modeled with THERM 6.3 for a typical curtain wall module of width 1500mm (W) and height of 3300mm 
(H).   


Comparison of Thermal Resistance of Three Spandrel Scenarios at Particular WWR 


For a WWR of 40%, the weighted R-value of spandrel by using VIP at the spandrel slightly increases to R-
7.83 ft2.h.°F/Btu from R-7.48 ft2.h.°F/Btu for a conventional spandrel. Meanwhile the R-value of spandrel 
by combining conventional and VIP increases to R-11.54 ft2.h.°F/Btu, with 54% increase. (Figure 9) 
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Figure 9: Comparison of spandrel R-values (ft2.h.°F/Btu) @ WWR 40% 


The overall R-value of the whole curtain wall increases from R-4.60 ft2.h.°F/Btu of conventional spandrel 
approach to R-5.48 ft2.h.°F/Btu of combined spandrel approach, only a 19% increase, due to the poor 
performance of the vision panel (Figure 10).  


 
Figure 10: Comparison of overall R-values (ft2.h.°F/Btu) @ WWR 40% 


By not following ASHRAE’s recommendation, for most high-rise curtain-wall projects of either residential 
or commercial buildings, the architect designs curtain walls with a larger WWR in order to provide 
increased daylight into the occupied space, or for desirable esthetic purposes. In some cases the WWR 
could reach 80%.  


For a WWR of 80%, the R-value of the spandrel by using VIP at the spandrel slightly increases to R-4.80 
ft2.h.°F/Btu from R-4.35 ft2.h.°F/Btu for a conventional spandrel. Meanwhile R-value of the spandrel by 
combining conventional and VIP increases to R-6.19 ft2.h.°F/Btu, with 42% increase.  (Figure 11)  


 
Figure 11: Comparison of spandrel R-values (ft2.h.°F/Btu) @ WWR 80% 


Affected by a low R-value of the vision panel, the overall R-value of the whole curtain wall only increases 
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by 7%, from R-3.34 ft2.h.°F/Btu for a conventional spandrel to R-3.58 ft2.h.°F/Btu for a combined spandrel 
(with mineral wool plus VIP: Figure 12). 


  
Figure 12: Comparison of overall R-values (ft2.h.°F/Btu) @ WWR 80% 


EFFECT OF WWR ON SPANDREL AND CURTAIN WALL THERMAL RESISTANCE 


Figure 13 plots the R-values of spandrels and overall curtain walls for all three spandrel scenarios studied 
in this paper at WWR 40%, 60% & 80%. Figure 13 shows similar diminished rates of return and trends in 
thermal resistance. From this Figure, the R-values of conventional and VIP scenarios are close to each other 
no matter what the WWR is. From the Figure it is also clear that for any WWR situation, even though the 
R-value of the combined spandrel approach increases dramatically, the R-value of overall curtain wall only 
increases a little.  


  
Figure 13: R-values of spandrel only and overall curtain wall at different WWRs (ft2.h.°F/Btu) 


The conclusion that can be drawn from the analysis is that simply by replacing a conventional spandrel with 
a VIP spandrel has negligible effect on improving the thermal performance of overall curtain wall system. 
A combined conventional and VIP spandrel results in an increased thermal resistance of overall curtain 
wall system; however, such an increase diminishes when WWR is gets large. In conclusion, the benefit of 
using combined spandrel approach is still limited, because of the relatively poor performance of the vision 
panel.  


Modeling with eQuest 3.65 


Gas consumption includes two parts, space heat and hot water. Gas consumption related to building 
envelope thermal performance is for space heat but not hot water. Gas consumption for hot water remains 
the same for all spandrel scenarios at all WWRs. Electric consumption related to envelope thermal 
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performance is for space cooling. Electric consumption for other facilities such as lights, fans, pumps etc., 
doesn’t vary significantly due to changes in the curtain wall spandrel system or WWR.  


Effect of Spandrel System on Gas and Electric Consumption 


For a WWR of 40%, the annual gas consumption slightly decreases from 2005.3 MBtu for a conventional 
spandrel scenario to 1967.3 MBtu for a VIP spandrel scenario. It drops further to 1698.7 Mega Btu, with 
15% saving. Electric consumption for space cooling is unchanged for all spandrel scenarios (Figure 14). 


  
Figure 14: Comparison of annual electric and gas consumption @ WWR 40% 


For a WWR of 80%, the annual gas consumption slightly decreases from 2733.7 MBtu for a conventional 
spandrel scenario to 2683.9 MBtu for a VIP spandrel. It drops further to 2582.5 Mega Btu, with only 6% 
saving. Also, electric consumption for space cooling is unchanged for all spandrel scenarios. (Figure 15)  


 
Figure 15: Comparison of annual electric and gas consumption @ WWR 80% 


Effect of WWR on Gas Consumption 


Electric consumption remains almost constant at any given WWR as the spandrel system changes, so only 
gas consumption is compared among the three curtain wall spandrel scenarios, for WWR of 40%, 60% and 
80%.  
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Figure 16: Annual gas consumption at different WWRs 


As shown in Figure 16, gas consumption increases as WWR increases. Moreover, gas consumption at VIP 
spandrel scenario is close to gas consumption at conventional spandrel scenario, no matter what WWR is. 
Gas consumption at combined scenario decreases as spandrel changes from conventional system to 
combined system. As WWR increases from 40% to 80%, consumption saving by changing spandrel from 
conventional system to combined system decreases from 15% to 6%. Increasing spandrel thermal resistance 
helps less and less on gas consumption as WWR increases. 


CONCLUSIONS 


From results modelled by THERM 6.3, simply replacing a conventional spandrel with a VIP spandrel 
provides almost no improvement of thermal performance for the overall curtain-wall system. A combined 
(conventional plus VIP) spandrel approach increases the thermal resistance of the overall curtain-wall 
system, but the increase is not obvious, especially when WWR is high. Therefore, the benefit of using the 
combined spandrel approach is limited. 


Results simulated by eQuest 3.65 draws similar conclusions as the Therm 6.3 modelling. Converting a 
conventional spandrel of curtain wall to a VIP spandrel doesn’t save energy consumption. Saving on energy 
consumption by using a combined spandrel instead of a conventional spandrel is not obvious either. The 
energy saving becomes even less as WWR increases. Therefore, it is not recommended to upgrade a 
conventional spandrel of curtain wall to a VIP spandrel, as the cost of the VIP spandrel is much higher than 
the conventional spandrel. 


FUTURE WORK 


Even though VIP is a new material with very high thermal resistance, replacing a conventional spandrel 
with VIP provides little improvement in the thermal performance, and doesn’t reduce energy consumption. 
The benefit of combining conventional and VIP spandrel in reducing energy consumption is limited, 
especially for high WWR. Future work may include life cycle cost (LCC) analysis to forecast necessities 
of upgrading conventional to combined spandrel of curtain wall. 


However, increasing spandrel thermal resistance doesn’t significantly improve the overall thermal 
performance of the curtain-wall, unless the vision wall is upgraded. Especially since architects prefer high 
WWRs of curtain walls, costs on improving spandrel thermal properties don’t balance the energy saving. 
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Future work may include research on improving the thermal performance of the vision panel as well. 
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APPENDIX 


Modelling Results by THERM 6.3 


   


 
Figure 17: Frame and Edge U-factors at vertical mullion of vision panel 
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Figure 18: Frame and Edge U-factors at vertical mullion of conventional spandrel 
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Modelling Results by eQuest 3-65 


 


 
Figure 19: Electric and gas consumption for conventional spandrel scenario at WWR 40% 
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Curtain Walls


• Vision


• Spandrel


– Opaque
Vision


Spandrel







Window to Wall Ratio (WWR)


• The total vertical fenestration area shall be 
less than 40% of the gross wall area. 
(ASHREA 90.1, 5.5.4.2.1)


Curtain Wall:


Vision: ≤40%


Spandrel: ≥60%


• WWR ≤ 40%







WWR


• Curtain walls


Vision: 70%-80%


Spandrel: 20%-30%


Trump Tower:


WWR 80%







Requirement of  U (R) Values


• Trump Tower:


– Vision: R3.1


– Spandrel: R4


• Examples of two curtain wall projects







Conventional Spandrel


• Mineral wool insulation + G.M.S. 







Conventional Spandrel


• Double spandrel IGU
– Low-E coating on surface #2


– 90% Argon filled


– Warm edge spacer


– Opaque coating on surface #4


• 4” mineral wool insulation (R4.2/inch)


• G.M.S. backpan
Center of spandrel Overall of spandrel


Ucop Rcop Us Rs


W/m2.k BTU/h.ft2.F h.ft2.F/BTU W/m2.k BTU/h.ft2.F h.ft2.F/BTU


0.265 0.047 21.4 1.113 0.196 5.1
COP data and overall data refer to Jangho Curtain Wall’s curtain wall system.







Vacuum Insulation Panel (VIP)


• VIP is a high-efficiency 
insulation product


• Consists of a core material 
with small pores,


• Enclosed in a thin laminate 
film


• R39/inch







VIP in IGU


• Pre-manufactured in IGU


• In Double or Triple IGU


• Multiple VIPs in an IGU







Effective R-Values of IGU with VIP


Data refers to Dow Corning.


IGU Thickness


(inch)


VIP Thickness


(inch)


COP R-value


(ft2.hr.F/Btu)


Overall R-value


(ft2.hr.F/Btu)


1 5/8 21.80 10.84


1-1/8 5/8 21.80 10.67







Vacuum Insulation Panel (VIP) 
Spandrel


• VIP integrated into Curtain walls


VIP in IGU







Combined Conventional and VIP 
Spandrel


• VIP + Mineral wool insulation + Backpan







Modeling with THERM


• Per NFRC 100







Comparison at Particular WWR


• Spandrel R-values @ WWR 40%
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Comparison at Particular WWR


• Overall R-values @ WWR 40%


– Conventional R4.60


– Combined R5.48


– Increase 19%
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Comparison at Particular WWR


• Spandrel R-values @ WWR 80%
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• Spandrel


– Conventional R4.35


– VIP R4.8
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Comparison at Particular WWR


• Overall R-values @ WWR 80%


– Conventional R3.34


– Combined R3.58


– Increase 7%
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Effect of WWR on Spandrel and 
Curtain Wall thermal Resistance


• R-values of spandrel only and overall curtain wall at 
different WWRs
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Modeling with eQuest







Effect of Spandrel System on Gas And 
Electric Consumption
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• Spandrel R-values @ WWR 40%


• Electric consumption


– Unchanged


• Gas consumption


– Conventional 2005 Mbtu


– VIP 1967 Mbu


– Combined 1699 Mbtu


– 15% saving







Effect of Spandrel System on Gas And 
Electric Consumption
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– 6% saving


• Spandrel R-values @ WWR 80%







Effect of WWR on Gas Consumption


• Annual gas consumption @ different WWRs
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Conclusions


• Through modeling with Therm
– No significant difference between conventional 


spandrel and VIP spandrel


– Increase of overall thermal resistance is NOT 
obvious


• Through modeling with eQuest
– Similar trends


• Not recommended to upgrade a conventional 
spandrel to a VIP spandrel
– VIP cost is much higher than mineral wool







Future Work


• Life Cycle Cost (LCC) analysis


• Proper vision to spandrel ratio


• More research for high thermal performance 
materials


• Thermal performance of vision


• …







Thank You
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ABSTRACT 


Attic ventilation is typically recommended for the removal of moisture built-up caused by air leakage 
from indoors in cold climates, however, it may also increase the amount of snow, wind, rain and dirt 
penetration into the attic, especially in the extremely cold regions of Canadian North. In northern regions, 
extremely cold temperatures can cause snow particles to become very fine like “icing sugar”, which will 
penetrate vents and/or unsealed openings. The snow accumulated in the attic would then melt at 
temperatures above zero and penetrate to indoors through the ceiling and cause moisture problems. One 
of the solutions is to add filter membranes along a ventilation cavity behind the façade to prevent snow 
from entering the attic. There have been also attempts to use un-ventilated cold roofs. Un-vented attics 
prevent snow accumulation but do not allow for effective removal of moisture, which could be risky and 
prone to moisture damages. The ventilated attics with filter membrane had some success but there were 
instances with reported water leakages and moisture damages. There is very limited information on how 
to design the attic properly for this particular climate to ensure durable wood-frame constructions.  


This paper presents a field study of the hygrothermal performance of three attic venting systems. Three 
houses with different attic designs built in Canadian North were monitored: two houses with a ventilated 
attic but different strategies controlling snow entry and one Structural Insulated Panel (SIP) house with an 
un-ventilated cold attic. Data analysis shows that in general the ventilated attics with filtering membrane 
managed to maintain the attic at an acceptable condition. For the un-ventilated attic, the sheathing 
moisture content levels remained above 25% through the summer, which indicates that without 
ventilation the initial built-in construction moisture and moisture accumulated through winter time won’t 
be able to be removed.  


INTRODUCTION 


Northern Canadian communities face many challenges to sustain themselves and housing is one of the 
major ongoing problems. Developing and maintaining wood-frame housing in the arctic is much more 
demanding than in the south. All the material needed to construct wood frame houses cannot be obtained 
locally and must be shipped from southern Canada. There is a lack of skilled labor and an almost 
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complete dependence on fossil fuels for energy since diesel generators are used to produce electricity. 
Residential construction costs are 1.3 to 3.6 times higher than in larger southern cities (NRCC, 1997). 
Consequently, housing shortages and crowding are common issues in many communities (Statistics 
Canada, 2008). Existing houses have exhibited numerous issues caused by poor design and construction. 
Accelerated deterioration of these houses is caused by a number of factors including the harsh climatic 
conditions, culturally inappropriate housing designs, and overcrowding. To help provide a sustainable 
future for the remote Arctic areas, affordable, energy efficient, and durable housing is needed.  


A survey made by Canada Mortgage and Housing Corporation (CMHC) in the early 1980s showed that 
attic moisture problem always appeared in far northern climates, which have a prolonged period of 
extreme cold weather (Buchan et al., 1991). The extreme cold temperatures can cause snow particles to 
become very fine like “icing sugar”, which will penetrate vents and/or unsealed openings (AHFC, 2000). 
To avoid the penetration of fine snow particles into roofing systems, unventilated cathedral roof is 
typically built in higher latitudes of the north with smaller snow loads. This design ensures that high 
winds will not infiltrate the attic space and displace the insulation or allow any fine snow particles to enter 
and accumulate. However, this type of roof reduces the amount of insulation thickness and generally has a 
higher construction cost. Un-ventilated cathedral roof needs to be built very air tight, in case any air 
leakage from the interior space entering in the roof, it will be difficult to remove the moisture. 


The unconditioned ventilated attic roof construction is typically used in cold climate regions that are 
subjected to snow accumulation on the roofs to prevent unwanted ice damming.  Having an unconditioned 
attic space also provides extra room for insulation above the ceiling and typically results in an overall 
lower cost for the roofing system. The purpose of introducing attic ventilation into roof construction is to 
minimize condensation and moisture accumulation in attics due to air leakage from the interior space 
(Rowley et al., 1939, and Rose, 2002). This venting has three primary functions: (1) avoid ice-damming 
along the attic eaves; (2) remove extra moisture out of attic; and (3) cool down the attic during summer 
period (Blom et al., 2001; Roppel et al., 2013). Adequate ventilation of the attic is important to ensure its 
performance.  Through field measurements, Hagentoft and Kalagasidis (2010) found that if suitable 
ventilation was provided to cold roof, moisture risk can be reduced effectively. Arfvidsson and Harderup 
(2005) concluded that inadequate amount of ventilation reduced the capacity of moisture removal in attic 
area and adding thermal insulation on the exterior sloped roofing surface contributed to moisture 
accumulation.  


Because of the advantages of being inexpensive and allowing for more insulation, the unconditioned 
ventilation attic construction has been adopted in extremely cold regions as well. However, the main issue 
with ventilated attic in extreme cold climates is the snow accumulation in attic spaces. The snow 
accumulated in the attic would then melt at temperatures above zero and penetrate to indoors through the 
ceiling and cause moisture problems such as wood decay, mold growth and damages to interior finishes, 
etc. (IAQ, 2013). One of the solutions to deal with the snow accumulation in ventilated attics is to use a 
polyester filter membrane at the bottom of ventilated cladding and/or at the entrance of the attic to catch 
snow before it enters the attic. This strategy has been employed for several years in the Nunavik territory 
of northern Quebec. The design has been somewhat successful, however, from empirical evidence 
collected from occupants there have been reports about moisture problems, and concerns of blown-in attic 
insulation displacement, which could be attributed to excessive attic venting. As well, there has been no 
extensive testing or research conducted to verify the success of this system.  
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Another strategy to prevent snow from infiltrating attic spaces is to seal the attic such that it is not 
ventilated. This design has been attempted in a high-performance SIP Duplex constructed in Iqaluit, 
Nunavut (Baril et al., 2013). The main issue with the unvented attic is that they are very sensitive to air 
leakage from the house (Fugler, 1999). The moisture added to the attic spaces by air leakage from indoors 
escapes mainly via diffusion through the roof, which is very slow process. Existing research shows that 
an unvented attic can perform well in cold climates given that air leakage is minimized (CMHC, 1993; 
Rose, 1992; and Samuelson, 1998).  


To address the issue that there is limited information on the proper design of attics in extreme cold 
climates, a research project was carried out to investigate the hygrothermal performance of ventilated and 
un-ventilated attics through laboratory testing, field monitoring and modeling. This paper reports a field 
study of the hygrothermal performance of three attic venting systems. The following sections include 
experimental setup, hygrothermal performance analysis including RH and temperature profiles in attic 
spaces and moisture content of plywood sheathing followed by discussion and conclusions.  


EXPERIMENTAL SETUP 


Attic Constructions under Investigation 


Three houses with cold attics built in the Nunavik territory of Northern Quebec and Nunavut territory 
were monitored. Two of them have ventilated attics with different filter membrane designs (Figure 1a and 
Figure 1b) and the third house is a Structural Insulated Panel (SIP House) Prototype House (Figure 1c) 
with an unventilated attic.  


  
                                   a) House  I                                                                                                   b) House II 


 


 


c) House III (SIP) 


 
 Figure 1: Photos of the Three Houses Monitored 
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House I is a single-story duplex with two 92 m2 (1000 ft2) units and a shared mechanical room located in 
between. This house is owned by Kativik Municipal Housing Bureau House and built in Kuujjuaq in 
2012. This single story, two bedrooms’ social housing design is currently being constructed throughout 
the territory to catch up with the housing shortage. Figure 2a shows the venting system in House I. The 
filter membrane is located at both the bottom of the ventilated cladding and the entrance of the attic space 
to catch snow.  


House II is a two-story duplex built in Kuujjuaq, consisting of two 148 m2 (1600 ft2) units with a shared 
mechanical room built in 2008.  It has a ventilated attic with a cold roof, but the design of filter membrane 
is different from House I. Outdoor air directly enters the air cavity behind the cladding and goes to the 
eaves area before finally enters in the attic space through the filter membrane, as shown in Figure 2b. This 
house is owned by the Kativik School Board and is used to accommodate teachers and their families.  


House III is a two-story house built in Iqaluit, Nunavut in 2012, consisting of two 157 m2 (1700 ft2) units 
with a shared mechanical room. This house is a prototype SIP house that has the potential to be used to 
rapidly construct durable, energy efficient homes for the housing shortage. This passive system uses an 
unventilated cold roof (Figure 2c), which relies on an airtight ceiling assembly that will keep the warm 
moist interior air from entering the unconditioned attic space. The unventilated attic means that there is no 
chance of fine snow particles infiltrating the attic space from outside, if built properly. However, 
extensive research has also not been conducted on this type of attic system to determine whether it will 
have sufficient drying potential and will be suitable for the extreme northern climates.   


 
                 a) Venting System of House I            


 
b) Venting System of House II            


 
c) Un-ventilated Roofing System of House III (SIP) 


 


Figure 2: Venting Systems of the Three Houses  
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Instrumentation 


To remotely monitor the hygrothermal conditions of the attic, indoor occupied space and outdoor 
conditions, wireless data acquisition systems were installed. Moisture content (MC) sensors were 
installed to monitor the wood moisture content levels on the roof sheathing and top chord of the trusses. 
The resistance type of MC sensors has built-in thermistor, which allows the MC correction for 
temperature and can operate under temperature within -40 ºC to 125 ºC. Relative humidity and 
temperature (RH/T) sensors were installed to monitor the conditions in the attic air above the access hatch 
as well as in the ceiling insulation and can be used to determine the amount of moisture in the air at these 
locations. RH/T sensors were also installed outside the houses to monitor outdoor conditions as well as 
inside the living space to monitor the indoor conditions.  The RH accuracy is ±3%~5% between 
10%~95% and can be operated within -30 ºC to 70 ºC. The operating temperature range of thermistor is 
between 55 ºC and 125 ºC. 


                     
a)                                                                                                   b) 


Figure 3: a) Moisture Content Sensor and b) Wireless Multi-Channel Data Logger 


The sensors are connected to battery operated multi-channel data loggers, which has an extreme low 
power usage and can perform long term monitoring from a three AA battery pack without the need for the 
installation of external power cables. It has three to five-year battery life depending on sampling rate and 
operating temperature of 0 ºC to 40 ºC. To preserve the battery life, these data loggers were placed below 
the attic insulation on the warm side where built in RH/T sensors monitoring the insulation conditions. 
Collected data is wirelessly sent to an internet connected laptop located in the mechanical room of the 
houses. The data is then synchronized hourly to an analytical website where readings can be monitored 
remotely as well as downloaded and analyzed at Concordia University in Montreal, Quebec. An 
uninterrupted power supply (UPS) was installed to extend the battery life of the laptop and provide power 
to the modem during electrical interruptions. 


Field Observation and Sensor Locations 


House I 


House I is a duplex with two units (Unit A and Unit B) and only the hydrothermal conditions of Unit A 
were monitored. Field observation found no obvious signs of moisture on building materials and no rust 
on roofing nails (Figure 4a). Dead bolt locks were installed to ensure hatch pulled tight onto weather 
stripping (Figure 4b).  Figure 5 shows the sensor locations installed in the attic space. Seven MC sensors 
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were installed, two in truss, four on plywood roofing sheathing, and one on OSB gable wall sheathing. 
One RH/T sensor for attic air was installed over the attic hatch and three RH/T sensors for insulation were 
buried beneath the cellulose insulation beside the attic hatch.  


                 
                              a)                                                                                                     b) 


Figure 4: Field Observation in the Attic of House I: a) No Signs of Moisture on Building Materials and Roofing Nails not Rusted; 
and b) Dead Bolt Locks Installed to Ensure Hatch Pulled Tight onto Weather Stripping 


 
Figure 5: Sensor Locations in the Attic of House I 


House II 


Same as for House I, only the hygrothermal conditions in the attic of Unit A were monitored in House II. 
Site observations found no signs of moisture on building materials and roofing nails had no rust (Figure 
6). Seven MC sensors were installed, two in truss and five on the plywood roofing sheathing. One RH/T 
sensor for attic air was installed over the attic hatch and three RH/T sensors were buried beneath the 
cellulose insulation beside the attic hatch. Figure 7 shows the sensor locations installed in the attic space. 
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                                          a)                                                                                                                b) 
Figure 6: Field Observation in the Attic of House II: no Signs of Moisture on Building Materials and no Rusted Roofing Nails 


 
Figure 7: Sensor Locations in the Attic of House II 


House III (SIP Un-Ventilated) 


The SIP Prototype House has four attic spaces. They are Unit A upstairs (UA-US), Unit A downstairs 
(UA-DS), Unit B upstairs (UB-US) and Unit B downstairs (UB-DS). All four attics were monitored. Field 
observation found that weather stripping as an air sealing was used to seal off the attics from indoor 
space. Closed cell sponge rubber tapes were installed around the openings for the hatches in all four attic 
units to ensure an airtight unventilated attic construction. However, gasket systems around all attic 
hatches opening were not installed during construction. Upon opening of all attic hatches, areas of 
moisture were discovered on plywood sheathing and trusses (Figure 8). Wet plywood sheathing was 
observed on all four attic spaces on both south and north slopes. Rusty nails were found on sheathing and 
black spots and signs of wood decay were noticed on wood trusses.   
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                                      a)                                                                                  b) 


Figure 8: Field Observation in the Attic of House III: a) Wet Plywood Sheathing; b) Rusty Nails and Black Spot on Truss 


Figure 9 shows the sensor locations in the attic spaces. The same number of sensors was installed in each 
attic space. Four MC sensors were installed, one in truss and three on plywood sheathing. One RH/T 
sensor for the attic air was installed over the attic hatch and one RH/T sensor for insulation was buried 
beneath the cellulose insulation beside the attic hatch.  


 
Figure 9: Sensor Locations in the Attic of House III (SIP Unventilated) 


RESULTS AND DISCUSSION 


The hygrothermal performance of attics is analyzed based on the temperature and relative humidity of the 
attic air, and MC levels in plywood sheathing. The performance for each house is presented in the 
following section separately.  


House I 


Figure 10 shows the MC and temperature measured on the plywood sheathing in House I during the 
monitoring period from July 2013 to January 2015. Seasonal variation in MC and temperature can be 
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observed during this one and half year period. In general, the sheathing temperature was higher than the 
outdoor air in a range of 10-15 ºC with occasions as high as 30 ºC especially during summer with high 
solar radiation due to the thermal mass effect. The difference in sheathing temperature of the five 
locations is not significant although the maximum temperature on the south-orientation was typically 
about 5oC higher than that on the north orientation (49 ºC versus 44 ºC).  


The MC levels varied between 10% and 25% for the five locations monitored on plywood sheathing. In 
general, the MC levels in plywood sheathing were low in the summer time between 10% and 15%, while 
gradually increased during the fall and winter and peaked at around 16% for the three locations NE, NW 
and West and about 25% for the SE and SW locations. For the SW sheathing, MC levels increased 
starting from the beginning of Nov. 2013 and reached above 20% in Jan. and peaked at 25% in the middle 
of Feb. 2014 and maintained till March and started to decrease with greater daily fluctuations. The MCs 
were able to drop to around 10% during the summer. As for the SE sheathing location, MCs had greater 
fluctuations than the other locations, while the average MC was lower than that of SW sheathing and was 
similar to other locations. The high MC level above 20% lasted only for a short period as well in SE 
sheathing. Nevertheless, a MC level above 20% is considered reaching the risky zone for biological 
degradation of wood-based materials.  


 
Figure 10: Moisture Content and Temperature of Plywood Sheathing in House I Measured During the Monitoring Period from 
July 2013 to January 2015 


Figure 11 shows the comparison of relative humidity and temperature in the attic air and outdoor air. It 
can be seen that the outdoor air temperature varied between -40 ºC to 25 ºC with a long winter period. 
The attic air temperature followed a similar trend as the outdoor air and typically higher than outdoor air 
temperature in a range of 5-15 ºC with occasions as high as close to 30 oC especially during summer with 
high solar radiation due to the thermal mass effect. During the summer time, there were also occasions 
with attic air temperature being lower than outdoor air temperature due to clear sky radiation. In the 
winter time, the difference was within 10 oC.   
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There were slightly seasonal variations in RH level of outdoor air but generally the outdoor RH was high 
with an annual average of 80% and the maximum RH can get as high as close to 100% in spring and 
summer time. In winter time, RH level of the attic air remained around 90%, which was higher than the 
outdoor air. In the summer time, attic RH was significantly lower than outdoor RH due to the much 
higher attic air temperatures.  


 
Figure 11: Attic Air RH/T in House I Compared to Outdoor Air RH/T 


In general, the attic ventilation system in House I seems working except for one location on SW plywood 
sheathing as shown in Figure 10, which had moisture content level reaching risky level (above 20%) 
during the spring time, however it was able to dry to a safe level during the summer time. The 
temperature and relative humidity differences between attic and outdoor air indicate that some level of 
attic ventilation induced by wind and stack effect existed.     


House II 


Figure 12 shows the MC and temperature measured on the plywood sheathing in House II during the 
monitoring period from Aug. 2013 to January 2015. Seasonal variation in MC and temperature can be 
observed during this period. The sensor installed on SE sheathing was malfunction, therefore, only the 
data collected at the four locations on plywood sheathing are shown.  


Similar to what has been observed in House I, in general, the sheathing temperatures were higher than the 
outdoor air in a range of 10-15 ºC with occasions as high as 30oC especially during summer with high 
solar radiation due to the thermal mass effect. The differences in sheathing temperatures of the four 
locations were not significant although the maximum temperature on the south-orientation was typically 
about 6oC higher than that on the north orientation (49oC versus 43oC). 
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Figure 12: Moisture Content and Temperature of Plywood Sheathing in House II Measured During the Monitoring Period from 
Aug. 2013 to January 2015  


The MC levels varied between 10% and 45% for the four locations on plywood sheathing. In general, the 
MC levels in plywood sheathing were low in the summer time between 10% and 15%, while gradually 
increased during the fall and winter and peaked at around 15% for the NW location. For the other three 
locations, the MCs increased gradually and reached about 20% at the end of Oct. 2013 for the West and 
NE locations and at the end of Nov. 2013 for the SE location and maintained over 20% until mid-March 
2014 for the SW location, end of March 2014 for the West location, and end of April for the NE location, 
respectively. Starting from mid-Feb. 2014, the MC levels at SW and West locations abruptly increased to 
over 40% and then started to drop and dried to below 20% by the end of March for SW location and by 
early April for West location, respectively. For the NE location, the abrupt increase in MC started from 
mid-March, peaked at the end of March, and dried to below 20% by the end of April. The MCs were able 
to drop to around 10% during the summer for all these locations. The quick increase in MC in plywood 
sheathing during the period of Feb. to April was most likely due to the availability of solar radiation and 
warming up of the air temperature that allowed the moisture frozen in the wood structure to melt, 
therefore, elevated MC sensors’ readings.   
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Figure 13: Attic Air RH/T in House II Compared to Outdoor Air RH/T 


Figure 13 shows the comparison of relative humidity and temperature in the attic air and outdoor air for 
the monitoring period from October 2013 to January 2015. Similar to what have been observed for House 
I (Figure 11), the attic air temperature followed a similar trend as the outdoor air and typically higher than 
outdoor air temperature in a range of 5-15 ºC with occasions as high as 30 ºC, especially during summer 
with high solar radiation due to the thermal mass effect. During the summer time, there were also 
occasions with attic air temperatures lower than outdoor air temperatures due to clear sky radiation. In the 
winter-time, the differences were smaller within 10 oC.   


There were slightly seasonal variations in RH level of outdoor air but generally the outdoor RH was high 
with an annual average of 80% and the maximum RH can get as high as close to 100% in spring and 
summer time. In winter time, RH level of attic air remained above 90% and sometime reached 100%, 
which was higher than the outdoor air. In the summer time, attic RH was significantly lower than outside 
RH due to the much higher attic air temperatures.  


House III (Un-Ventilated SIP) 


Figure 14 shows the MC and temperature measured on the plywood sheathing in SIP house during the 
monitoring period from July 2013 to Aug. 2014. The sensors installed in Unit A downstairs lost power, 
therefore, only data collected at the other three locations are shown in Figure 14. Seasonal variations in 
MC and temperature can be observed during this one year period. The differences in sheathing 
temperature of the three locations were not significant.  
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Figure 14: Moisture Content and Temperature of Plywood Sheathing of House III Measured During the Monitoring Period from 
July 2013 to Aug. 2014  


The MC levels varied between 18% and 45% for the three locations monitored. The initial moisture 
contents of plywood sheathing were high, at around 18% for East sheathing in Unit B, slightly above 20% 
for north sheathing in Unit B, and 23% for north sheathing in Unit A, in July 2013. The MC levels 
fluctuated with slight increase over the winter time. Starting from the end of March, 2014, there was a 
significant increase of MC at upstairs Unit A and B North sheathing and the MC levels reached over 40% 
by the end of April and remained at that high level till June, and then gradually decreased but still 
remained at above 25% by mid-Aug. 2014. For the sheathing location at the downstairs Unit B, the MC 
levels remained between 20% to 24% through the spring and dried to 18% towards the mid-Aug. 2014. 
Although the MC at this location did not increase significantly, the MC reached a risky level for 
biological degradation of wood-based materials. 


 
Figure 15: Attic Air RH/T in Unit B Upstairs in House III Compared to Outdoor Air RH/T 
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In general, there is no significant difference in relative humidity among the four attic spaces monitored in 
SIP house with slightly higher RH levels in the upstairs attic spaces. Therefore, data analysis obtained for 
upstairs Unit B attic for the period from August 2012 to June 2014 is presented as an example (Figure 
15).  


The attic air temperature followed a similar trend as the outdoor air and typically higher than outdoor air 
temperature in a range within 10 ºC with occasions as high as close to 20 ºC, especially during summer 
with high solar radiation due to the thermal mass effect. During the summer time, there were also 
occasions with attic air temperatures being lower than outdoor air temperature due to clear sky radiation. 
In the winter time, the difference was within 5 ºC.   


There were slightly seasonal variations in RH level of outdoor air but generally the outdoor RH was high 
with an annual average of 80% and the maximum RH can get as high as close to 100% in spring and 
summer time. In winter time, RH level of attic air remained above 90%, while in the summer time, attic 
RH remained above 60%, which was much higher than the attic RH levels in House I and House II with 
ventilated attics.   


In general, the RH level in attic air and the MC levels of sheathing in the un-ventilated SIP house were 
higher than that in Houses I and II with ventilated attics. The MCs of sheathing reached levels for risks of 
mold growth and decay. 


DISCUSSION AND CONCLUSION 


The hygrothermal conditions of three houses with different venting systems in remote Arctic regions were 
monitored and the hygrothermal performance of these attics were evaluated based on measured relative 
humidity and temperature, and moisture content of plywood sheathing. The difference in hygrothermal 
performance of these three attics is summarized in Table 1.  


Table 1: Comparison of three venting systems 
 RH (Attic air) ΔT (attic air-outdoor air) MC of plywood sheathing 
House I 
(ventilated attic 
with filter 
membrane at 
both the bottom 
of the cladding 
and the 
entrance of attic 
space) 


Average: 65.2% 
Min: 8.8% 
Max: 99.5% 


Average (positive): 8.4 ºC 
Average (negative):-3.2 ºC 
Min: -22.5 ºC 
Max: 37.9 ºC 


NW, NE, W: below 16% throughout the 
year 
SE and SW: above 20% from Jan. to 
March, peaked at 25% in Feb., dried to 
10% during the summer months. 


House II 
(ventilated attic 
with filter 
membrane at 
the entrance of 
attic space) 


Average: 69.9% 
Min: 12.4% 
Max: 100% 


Average (positive): 5.4 ºC 
Average (negative):-2.9 ºC 
Min: -13.7 ºC 
Max: 35 ºC 


NW: 10-15% throughout the year 
SW: peaked over 40%, dried to below 


20% by end of March 
W: peaked at over 40%, dried to below 


20% by early April 
NW: peaked over 40%, dried to below 


20% by end of April 
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House III (un-
ventilated attic) 


Average: 75% 
Min: 20% 
Max: 100% 


Average (positive) 5.9 ºC 
Average (negative):-5.2 oC 
Min: -18 ºC 
Max: 23 ºC 


Unit A N: initial MC of 23%, slight 
increase during winter time, abrupt 
increase at end of March, peaked over 
40%, remained high level till June and 
slowly dried to 27% at the end of Aug.  
Unit B N: initial MC of 20%, slight 
increase during winter time, abrupt 
increase at end of March, peaked over 
40%, remained high level till June and 
slowly dried to 25% at the end of Aug. 
Unit B E: initial MC of 18%, slight 
increase over winter time, above 20% 
from March to June, dried to about 18% 
at end of Aug.  


The analysis shows that in general the ventilated attics with filtering membrane managed to maintain the 
attic in an acceptable condition except for one location in House I and three locations in House II with 
sheathing MC levels reached above 20% to 45% for a short period. The MC levels at these locations were 
able to decrease to around 10% during the summer months. In general, the attic RH level in House II was 
slightly higher than that in House I and the maximum MC levels in sheathing in House II was higher than 
that in House I, peaked at 45%. In addition to the difference in venting strategies, other factors such as the 
moisture loads from indoors, the airtightness of the ceilings, and local weather conditions may have also 
attributed to the difference in hygrothermal performance.  


For the SIP house with the un-ventilated attic, the attic RH levels were higher than those in House I and 
House II, especially during the summer months, a RH level of above 60% remained through the summer. 
The sheathing MC levels remained above 18% throughout the entire one-year monitoring period with the 
sheathing MC in the upstairs attics reached over 40% and remained above 25% through the summer, 
which indicates without ventilation the initial built-in construction moisture and moisture accumulated 
through winter time won’t be able to be removed. The initial MC level of the plywood sheathing in SIP 
house was higher at about 18-23% compared to that in House I and House II. The application of weather 
stripping around the attic hatches may have limited the air leakage from indoor space to attic, which did 
not increase the MC of sheathing significantly as indicated by the slight increase of MC in sheathing over 
the winter time. However, without active attic ventilation, even slight accumulation of moisture in the 
attic won’t be able to be removed out of the attic. Attics without ventilation may pose durability issues. 
Further investigation of the appropriateness of unventilated attic under extreme cold climates through 
continued field monitoring and modeling is required.  
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1. Introduction


 42 isolated communities 
in Nunavut and Nunavik 
(Northern Quebec), only 
accessible by air or water


Housing Challenges
 High costs of goods (building materials)
 Shortage of skilled labor
 Total dependence on fossil fuels
 Shortage and Overcrowded housing
 Durability issues
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1. Introduction


 Ventilated Attic VS. Unventilated Attic


Source (Thermal Performance of Unvented Attics in Hot-Dry Climates: Results from Building 
America, Robert Hendron et al., 2004)
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1. Introduction


Attic design in extreme cold climates
 Issue: snow accumulation with attic ventilation
 Solutions: 


 Cathedral roof
 Ventilated attic with filter membrane to capture snow
 Attempts with un-ventilated cold attic


Objective
 Investigate the hygrothermal


performance of ventilated and un-
ventilated attics in Canadian North 
through field measurements  
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2. Experimental Setup
 Test houses
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2. Experimental Setup
 Test houses


House  I
 Location: Kuujjuaq (2012)
 Style: Single-Story Duplex House
 Attic Construction: Ventilated Attic 


(with two filter membrane)


House II 
 Location: Kuujjuaq (2008)
 Style: Two-Story Duplex House
 Attic Construction: Ventilated Attic 


(with one filter membrane)


House III
 Location: Iqaluit (2012)
 Style: Two-Story Duplex House
 Attic Construction: Unventilated Attic
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2. Experimental Setup
 Remote Hygrothermal Performance Monitoring System


Wireless data acquisition system


 Relative humidity and temperature (RH/T) of air in attic spaces, indoors and 
outdoors


 Moisture content (MC) of plywood sheathing and trusses measured
 Data collected by internet connected laptop located in the building’s mechanical 


room
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2. Experimental Setup
 Sensor Location  


Summary of Sensors


 5 Sheathing MC/T Sensor
 2 Truss MC/T Sensor
 1 RH/T Sensor above attic access hatch
 3 RH/T below insulation


House  I
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2. Experimental Setup
 Site observation  


House  I


Dead Bolt Locks Installed to Ensure Hatch 
Pulled Tight onto Weather Stripping


No Signs of Moisture on Building 
Materials and Roofing Nails not Rusted
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2. Experimental Setup
 Sensor Location


Summary of Sensors


 5 Sheathing MC/T Sensor
 2 Truss MC/T Sensor
 1 RH/T Sensor above attic access hatch
 3 RH/T below insulation


House II 
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2. Experimental Setup
 Site observation


House II 


No Signs of Moisture on Building 
Materials and Roofing Nails not Rusted
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2. Experimental Setup
 Sensor Location 


Summary of Sensors


 12 Sheathing MC/T Sensor
 4 Truss MC/T Sensor
 4 RH/T Sensor above attic access hatch
 4 RH/T below insulation


House III 
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2. Experimental Setup
 Site observation 


House III 


Wet Plywood Sheathing


Rusty Nails and Black Spot on Truss
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3. Results and Discussion
 House I (ventilated attic with filter membrane at two locations) 


Moisture Content and Temperature of Plywood Sheathing in House I Measured 
During the Monitoring Period from July 2013 to January 2015
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3. Results and Discussion
 House I (ventilated attic with filter membrane at two locations) 


Attic Air RH/T Compared to Outdoor Air RH/T Measured During the 
Monitoring Period from October 2013 to July 2015 
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3. Results and Discussion


Moisture Content and Temperature of Plywood Sheathing in House II Measured During the 
Monitoring Period from August 2013 to January 2015 


 House II (ventilated attic with filter membrane at attic entrance) 
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3. Results and Discussion


Attic Air RH/T Compared to Outdoor Air RH/T Measured During the Monitoring Period from 
October 2013 to January 2015 


 House II (ventilated attic with filter membrane at attic entrance) 
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3. Results and Discussion


Moisture Content and Temperature of Plywood Sheathing Measured During the Monitoring 
Period from July 2013 to August 2014 


 House III (un-ventilated attic) 
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3. Results and Discussion


Attic Air RH/T in Unit B Upstairs Compared to Outdoor Air RH/T Measured During the 
Monitoring Period from August 2012 to June 2014 


 House III (un-ventilated attic) 
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 Comparison of Three Venting Systems


3. Results and Discussion


RH (Attic air) ΔT (attic air-outdoor air)


House I Average: 65.2%


Min: 8.8%


Max: 99.5%


Average (+): 8.4 ºC


Average (-):-3.2 ºC


Min: -22.5 ºC


Max: 37.9 ºC


House II Average: 69.9%


Min: 12.4%


Max: 100%


Average (+): 5.4 ºC


Average (-):-2.9 ºC


Min: -13.7 ºC


Max: 35 ºC


House III Average: 75%


Min: 55%


Max: 100%


Average (+) 5.9 ºC


Average (-):-5.2 oC


Min: -18 ºC


Max: 23 ºC
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 Comparison of Three Venting Systems


3. Results and Discussion


MC of plywood sheathing


House I
NW, NE, W: below 16% throughout the year


SE and SW: above 20% from Jan. to March, peaked at 25% in Feb., dried to


10% during the summer months.


House II
NW: 10-15% throughout the year


SW, W: peaked over 40%, dried to below 20% by end of March, dried to


11% during summer


NW: peaked over 40%, dried to below 20% by end of April, dried to 11%


during summer


House III


Unit A N: initial MC of 23%, slight increase during winter, abrupt increase


at end of March, peaked over 40%, remained high level till June and slowly


dried to 27% at the end of Aug.


Unit B N: initial MC of 20%, slight increase during winter, abrupt increase


at end of March, peaked over 40%, remained high level till June and slowly


dried to 25% at the end of Aug.


Unit B E: initial MC of 18%, slight increase over winter time, above 20%


from March to June, dried to about 18% at end of Aug.
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4. Conclusions


 In general, the ventilated attics with filtering membrane managed 
to maintain attics at acceptable conditions :


• House I performs slightly better than House II
• MC in plywood sheathing of House II reached high level during 


spring time but be able to dry to 10% during the summer


 For the un-ventilated attic :
• Sheathing moisture content levels remained above 25%


through the summer
• Sheathing MC higher than initial at the end of the first summer 
• Without ventilation the initial built-in construction moisture 


and moisture accumulated through winter-time cannot be 
effectively removed
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4. Conclusions


• Further investigation of long term performance with seasonal MC 
variations in ventilated attic is needed


• Further investigation of the appropriateness of unventilated attic 
under extreme cold climates through continued field monitoring 
and modeling is required


Future work
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Thank you!


Questions?
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CLIMATE CHANGE AND BUILDING ENERGY CODES 


New York City Energy Conservation Code 2016 (NYCECC 2016) references the requirements of ASHRAE 
90.1 2013 – Energy Standard for Buildings Except Low-Rise Residential Buildings, as an energy efficiency 
compliance path for commercial buildings.  This standard allows the use of the Energy Cost Budget Method 
to evaluate if a proposed building complies with the Code’s energy use requirements.  The Energy Cost 
Budget Method makes use of building energy simulation software, in which the building systems are 
virtually represented, and using input variables such as occupancy and local climatic data, calculates the 
building’s yearly energy consumption.  A Typical Meteorological Year (TMY) data file for the proposed 
building location is used as the local climatic data input, and these files are based on weather data records 
from 1976-2005 where available, and from 1991-2005 for all other locations.  Based on observed trends 
and modeled future projected climate data, temperatures in New York City are rising, and using historic 
weather data for building energy modeling and building envelope design will likely result in discrepancies 
between the weather that the building was designed for and the weather that it will be affected by.  By using 
future projected climate data in building energy models, risks of efficiency losses and opportunities for 
efficiency gains from projected future local climate change can be better understood. 


FUTURE CLIMATE PROJECTION 


A variety of techniques can be used to project future climate, including statistical manipulation of existing 
climate records, and dynamic downscaling of global climate models into regionally specific weather 
research forecasts.  Each method of generating future climate data has certain advantages and disadvantages 
that must be understood when selecting the appropriate data to inform building design decisions. 
Sophisticated future projected climate data may be necessary to understand climate extremes; however, 
acquiring this data may be costly and time consuming, and less detailed data may be adequate and obtained 
more economically.   


The magnitude of climate change to come is uncertain, since the volume of future GHG emissions depends 
on unpredictable human behaviour, and a range of future climate scenarios must be considered during the 
building design phase. 


BUILDING ENERGY MODELING EXERCISE 


Method 
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To evaluate the impact of increasing local temperatures, a case study on an archetypal high-rise commercial 
office tower was completed. Created using IESVE, the following key parameters were used in the 
simulation exercise: 


 Gross floor area: 100,300 m2 (1,080,000ft2) 


 EUI (current climate): 222 kWh/m2 


 Height: 44 storeys 


 Window-to-wall ratio (WWR): 80% 


 Air leakage rate: 0.35 L/s/m2 


 Glazing U-value: 2.26 W/m2/K  


 Spandrel U-value: 0.94 W/m2/K 


 Glazing solar heat gain coefficient (SHGC): 0.4 


 Chiller coefficient of performance: 5.0 


 Boiler efficiency: 90% 


New York-Central Park TMY3 was used as the current climate input and, energy modelling results from a 
selection of future projected climate data were compared. A statistically shifted weather file created by 
Weathershift with the following parameters was used as the future projected climate input for detailed 
energy modelling exercises:  Central Park TMY3, 2041-2060, RCP 8.5, 90th percentile scenario.   


BUILDING ENERGY USE AND GHG EMISSIONS – CURRENT VS. FUTURE PROJECTED 


CLIMATE SCENARIOS 


Results of the energy modeling exercise showed that total building energy use in the future projected 
climate, when compared to the current climate, decreased by 1.5%, total electricity use increased by 3.25%, 
and total natural gas use decreased by 23.5% (see Table 1).   Natural gas makes up 19% of total energy use 
in the current climate and 15% of total energy use in the future projected climate (see Table 2), and therefore 
the 23.5% decrease in natural gas use does not offset the 3.25% increase in total electricity use. 


Total GHG emissions increased by 3.49% despite an overall total energy use decrease in the future projected 
climate, due to the higher emissions factor for electricity than for natural gas in New York City.   


Table 1: Total energy, electricity and natural gas use, and GHG emissions in current and future projected climates 


Parameter Current Climate Future Projected Climate 


Total Energy Use - % Change Base -1.47% 
Total Electricity Use - % Change Base 3.61% 
Total Natural Gas Use - % Change Base -23.52% 
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Total GHG Emissions - % Change Base 3.49% 
 


Table 2: Total Electricity Use and Total Natural Gas Use in current and future projected climates 


Parameter Current Climate Future Projected Climate 


Total Electricity Use - % of Total Energy Use 81% 85% 
Total Natural Gas Use - % of Total Energy Use 19% 15% 


SENSITIVITY ANALYSIS 


General  


Window-to wall-ratio (WWR), glazing U-value, glazing SHGC, and building envelope air infiltration rates 
were modulated in the energy model (see Table 3 for performance values), using both the current and future 
projected climate inputs.  Outputs from this exercise were compared to determine how performance 
improvements of these parameters impact total energy use and GHG emissions, in both the current and 
future projected climate scenario. 


Table 3: Modelled building envelope parameter performance values 
Parameter Low Performance Value Mid Performance Value High Performance Value 


WWR 80% 60% 40% 


Glazing U-value 0.42 Btu/(hr∙ft2∙°F) 0.33 Btu/(hr∙ft2∙°F) 0.25 Btu/(hr∙ft2∙°F) 


SHGC 0.4 0.3 0.23 


Air Infiltration 0.35 L/s/m2 @ 50Pa 0.23 L/s/m2 @ 50Pa 0.1 L/s/m2 @ 50Pa 


Impacts on Total Energy Use 


Glazing U-value was found to have the largest impact on total energy use, in both the current and future 
projected climate scenarios; however, its impact was significantly reduced in the future projected climate 
(see Figure 1). SHGC improvements resulted in increased energy use in the current climate, and caused no 
significant energy use change in the future projected climate. WWR and air infiltration improvements 
resulted in modest energy use reductions, with slightly less energy use impact in the future projected climate 
than in the current climate.  
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Figure 1: Impacts of building envelope improvements on total energy use. 


Impacts on Heating Energy Use 


Glazing U-value improvements resulted in the greatest heating energy use reductions, in the current and 
future climate scenarios, followed by WWR and then air infiltration (see Figure 2).  SHGC improvements 
increased the cooling energy use in both climates. Effects of improvements for each parameter were nearly 
identical in both climate scenarios. 


 


 
Figure 2: Impacts of building envelope improvements on heating energy use. 
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Impacts on Cooling Energy Use 


 


WWR resulted in the greatest reductions cooling energy use, in the current and future climate scenarios; 
however, with marginally less effect in the future climate (see Figure 3).  SHGC improvements decreased 
the cooling energy use in both climates, with marginally less effect in the future climate.  Improving air 
infiltration had little effect on cooling energy, with marginally less effect in the current climate. 


 
Figure 3: Impacts of building envelope improvements on building cooling energy 


Impacts on Building GHG Emissions 


A sensitivity analysis to determine effects of building envelope improvements on GHG emissions was done 
using the emissions factors of 292.74 kgCO2e/MWh for electricity and 50.41 kgCO2e/GJ for natural gas 
(source: Inventory of New York City Greenhouse Gas Emissions in 2014). The electricity emissions factor 
is based on the current electricity production mix for the New York grid, and the emissions factor will 
change as this mix changes over time.  


Glazing U-value improvements resulted in the greatest reductions GHG emissions in the current climate, 
and WWR improvements resulted in the greatest GHG emissions reductions in the future climate. (see 
Figure 4).  Glazing U-value improvements became significantly less effective at reducing GHG emissions 
in the future climate. 
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Figure 4: Impacts of building envelope improvements on building GHG emissions 


CONCLUSION 


Total building energy use in the modeling exercise was shown to drop in the warmer future projected 
climate, most significantly from reduced demand for heating, which is powered by natural gas.  Although 
total energy use decreased in the future projected climate, GHG emissions increased due to higher cooling 
demands increasing use of electricity, which is emissions-intensive in New York City. 


The impact that specific building envelope thermal performance parameters have on energy use and GHG 
emissions varies between the current and future projected climate data scenarios.  Future projected climate 
scenarios should be considered during the building design phase, and throughout the building’s life cycle, 
to adapt the building to changing climate futures and to mitigate further climate change by reducing GHG 
emissions. 
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Structure of Global Climate Models
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Regional Climate Downscaling
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Parameters to ‘Be Careful With’…
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Precipitation Example


12x12 km grid simulation 1x1 km grid simulation
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Climate Models Models – Time and RCP


Timeline of Influence
Scenario 
of Change
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Typical Design Life Timelines
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MEP Plant Systems


Envelope, IGUs, Sealants


Envelope Walls, Roof


Structure


Space Floor Plans


Site Grading, Landscape
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What Information is Needed
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Approaches for Developing Weather Files


 Current  - Baseline Weather File (TMY Based on 1976-2005)


 Statistically ‘Shifted’ Future Weather File , TMY basis – 2050’s – BASIC


 Statistically ‘Shifted’ Future Weather File, TMY basis – 2050’s – ADVANCED


 Statistically Downscaled Future Weather File – 2050’s - COMPLEX


 Dynamically Downscaled Future Weather File – 2050’s – VERY COMPLEX







Impacts of Climate Change on Building Envelope Energy Efficiency


https://www1.toronto.ca/city_of_toronto/environment_and_energy/key_priorities/files/pdf/tfwcds-executive-summary.pdf


Toronto’s Future Weather and Climate Driver Study
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Climate 
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CWEC
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CWEC CWEC2016
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Climate Futures
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Energy Modeling Exercise


Modeling Software: IES-VE 


Model Building:


 Located in Toronto


 Typical Commercial Office Tower 


 44 Stories 


 Fully-glazed (Curtain Wall) Façade
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Energy Modeling Exercise


Review of Climate or Weather Files:


 CWEC – (Baseline)


 CWEC 2016  - (Updated Baseline)


 Statistically Shifted – 2031 - 2050


 Dynamically Downscaled – 2040 - 2050
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Energy Use Intensity


Current Future
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GHG Emissions by Location – CWEC 2016
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Building Envelope Parameter Sensitivity Analysis


Window to Wall Ratio (WWR)
Low: 80%, Med: 60%, High: 40%


Glazing U-Value 
Low: 2.38, Med: 1.87, High: 1.41


SHGC
Low: 0.4; Med: 0.3; High: 0.23


Air Infiltration
Low: 0.35, Med: 0.23, High: 0.1
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Relative Change in Total Heating Energy


Current


Future
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Relative Change in Total Cooling Energy
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Unmet Cooling Hours by Future Weather Scenario
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Unmet Load Hour: An hour in which one or more zones is out-side of the thermostat setpoint plus 
or minus one half of the temperature control throttling range. Any hour with one or more zones with 
an unmet cooling load or unmet heating load is defined as an unmet load hour.
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Current Climate CWEC 2016


(NIGHT SETBACK) (DAY)
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Controlling Unmet Cooling Hours by Envelope Enhancements


Performance WWR SHGC U-Value (SI)


Low 80% 0.4 2.38 


Medium 60% 0.3 1.87


High 40% 0.23 1.41 


Enhanced Envelope 60% 0.23 1.41







Impacts of Climate Change on Building Envelope Energy Efficiency


19000


19500


20000


20500


21000


21500


22000


22500


23000


0


5


10


15


20


25


30


35


40


To
ta


l E
ne


rg
y 


U
se


 (M
W


h)


U
nm


et
 C


oo
lin


g 
H


ou
rs


 p
er


 Z
on


e


Enhanced


Unmet Cooling Hours – Improvement Comparison


Baseline Envelope WWR SHGC U-Value Enhanced Envelope


Baseline


Low Performance


Low Performance


Medium Performance Medium Performance


Low Performance


High Performance


High Performance


Medium Performance
High Performance
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Enhanced


Unmet Cooling Hours & Total Cooling Energy – Improvement Comparison


Baseline Envelope WWR SHGC U-Value Enhanced Envelope


Baseline


Low Performance


Low Performance


Medium Performance Medium Performance


Low Performance


High Performance


High Performance


Medium Performance
High Performance
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Enhanced


Unmet Cooling Hours & Total Heating & Cooling Energy -
Improvement Comparison


Baseline Envelope WWR SHGC U-Value Enhanced Envelope


Baseline


Low Performance


Low Performance


Medium Performance Medium Performance


Low Performance


High Performance


High Performance


Medium Performance
High Performance
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Conclusions


 Future climate needs to be considered during building design and the right data is important


 Some parameters may be impactful in both scenarios (WWR & U Value)


 Adaptation can be considered at both initial design phase and at component life cycle 


replacement when the effects of climate change are more certain


 Envelope optimization through modeling can be effective tool to limit the future climate 


change risk and maintain design flexibility
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GHG Emission Factors by Location


Natural Gas (kgCO2e/kWh) Electricity (kgCO2e/kWh)


Toronto 0.180 0.050


Vancouver 0.185 0.011


New York 0.181 0.293







Impacts of Climate Change on Building Envelope Energy Efficiency


GHG Emissions by Location – CWEC 2016
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HYGROTHERMAL PERFORMANCE OF EXTERIOR                                                                                                                   


BLANKET INSULATION 


Tareq Baker, Alaa Kandil, Samia Ebrahiem 


 


 


ABSTRACT 


Cost-effective ways to reduce the energy use of Canadian houses is key to reducing national greenhouse 
gas emissions and energy use. Adding additional insulation on the exterior side of a wall cavity of a house 
is one of many approaches used to reduce the energy use of new and existing homes. However, this 
approach could also increase the potential for air leakage condensation at the sheathing and reduce the 
ability of drying, leading to higher risks of mold growth and structural damage. Several factors affect the 
drying effectiveness within a wall, one of which is the vapor permeability of the wall insulation. When 
insulation is installed on the exterior side of a wall cavity, the risk for air leakage condensation is higher 
with low vapor permeability insulation than with high vapor permeability insulation. Blanket insulation has 
higher vapor permeability than rigid and semi-rigid insulation, and has recently been introduced as an 
option for insulating the exterior side of a wall cavity in the Canadian housing market. No published field 
studies were found on the condensation and moisture build-up potentials with exterior blanket insulation in 
the cold Canadian climate. This research investigates the hygrothermal performance of blanket insulation 
using field measurements and computer simulation. Moisture content, relative humidity and temperature 
sensors were installed inside the walls of a recently renovated 1970 house located in Calgary, Alberta. Data 
from these sensors were recorded for one year. Analysis of the data shows a low risk of condensation and 
moisture build-up within the cavities of the investigated walls. Results from hygrothermal simulation also 
showed similar trends. This simulation was further used to compare the hygrothermal performance of the 
exterior blanket insulation to that with rigid and semi rigid exterior insulation. 


The existing wall assembly of the renovated house consisted of 2x4 wall framing with blanket insulation 
between the studs, exterior plywood sheathing, building paper and a stucco finish. The stucco finish and 
building paper were removed during renovation and blanket insulation was wrapped around the house. 
Cement boards were used for the wall’s exterior finish. The exterior blanket insulation is made of polyester 
and polyolefin fibers with an R-value of 0.88 m2 k/W.   


Wireless data loggers connected to sets of sensors were installed in the south and north wall at two locations: 
under a window and in a full wall without a window.  Two packages of relative humidity and air temperature 
sensors were installed 1 meter above the main floor at under-window locations.  One package was installed 
inside the 2x4 wall cavity and the second package was installed outside the stud cavity between the 
sheathing and the exterior blanket insulation. Four packages of moisture content and temperature sensors 
were installed at under-window locations. One package was installed on the sheathing inside the stud cavity 
at 1 meter above the floor, and a second package was installed on the exterior side of the sheathing at the 
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same height. The third package was installed on the base plate inside the stud cavity and the fourth package 
was installed on the exterior side of the header board. For full-wall locations one package of relative 
humidity and air temperature sensors and one package of moisture content and temperature sensors were 
installed on the exterior side of the sheathing at 1 meter above the main floor. The house indoor relative 
humidity and air temperature was also recorded.  Outdoor climate data were obtained from the Calgary 
International Airport Weather Station. Measurements were recorded between March 2015 and March 2016. 
Due to technical problems with the sensors some data points were lost and are marked as gaps in the graphs 
presented here. 


Hygrothermal simulation was conducted using Wufi Pro 6.0.  Calgary cold climate weather and low 
moisture interior load profiles provided in Wufi were used for the simulation. A rain leakage fraction of 
1% was added to the sheathing layer. Solar heat gain was also simulated.   


All measured moisture content values were below 10%. Because the installed moisture content sensors only 
detect moisture content above 10% the variation under 10% was not captured and will not be represented 
here. Simulation results showed low moisture content for the south orientation only as can be seen in Figure 
1. The moisture content for the north orientation during the summer period reached up to 25%, which is 
slightly higher than the specified value in National Building Code of Canada for dry wood. When rain 
leakage was removed from the simulation all moisture content values became below 15%. The possibility 
of rain leakage in the monitored walls is minimal as the insulation and cement boards were installed 
according to the manufacture instructions. Both the field measurements and simulation results suggest that 
with properly installed exterior blanket insulation it is possible to maintain dry conditions inside the wall 
cavities.     


The potential of moisture condensation was also found to be minimal.  The dew point values of the air 
inside the monitored walls are much lower than the temperature of sheathing as can be seen in Figure 2. 
Simulation results shown in Figure 3 are similar, however, the difference between air dew point values and 
sheathing temperature values is much lower than that found in the field measurements.       


Relative humidity values were also examined to illuminate any possible condensation due to air saturation 
with moisture. The measured relative humidity values shown in Figure 4 are below 57%, suggesting low 
risk of condensation due to saturation. It was also observed that relative humidity values inside the north 
wall are in general higher than that found inside the south wall. This trend can also be seen in the simulation 
results shown in Figure 5. This suggests a higher condensation potential due to saturation in the north versus 
south walls. Overall, both field measurements and simulation results show that relative humidity inside the 
wall cavities did not reach saturation levels.    


Moisture content in the sheathing was used to compare the moisture conditions with exterior blanket to that 
with extruded polystyrene insulation and rock wool insulation. Two simulation cases were developed using 
the same specifications of the renovated walls. For each case, the insulation thickness was adjusted to the 
same R-value as that of the exterior blanket insulation. As can be seen in Figure 1, the simulation results 
show that moisture content values are higher during the summer season than the rest of the year. The values 
with blanket insulation and rock wool are almost identical for the north orientation. However, for the south 
orientation the values with blanket insulations are lower than that with rock wool.  For the north orientation, 
the moisture content values with blanket insulation and rock wool are lower than that with extruded 
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polystyrene. The values with extruded polystyrene insulation reached up to 45% during the summer and 
maintained a range of 40% to 45% over several months. On the other hand, for the south orientation, the 
three insulation types had closer value ranges. This suggests that wall orientation and type of insulation are 
important factors to consider when designing building envelopes. Overall, exterior blanket insulation 
performed well compared to other types of exterior insulations. Since this research is limited to Calgary’s 
dry climate more research is needed to investigate the hygrothermal performance of this type of insulation 
in other climates. 


 
Figure 1: Moisture content profile comparison between different types of exterior insulation. Simulation results. 


 
Figure 2: Dew point and sheathing temperature profiles. South wall, field measurements. 







 


 


Presentation 39                                                                                                     Page 4 of 5 
 


 
Figure 3: Dew point and sheathing temperature profiles. South wall, simulation. 


 
Figure 4: Relative humidity profiles. South wall, field measurements. 
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Figure 5: Relative humidity profiles. Simulation. 
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Exterior Blanket Insulation  


• Blanket Insulation attached to Spun 
Bonded Polyolefin Membrane 


• R5, 33 Perms 
• Air and water management
• Continuous exterior insulation
• Vapor-permeable
• Allows drying to the outside
• Breathable compared to other rigid 


insulations
• Recently introduced to the Canadian 


market
• No research was found on the 


hygrothermal performance of this 
type of insulation in the Prairies 
weather .







The Case Study 







The Case Study







Removing Stucco







Installing Windows







Installing Battens 







Installing Blanket Insulation 







Installing Cement Boards 







Research Objectives 


• To assess the hygrothermal performance of 
blanket insulation for Calgary Climate. 


• Compare the actual hygrothermal performance 
to a simulated performance.


• Compare exterior blanket insulation to other 
types of exterior insulations using simulation.   







Research Methodology 


• Moisture Performance


▫ Moisture Content 


▫ Condensation Potential 


▫ Simulation 


• Thermal Performance


▫ Temperature Profiles


▫ Simulation


• Air Leakage


▫ Blower Door Test


▫ Thermal Imaging 







Instrumentations  


Moisture Content with Temperature Sensor Relative Humidity with Air Temperature Sensor 


Blower Door Test Equipment







Measurement Locations


RM


BP


RB


MC -T- Wood
RH-T - Air UW


FW


FW: Full Wall
UW: Under Window
RM: Room
BC: Batten Cavity
SC: Stud Cavity
BP: Base Plate
RB: Rim Board
MC: Moisture Content
T:Temperature
RH: Relative Humidity  


BC SC







Data Loggers


8 Resistance Channels 4 Resistance 4 Voltage 


Wireless Gateway 4 moisture content sensor  wiring







Simulation Assemblies


Blanket Insulation Thickness (m) Extruded Polystyrene Thickness (m)


Cement Board 0.0125 Cement Board 0.0125


Spun Bonded Polyolefin Membrane 0.0002 Extruded Polystyrene Insulation 0.023


Low Density Glass Fibre Batt Insulation 0.0381 Spun Bonded Polyolefin Membrane 0.002


Plywood 0.015 Plywood 0.015


Low Density Glass Fibre Batt Insulation 0.089 Low Density Glass Fibre Batt Insulation 0.089


PE-Membrane 0.001 PE-Membrane 0.001


Gypsum Board 0.0125 Gypsum Board 0.0125


Total Thickness  (m) 0.168 Total Thickness  (m) 0.153


R-Value (m2K/W) 3.3 R-Value (m2K/W) 3.3


Rockwool Thickness (m)


Cement Board 0.0125


Rockwool 0.032


Spun Bonded Polyolefin Membrane 0.002


Plywood 0.015


Low Density Glass Fibre Batt Insulation 0.089


PE-Membrane 0.001


Gypsum Board 0.0125


Total Thickness  (m) 0.162


R-Value (m2K/W) 3.3







Results 







Blower Door Test Results
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Thermal Bridging 


East wall siding completed (infrared) East wall siding completed


East wall with battens installed over studs (infrared) East wall with battens installed over studs







Sheathing and Dew Point Temperature 


Profiles-Measurements 







Sheathing and Dew Point Temperature 


Profiles-Measurements 







Sheathing and Dew Point Temperature 


Profiles-Measurements 







Air Temperature Profiles-Measurements 







Air Temperature Profiles-Measurements 







Relative Humidity Profiles-Measurements 







Relative Humidity Profiles-Measurements 







Correlations 







Correlations 







Correlations 







Results







Moisture Content Profile Comparison Between Different 


Types of Exterior Insulation. 







Dew Point and Sheathing Temperature Profiles. 


South Wall, Blanket Insulation 







Relative Humidity Profiles-Exterior 


Blanket Insulation 







Conclusion 


• Blanket insulation performed as expected in 
terms:


▫ Keeping the inner wall cavity dry.


▫ Keeping the Sheathing temperature above dew 
point. 


• Air leakage improved slightly compared to pre 
renovation . Both blanket insulation and new 
windows contributed to this improvement. 


• Owner is feeling the house comfortable and not 
any more drafty.
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Project Team 
Primary Author
— Brenden David, Project Engineer, Building Sciences (WSP)
Co-Authors
— Paul Creighton, Project Manager, Building Sciences (WSP)
— David Norman, Architect (DNAI)


My Objective 
Provide a young engineers account of a complex 
rehabilitation project with multiple stakeholders and an 
emphasis on cost-effective repair strategies.  







Regal Place Hotel – A Brief History


— Constructed c. 1908 as the 
Vancouver Stock Exchange


— In the West Hastings Business 
District


— Edwardian Commercial 
Architecture


1908







Regal Place Hotel – Under Construction 


— Featured Advances in 
Concrete and Steel Structural 
Design 


— Concrete Mass Walls & Floor 
Slabs


— Steel Columns & Girders 


— Lateral Steel Trusses 


— Double-Hung Windows


— Stone Detailing 


c.1908







Regal Place Hotel – Change of Use


c.1926 c.1944 2008


CoV Archives, 2014 CoV Archives, 2014







Regal Place Hotel – 2014 Condition (Before Rehab.) 


Primary Areas of Concern


1. Spandrel Panel Deterioration


2. Concealed Steel Truss 
Deterioration


3. Window Frame Deterioration 
& Operation


4. Storefront Functionality 


5. Intermittent Leakage Across 
East Elev. 


2014







Regal Place Hotel – 2014 Condition (Before Rehab.) 


X







Regal Place Hotel – 2014 Condition (Before Rehab.) 


X







Rehabilitation vs. Restoration


Client Goals
- Maintain a Safe & 


Secure Bldg. 
- Minimize Capital Costs
- Restore Tenant 


Comfort


Consultant Goals
- Hold paramount public 


safety 
- Design long term, 


durable repairs
- Meet Client Goals & City 


Requirements 


CoV Heritage Dept.
- Protect Public Safety
- Protect Cultural Value 


of the Bldg./Block 
- Ensure Professionals 


will be Accountable for 
the Repair Design. 







Rehabilitation vs. Restoration


Client Goals
- Maintain a Safe & 


Secure Bldg. 
- Minimize Capital Costs
- Restore Tenant 


Comfort


Consultant Goals
- Hold paramount public 


safety 
- Design long term, 


durable repairs
- Meet Client Goals & City 


Requirements 


CoV Heritage Dept.
- Protect Public Safety
- Protect Cultural Value 


of the Bldg./Block 
- Ensure Professionals 


will be Accountable for 
the Repair Design. 


THIS IS OUR 
TARGET! 







Strategy 1 – “Choosing Sides” 
Phased Repair Strategy 


A leading global professional consulting firm


2017 
Rehabilitation 
Phase







Strategy 2 
Spandrel Panel Replacement with EIFS 


A leading global professional consulting firm







Strategy 2 
Spandrel Panel Replacement with EIFS 


A leading global professional consulting firm







Strategy 2
Spandrel Panel Replacement with EIFS 


A leading global professional consulting firm







Strategy 2
Spandrel Panel Replacement with EIFS 


A leading global professional consulting firm







Strategy 3 – “Tailored Performance” 
Window Frame Repairs w/ New Sashes


A leading global professional consulting firm







Strategy 3 – “Tailored Performance” 
Window Frame Repairs w/ New Sashes


A leading global professional consulting firm







Strategy 3 – “Tailored Performance” 
Window Frame Repairs w/ New Sashes


A leading global professional consulting firm







Strategy 4 “Spend Where It Counts” 
Original Cornice Reinstatement 


A leading global professional consulting firm







Strategy 4 “Spend Where It Counts” 
Original Cornice Reinstatement 


A leading global professional consulting firm







Strategy 4 “Spend Where It Counts” 
Original Cornice Reinstatement 


A leading global professional consulting firm







Strategy 5 – “Pick your Battles”
New Aluminum Framed Storefront 


A leading global professional consulting firm







Strategy 5 – “Pick your Battles”
New Aluminum Framed Storefront 


A leading global professional consulting firm







Strategy 5 – “Pick your Battles”
New Aluminum Framed Storefront 


A leading global professional consulting firm







Strategy 6 – “Compromises”
Coating Over Plaster & Prior Repairs (E Elev.)


A leading global professional consulting firm







Strategy 6 – “Compromises”
Coating Over Plaster & Prior Repairs (E & W Elev.)


A leading global professional consulting firm







Strategy 6 – “Compromises”
Coating Over Plaster & Prior Repairs (E & W Elev.)


A leading global professional consulting firm







Strategy 6 – “Compromises”
Coating Over Plaster & Prior Repairs (W Elev.)


A leading global professional consulting firm







Cost Impact of Revised Repair Strategies


Design Iteration 1 Design Iteration 2
Precast (or Plaster) Spandrel Panels $      85,500 EIFS Spandrel Panels $       61,650


Window Replacement $    200,000 Ex. Window Repairs + 
New Sashes


$     173,546


Cornice Reinstatement $      80,000 Cornice Reinstatement $       61,000 
Replica Storefront $    272,000 Aluminum Framed Storefront $       55,000 
East/West Elevation Plaster 
Recladding


$    330,000 East/West Elevation Recoating $       56,290


$    967,500 $     407,486 
Savings $     560,014 







Overall Project Cost


Projected Construction Budget $     790,000.00 


Original Contract Estimate (Tender) $     754,000.00 
Final Construction Cost (Actual) $     733,000.00 







Project Summary


Client Goals
- Maintain a Safe & 


Secure Bldg. 
- Minimize Capital Costs
- Restore Tenant 


Comfort


Consultant Goals
- Hold paramount public 


safety 
- Design long term, 


durable repairs
- Meet Client Goals & City 


Requirements 


CoV Heritage Dept.
- Protect Public Safety
- Protect Cultural Value 


of the Bldg./Block 
- Ensure Professionals 


will be Accountable for 
the Repair Design. 


THIS WAS 
OUR TARGET! 







Project Summary


c.1926 2008 2016


CoV Archives, 2014
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Brenden David
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Building Sciences, WSP
Calgary, Alberta
587-482-0262
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REGAL PLACE HOTEL –  


COST-EFFECTIVE HERITAGE FAÇADE REHABILITATION 


Brenden David, EIT (Primary Author) 


Paul Creighton, P.Eng & David Norman, Architect AIBC (Co-Authors) 


 


 


ABSTRACT 


In fall 2013 WSP Canada Inc. (WSP) was retained by Metro Vancouver Housing Corporation (MVHC) to 
review exterior cladding deterioration at Regal Place Hotel in Vancouver’s downtown eastside. WSP found 
significant deterioration of the concealed steel truss system, and exterior cladding attachment. The 
widespread deterioration and potential safety risk prompted the client to pursue a full façade rehabilitation 
strategy at the effected elevations. From 2014 until late 2016 WSP worked with MVHC, David Norman 
Architect Inc, the City of Vancouver, and specialty contractors to design and implement a cost-effective 
repair strategy that would both restore the integrity of the structure and meet Heritage Planning Department 
requirements.   


REGAL PLACE HOTEL – A BRIEF HISTORY 


Regal Place Hotel was originally constructed in 1908 as the Vancouver Stock Exchange to provide risk 
capital in Western Canada. Located on West Hastings Street in the business district of the day, this eight 
storey Edwardian commercial building featured advances in steel girders and concrete in the structural 
system. The character-defining elements of this historic place include rectangular form and massing, 
significant scale, Edwardian detailing, and relationship to the Victory Square neighborhood. The project 
was built on a narrow footprint right to the lot line with no setbacks and contains characteristics of 
Edwardian commercial architecture, including the pattern of fenestration, mullions and pilasters. The 
building has gone through a series of transitions over the years, changing its use and appearance. In the 
mid-1980’s the interior was converted into a hotel and since the early 2000’s has been used as a social 
housing and support facility (Norman, 2014). 


Figure 1: Regal Place - Photo Timeline 1908-2014 (Norman, 2014) 
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FAÇADE REHABILITATION  


General Strategy and Selection of the Restoration Period  


The 100 plus years of weathering and alterations has left the Regal Place Hotel worn and modified from the 
original form and features. In 2013 WSP completed targeted evaluations of the north structural steel 
trusses. From 2014 to 2015 WSP worked with MVHC, David Norman Architect Inc, and the City of 
Vancouver to design and tender the general restoration strategy focusing on north elevation repairs, with 
smaller repair scopes at the east and west elevations. To facilitate an accurate and sustainable appearance, 
the façade as it appears in the early 1920’s was selected as the aesthetic benchmark of our Heritage Façade 
Restoration.  


 


 


 


 


 
Figure 2: General Condition in 2013 vs. Targeted Restoration Appearance 


Spandrel Panel Repair Strategy   


Cement plaster spandrel panels ran between the bands of windows on the Hastings St. façade at the upper 
floors. The spandrels were constructed of cement plaster formed over wire mesh, and were integral with the 
window sills above, and interior plaster finish. The panels were tied-back to structural steel trusses in the 
wall cavity behind. The original cement plaster was cracked and spalling in several locations allowing 
rainwater penetration into the wall cavity resulting in damage to structural elements (see below). Hoarding 
had been installed at the sidewalk below for pedestrian protection from falling debris.  


Our early design phases explored matching the original plaster, or hanging custom precast concrete 
sections. In the end we found using custom shaped exterior insulation and finish (EIFS) sections met our 
aesthetic requirements while helping us avoid expensive sub-trades and complicated cladding attachments.  


 


 


 


 


Figure 3: Spandrel Panel Repairs - Before & After 
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Concealed Steel Truss Repair Strategy  


The structural system is comprised of concrete mass walls embedded steel columns and lateral steel trusses 
across the north and south elevations. The concrete structure was generally intact and unaltered but 
deterioration of the steel trusses behind the facade was found throughout the building. At some localized 
areas as much as 50% of the cross sectional area had been lost.  


We opted for a unit rate type repair to control quantities. The repair included welding reinforcement 
sections on site which avoided wholesale replacement of truss chords and associated shoring. Coating was 
added to protect the steel from future decay.  


 


 


 


 


 
Figure 4: Localized Steel Truss Repairs – Before & After  


Double-Hung Window Repair Strategy 


The windows from the 3rd to the 8th floor were the original wood double hung windows; Only 2 of the 
windows had been replaced with aluminum inserts but luckily they were set in the original wood frame. 
The 2nd floor casement windows were a mixture of wood windows dating from the 1920’s, and aluminum 
inserts in the original wood frame. We found the wood windows were generally intact, with localized frame 
deterioration varying from mild to severe. Window pulleys were broken throughout and the paint finish 
was poor.  


Early options included aluminum clad wood factory reproductions but sourcing proved to be difficult. As 
an alternative, WSP was happy to find and work with local experts who crafted new wood sashes with 
IGU’s and installed them into the restored wood window frames to retain the original appearance. A low-e 
coating was added to the IGUs to increase heat gain. Further, WSP tested the windows to confirm air and 
water penetration performance equivalent or better to the reproduction windows and minimum code levels.  


 
Figure 5: Restored Original Wood Window Frames with New Sashes 
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Cornice Reinstatement   


The missing classical sheet metal roof cornice was a major character defining element of the original 
building. As such, we agreed with the City to reinstate the cornice. Photographic and original drawing 
evidence was used to design the replacement cornice appropriate to the restoration period. The original 
drawings indicated cornice modillions with ornate Corinthian detailing and it was our preference to have 
detailed modillions versus simple flat sections. While the sheet metal fabrication techniques for elaborate 
detailing are a largely lost art, the project team was lucky to work a specialty fabrication trade and supplier 
to restore the cornice in line with the original 1908 building drawings, including hand hammered metal 
modillions.  


 


 


 


 


 


 


 


 


 


 


 


 


Storefront Restoration Strategy  


Since the original storefront of the building had been altered multiple times during the building life we had 
more options to best meet the needs of the current tenants. Our new aluminum framed storefront design 
harmonized the 1920’s Restoration period with current security and vandal resistant requirements of the 
SRO hotel. The storefront included aluminum framing, “storefront” style sections and fibre cement panels. 
Further, the new storefront accommodated for modern security and safety equipment including CCTV, 
access card reader, intercom, hose bib, Siamese connection, and HVAC louvres. 


 


 


 


 


 


 


 


Figure 7: Upgraded Storefront - Before & After 


Figure 6: Heritage Cornice Reinstatement 
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NEIGHBORHOOD CONTEXT OF THE RESTORATION 


The south side of the 100 block of Hastings Street is a largely intact original streetscape that dates from the 
early 20th century. Originally the block was at the heart of commercial activity in Vancouver, and hence 
our building was chosen to house Vancouver’s first Stock Exchange office in 1909. From the 1920’s on the 
character or the neighborhood became more retail focused, anchored by the Woodwards Department store 
across the street. For a variety of social and economic reasons, the vitality of the neighborhood began to 
decline after World War II. The Block became associated with drug use and related crime. By the 1980’s 
the retail vitality of the block was gone. Regal Place was renovated from retail/office use to an SRO hotel.  


 A consequence of the social decline of the neighborhood was that most of the heritage buildings on the 
Block remained intact with their form and massing unaltered. Until recently there was little economic 
impetus to demolish and redevelop. Hence today the 100 Block of West Hastings street remains one of the 
few early 20th century streetscapes in the City that has remained intact. The past 10 years has seen 
significant heritage restoration along the street, spurred by the Woodwards redevelopment across the street. 
The relationship of Regal Place with the surrounding streetscape is a key character defining element of the 
historic place. (Norman, 2014) With its rehabilitated façade Regal Place recaptures its impressive stature on 
the block while remaining true to the tenants and the vibrant downtown eastside community.  


CONCLUSION AND FINAL REMARKS  


The combination of the major repair strategies above allowed us to meet the needs of the diverse 
stakeholders in the project and proved to be cost-effective. Compared to our early design iterations which 
projected costs over $2 million dollars, the Façade rehabilitation project roughly totaled $900,000. The 
project was completed in approximately 11 months and wrapped up in late 2016.  


REFERENCES  


Norman, D. September 9, 2014. Regal Place Façade Conservation Plan. David Norman Architect Inc, 
North Vancouver, BC. pp. 5-11. 
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ABSTRACT 


Controlling interior temperatures in buildings is energy intensive, particularly in extreme climates. The 
increasing demand for cooling in developing countries, driven by a growing middle class, threatens to pose 
a significant burden on the electricity grid. This increasing energy use along with the pressure to reduce 
greenhouse gas emissions has led to the exploration of passive cooling technologies. The Initiative for Global 
Urban Shelter at the University of Toronto’s Centre for Global Engineering has been exploring methods to 
implement passive cooling strategies in Mumbai’s new high-rise residential developments for the Slum 
Rehabilitation Authority (SRA). This exploratory study integrates solar chimneys and wind catchers in a 
single-loaded corridor configuration. Previous studies have analyzed these solutions independently but their 
synergistic benefits have not been well documented in multi-unit residential buildings. The effectiveness of 
the cooling technologies was assessed through spreadsheet calculations. By applying these natural ventilation 
approaches together in a building form that allows for cross-ventilation, the total number of hours where 
thermal comfort needs are satisfied exceeds either solution on its own. The combined solution is estimated 
to reduce thermal discomfort time by a minimum of 81% throughout a typical meteorological year (TMY2). 
These preliminary findings will be used conduct a more detailed analysis using computational fluid dynamics 
(CFD) to determine the resultant air velocity for occupants in the suite. The findings of this study will be 
used to influence the SRA building design to promote a sustainable approach to providing thermal comfort 
in these new high-rise multi-family developments.  


INTRODUCTION 


India has undergone drastic changes in both its economic growth and rate of urbanization during the latter 
half of the past century. This has led to rapid city development and high urbanization rates without adequate 
infrastructure and proper urban planning to support the growth. Thus, large slum neighborhoods have been 
established throughout the country’s urban centers. The government is improving the standard of living for 
its slum-dwelling population by transitioning them to formal housing in multi-unit residential buildings 
(MURBs). However, the energy demands associated the shift to higher living standards must be considered 
to meet the country’s energy reduction targets; a 33-35% reduction in greenhouse gas emissions per GDP in 
2030 compared to baseline levels (The World Bank, 2016). 


The Slum Rehabilitation Authority of India (SRA) has introduced “The Slum Rehabilitation Redevelopment 
Project”: an initiative to relocate slum inhabitants into formal housing. The goal is to provide current slum 
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dwellers with land security, appropriate shelter, and access to basic services through the development of new 
MURBs. The University of Toronto has partnered with the SRA through the Initiative of Global Urban 
Strategies to develop best practices to help guide the development of the new infrastructure with regards to 
safety and sustainability.  


At this early stage in the slum rehabilitation, there is an opportunity to address energy concerns by altering 
the built form to incorporate passive cooling solutions. This paper describes an alternative design in which 
wind catchers and solar chimneys are used to promote passive cooling and increase thermal comfort in 
comparison to the currently proposed conventional MURB design. Although the solution is designed for 
Mumbai, the methodology can be adapted to determine the feasibility of a wind catcher and solar chimney 
solution in different environments, including North America where cooling loads are on the rise. 


Climate and Weather 


Mumbai is a coastal city located in a tropical climate with annual solar intensity averages of 4.5 to 5.0 
kWh/m2/day (48-54 kWh/ft2/day) (Ministry of New and Renewable Energy, n.d.). The Indian Meteorological 
Department defines four climatological seasons: winter (January-February), pre-monsoon (March-May), 
southwest monsoon (June-September), and post-monsoon (October-December)(India Meteorological 
Department, n.d.). From the typical meteorological year data provided by ISHRAE (2005), monsoon seasons 
are dominated by strong westerly winds whereas the winter seasons are dominated by weak northerly winds 
as illustrated by the seasonal wind roses in Figure 1. The strong winds during the peak cooling periods provide 
a promising basis for the implementation of a wind catcher.  


 
Figure 1: Seasonal wind roses for Mumbai based on TMY2 weather data from ISHRAE (2005) 


Cooling Energy Demand and Affordability 


Passive cooling strategies may be a viable low-cost and low-energy alternative to active cooling strategies, 
particularly for very low-income households. Passive cooling technologies can reduce latent and/or sensible 
heat energy within the building envelope without the consumption of electricity. These approaches could 
present a method to achieve thermal comfort for residents transitioning from slums to formal housing in 
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MURBs.  


Given the high annual temperatures, space cooling is required for occupants to be thermally comfortable. 
India’s Bureau of Energy Efficiency estimates that fans, air coolers and air conditioners consume 34%, 7% 
and 7%, respectively, of the total energy demand of residential buildings (Indraganti, 2010a). Table 1 
summarizes the number and energy consumption characteristics of residential cooling appliance use in India 
in 2006 and their projected values in 2031.  


Table 1: Residential cooling appliance use and annual cooling energy demand in India (The World Bank, 2008). 
  Fans Air Cooler  Air Conditioner 


2006 Number of Units in India (M) 228.9 22.5 2 
Average Power Consumption (W) 39 250 1,973 
Annual Operation Time (hr/year) (%) 2,520 (28.8) 1,440 (16.4) 575 (6.5) 
Annual Energy Demand (GWh) 22,496 8,100 2,269 


2031 


Projections 


Number of Units in India (M) 1,091.7 168.9 48 
Average Power Consumption (W) 36 230 1,809 
Annual Operation Time (hr/year) (%) 2,520 (28.8) 1440 (16.4) 575 (6.5) 
Annual Energy Demand (GWh) 99,039 55,939 49,928 


The capital and operating costs of air coolers and air conditioners are unaffordable for the average slum 
household. It is estimated that approximately 41% of slum households have an average monthly income 
between ₹5,000 (CAD 97.60) to ₹10,000 (CAD 195.20) (Society for Participatory Research in Asia, 2014). 
With electricity costs ranging between ₹2.9/kWh (CAD 0.06/kWh) to ₹7.65/kWh (CAD 0.15/kWh)(Bijli 
Bachao Team, 2017), air conditioning costs would represent 8% to 20% of their current monthly income.  


PROPOSED DESIGN ALTERNATIVE 


Increasing the air movement within the suites can mitigate the hot thermal discomfort. Increased air 
movement will increase convective heat losses and latent heat losses when the body is perspiring. Wind 
catchers and solar chimneys were investigated as options to increase air movement in the proposed design 
because of their proven effectiveness in previous studies (Fatimah et al., n.d., Carrilho da Graça et al., 2002, 
Priyadarsini et al., 2004, Li and Li, 2015). The variations in perceived comfort and environmental conditions 
make it difficult to determine the maximum temperature threshold where the increased air movement would 
no longer improve thermal comfort. As such, thermal comfort will be defined strictly by the various thermal 
comfort models described below for the purposes of this exploratory study. 


Wind Catcher 


Wind catchers have been used in traditional Egyptian and Middle Eastern architecture in various forms 
(Gallo, 1996). Wind catchers use large “catchers” located at the tops of buildings to capture and redirect wind 
into the building to promote indoor air movement. Numerous studies have explored the various effects of 
wind catchers including Mavrogianni and Mumovic (2009), Priyadarsini et al. (2004), and Da Graça et al. 
(2002). Adaptations of this approach, such as earth tubes, use the Earth’s large thermal mass as a heat sink 
to reduce inlet temperatures. Calautit & Hughes (2014) has explored the impact of outfitting wind catcher 
inlets with heat sinks. Furthermore, inlet velocities could be assisted by mechanical fans during periods of 
low winds.  
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Mumbai’s climate is a promising environment for wind catchers given the consistency of the wind direction 
and high wind speeds during the hottest seasons: the pre-monsoon and monsoon seasons. The proposed 
design includes wind catchers extending from the top of the building, along the elevation and into each suite. 
Inlets would be placed above the roof of the building to avoid the turbulent air flow and varying pressure 
coefficients caused by the faces of the building and the negative pressures at the roof surface. 


Solar Chimney 


A solar chimney will drive air movement through stack effect when the sun shines regardless of the wind 
conditions. The chimney consists of an absorber wall against the building exterior with a glass panel in front. 
The radiation emitted from the absorber wall will heat the air column created by the glass wall and decrease 
the air density. The hot air will rise out of the chimney and pull cool air from lower openings at each 
individual suite. For the purposes of the study, the absorber wall is assumed to be a dark material with 
relatively low heat capacity to maximize temperature gains from the incoming irradiation. It should be noted 
that larger heat capacities would lengthen the operational time of the chimney but have lower average flow 
rates. The back of the absorber wall would be insulated to prevent heat from being conducted into the building 
and to increase the transfer from the absorber wall into the air column. Many studies have demonstrated the 
feasibility of solar chimneys including Bansal et al. (1993), Lee and Strand (2009) and Amori and 
Mohammed (2012). 


Solar chimneys are effective given that the chimney would be operational when the solar gains and the 
corresponding cooling demand are at their highest. Positioning the solar chimney on the south-facing wall 
would maximize the total operating time of the chimney. As Mumbai is relatively close to the Tropic of 
Cancer (19°N), solar irradiation would strike the north face for some parts of the year. The solar chimney 
would also be inoperable during overcast periods with low irradiation. As these conditions vary, the solar 
irradiance from the TMY2 data is assumed to reflect Mumbai’s weather patterns. 


Benefits of a Combined System 


A mock-up of the combined system is shown in Figure 2. Neither the wind catcher nor the solar chimney 
will operate for all periods when cooling is required because they are powered by naturally varying 
phenomena. However, the downtime could be reduced through the implementation of both systems. The 
combined system would be operational during sunny periods with no wind from the solar chimney and vice 
versa during windy periods and no sunlight from the wind catcher. Furthermore, the addition of the wind 
catcher could reduce the occurrence of reverse flow in the solar chimney. Several studies regarding solar 
chimneys have shown that the heated air is occasionally funnelled back into the suites when the buoyancy 
force is insufficient (Su et al., n.d., Asadi et al., 2016). Reverse flow could be prevented by initializing the 
solar chimney with air movement in the correct direction provided by the wind catcher.  
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Figure 2: Conceptual drawing of a wind catcher and solar chimney setup for a single column of MURB units.  


Under this system, the wind catcher will provide the suite supply air and the solar chimney will generate the 
negative pressure to drive exhaust from the suite via two separate channels. Zamora & Kaiser (2010) and 
Nouanégué & Bilgen (2008) have numerically solved for airflow rates where the effects of exterior wind 
conditions on an operational solar chimney are modeled. In comparison, the proposed solution would build 
upon their ideas through the addition of separate air channel to redirect air into the MURB suites. Although 
studies have examined the synergy between the solar chimney and wind catchers within small residential 
buildings, the implementation of two moving air channels on MURBs and the challenges posed by its 
magnitude should be explored to promote new passive cooling technologies. 


METHODOLOGY 


The following section outlines the processes used to evaluate the effectiveness in improving thermal comfort 
within the suites for the proposed solution. First, using various thermal comfort models, a quantitative 
analysis of the current state with no cooling technologies was established as the base case using the Typical 
Meteorological Year (TMY2) data for Mumbai. Next, the air speeds at the suite inlet or supply (wind catcher) 
and the suite outlet or exhaust (solar chimney) were estimated for the following scenarios: the wind catcher 
only (Scenario W), solar chimney only (Scenario S), and combined solution (Scenario C). The results were 
compared to the base case to determine the increase in thermal comfort time for each scenario. Note that the 
velocities of the windcatcher outlet and solar chimney inlet at the suite level, not on an occupant, were used 
to determine the impact on the thermal comfort indicators. The preliminary feasibility analysis presented in 
this paper will be followed by extensive computational fluid dynamics (CFD) modelling to determine the 
impact of these measures on the occupant directly. This section begins with a description of the various 
thermal comfort models employed in this analysis. Then, the calculations to support the feasibility assessment 
of the wind catcher and solar chimney are described. 
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Thermal Comfort Models 


ASHRAE Standard 55 defines thermal comfort as “the condition of mind that expresses satisfaction with the 
thermal environment” (ASHRAE, 2013). Both physical and psychological factors impact the acceptable 
range of comfort experienced by a population. As such, the comfort range of one population is not applicable 
to another. Populations living in hot climates are generally more tolerant of higher temperatures than those 
living in cold climates. Those exposed to naturally ventilated conditions are also more tolerant to a broader 
range of temperatures as opposed to those in conditioned environments. It has become increasingly suggested 
within the literature that the widely-accepted thermal comfort standards proposed by ASHRAE are not 
universally applicable (Singh et al., 2011)(Indraganti, 2010b).  


Several thermal comfort models were considered to determine the effectiveness of the proposed solution. 
These models are the Predicted Mean Vote index (PMV) and the Predicted Percentage of Dissatisfied (PPD) 
described in ASHRAE Standard 55, a corrected PMV index (cPMV) created by Singh et al. (2011) and a 
corresponding corrected PPD (cPPD), and the Tropical Summer Index (TSI) recommended by the National 
Building Code of India (Udaykumar et al., 2013). ASHRAE Standard 55 was used to establish a universal 
baseline for comparison whereas the cPMV and TSI models were designed to better reflect the thermal 
sensations experienced by the local population. 


ASHRAE Standard 55 (PMV, PPD) 


ASHRAE Standard 55: Thermal Environmental Conditions for Human Occupancy defines the various 
conditions and procedures required for acceptable thermal environments. The standard uses the PMV model 
with a 7-point scale where +3 is “hot”, -3 is “cold” and 0 is “neutral” (ASHRAE, 2013b). To satisfy the 
standard, values should be between -0.5 and 0.5 corresponding to a Predicted Percentage Dissatisfied (PPD) 
of less than 10%. Parameters which influence PMV values include the body surface area, clothing surface 
area and insulating value, sensible and evaporative heat losses from the skin and the clothing to the 
environment, metabolic rate, and the radiant heat exchange with the person’s surroundings.  


Corrected PMV (cPMV) 


Singh (2011) proposes the use of a corrected PMV (cPMV) model determined through a survey of North-
Eastern Indian residents. Thermal comfort data was collected through questionnaires based on ASHRAE 55-
2004 Informative Appendix E and clothing values determined by ISO 7730. The survey included 150 
households representing 300 residents. The participants were surveyed throughout the year to capture the 
effects of the various climatological seasons. Singh could determine an “actual mean vote” which represented 
the thermal sensation of the residents more accurately than the generic PMV model used in ASHRAE. The 
correlation between Singh’s results and the PMV model are shown in Equation 1 and Equation 2 for summer 
and winter, respectively (Singh et al., 2011). 


𝑐𝑃𝑀𝑉 =
𝑃𝑀𝑉


1+0.444×𝑃𝑀𝑉
 (𝑆𝑢𝑚𝑚𝑒𝑟 − 𝐽𝑢𝑙𝑦) (1)  


𝑐𝑃𝑀𝑉 =
𝑃𝑀𝑉


1−0.9×𝑃𝑀𝑉
 (𝑊𝑖𝑛𝑡𝑒𝑟 − 𝐽𝑎𝑛𝑢𝑎𝑟𝑦) (2)  


The results showed that participants had a greater tolerance range for temperatures in the summertime and 
the wintertime when compared to PMV. As opposed to a downwards shift from the PMV values, thermal 
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discomfort during the winter is also lower. It is suspected that the wider range of tolerance from being 
accustomed to naturally ventilated indoor environments outweighed the respondents’ acclimatization to 
warmer conditions. For reference, a PMV of +1 (26% PPD) during the summer would translate to a cPMV 
of +0.69 (15% cPPD). 


Tropical Summer Index (TSI) 


The National Building Code of India recommends use of the Tropical Summer Index to determine thermal 
comfort (Udaykumar et al., 2013). The formula for TSI is shown in Equation 3 (Udaykumar et al., 2013). 


𝑇𝑆𝐼 = 0.308𝑡𝑤 + 𝑡𝑔 − 2.06√𝑉 + 0.841 (3) 


Where: 𝑡𝑤 is the wet bulb temperature [℃]; 𝑡𝑔 is the dry bulb temperature [℃]; 𝑉 is the air velocity [m/s]; 
there are no units for the TSI.  


TSI values below 19 or exceeding 34 would be equivalent to exceeding the 10% PPD used in ASHRAE 
where high TSI values represent being “too hot” and low being “too cold” (Udaykumar et al., 2013). 


Baseline Thermal Comfort Level  


A quantitative assessment of the baseline thermal comfort without the use of cooling technologies was 
determined through the various thermal comfort models discussed. PMV, cPMV, PPD, cPPD and TSI 
calculations were performed in Microsoft Excel using TMY2 data from ISHRAE (2005). Several 
assumptions were made to calculate PMV as described here and summarized in Table 2. First, occupants are 
assumed to have access to and wear the appropriate clothing to minimize their thermal discomfort with clo 
values varying between 0.5 clo (typical indoor summer ensemble) to 1 clo (typical indoor winter ensemble). 
The metabolic rate was set to equal 1.0 met for a seated occupant at rest. External work was set to zero. The 
surrounding air velocity was assumed to be relatively still at 0.15 m/s (0.5 ft/s) (ASHRAE, 2013). The thermal 
mass and insulation of the building, which causes the thermal lag between the two environments, is unknown 
and could not be accounted for in this study. Therefore, it was assumed that the interior temperature and 
relative humidity were equal to the hourly outdoor dry bulb temperature and relative humidity values from 
the weather file. Lastly, the mean radiant temperature was assumed to be equal to the current ambient air 
temperature. 


Table 2: Assumptions used to determine PMV values 


  


Variable Value 
Clothing insulation value [clo] 0.5-1.0 
Metabolic rate [met] 1.0 
External work [met] 0 
Air velocity [m/s] (ft/s) 0.15 m/s (0.5 ft/s) 
Air temperature [℃] Hourly exterior dry bulb temperature 
Mean radiant temperature [℃] Hourly exterior dry bulb temperature 
Relative humidity [%] Hourly exterior relative humidity 
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Wind Catcher Calculations 


To assess the feasibility of the wind catcher, it is necessary to determine the outlet velocity at the suite level 
supply grille. The velocity pressure at the inlet of the wind catcher (outdoor air intake) is reduced by the 
pressure drop from the ducts and the fittings used to convey the outdoor air to the suite. The pressure losses 
in the ducts from friction and fittings were calculated using the fundamental equations presented in the 
Principles of Heating Ventilating and Air Conditioning (Sauer et al., 2013). To minimize pressure drop from 
the fittings, the wind catcher was designed for a single inlet (conical, converging bellmouth, L/D=1.0, θ=60) 
and two elbows (90° elbow, r/W≥2.0, H/W=8.0) resulting in a total loss coefficient of 0.4 (Sauer et al., 2013). 
The resulting outlet velocity of the wind catcher will vary depending on the width and depth of the duct and 
the associated friction losses. As such, a range of expected velocity pressures at the suite level supply grille 
were established to determine the associated maximum acceptable friction loss and the physical dimensions 
of the duct.  


To begin, it is assumed that the pressure losses are a function of the outlet velocity pressures such that feasible 
duct dimensions can be determined. A ratio of outlet velocity pressure to the inlet velocity pressure is used 
to simplify the calculations and reduce the number of unknown variables, as shown in Equation 4. The 
resulting duct dimensions are then used for a discretized calculation procedure to determine more accurate 
outlet to inlet velocity ratios.  


𝑝𝑣,𝑖𝑛𝑡𝑙𝑒𝑡


𝑝𝑣,𝑜𝑢𝑡𝑙𝑒𝑡
=


𝑝𝑣,𝑜𝑢𝑡𝑙𝑒𝑡


𝑝𝑣,𝑜𝑢𝑡𝑙𝑒𝑡
+ (𝑓𝑑 (


𝐿


𝐷
) + ∑ 𝐶𝑖


𝑛
𝑖=1 )


𝑝𝑣,𝑜𝑢𝑡𝑙𝑒𝑡


𝑝𝑣,𝑜𝑢𝑡𝑙𝑒𝑡
(4)  


Where: 𝑃𝑣,𝑜𝑢𝑡𝑙𝑒𝑡, 𝑃𝑣,in𝑙𝑒𝑡 is the velocity pressure at the outlet and inlet respectively [Pa]; 𝑓𝑑 is the friction 
factor, L is the length of the duct [m], 𝐷 is the inside diameter of the duct [m], 𝐶𝑖 is the local loss coefficient, 
𝑖 is the numerical counter for each fitting. 


The final form of Equation 4 is shown in Equation 5. 


𝑃𝑣,𝑟 = (1 + 𝑓𝑑 (
𝐿


𝐷
) + ∑ 𝐶𝑖


𝑛
𝑖=1 )


−1
(5)  


Where: 𝑃𝑣,𝑟 is the ratio of outlet velocity pressure to inlet velocity pressure. 


From Equation 5, the maximum acceptable friction loss and minimum duct dimensions can be determined if 
𝑃𝑣,𝑟 is specified. 𝑃𝑣,𝑟 can be converted to a velocity ratio from fundamentals, shown in Equation 6. 


𝑃𝑣,𝑟 = (
𝑉𝑜𝑢𝑡𝑙𝑒𝑡


𝑉𝑖𝑛𝑙𝑒𝑡
)


2
(6)  


Outlet to inlet velocity ratios were set at intervals between 0 and 1 at increments of 0.1 to determine the 
minimum required dimensions of the wind catcher ducts to reach certain outlet velocity targets. Table 3 
summarizes the duct dimensions required to maintain a certain percentage of the outdoor wind velocity at 
the suite level supply opening for ground level units.  


Table 3: Duct dimensions required to maintain a specific proportion of outdoor air velocity at the suite level. 
𝑽𝒐𝒖𝒕𝒍𝒆𝒕/𝑽𝒊𝒏𝒍𝒆𝒕  0.7 0.6 0.5 0.4 0.3 0.2 0.1 
Minimum diameter size 
[m] (ft) 


7.77 
(25.5) 


3.56 
(11.7) 


2.44 
(8.00) 


1.94 
(6.36) 


1.68 
(5.51) 


1.53 
(5.02) 


1.45 
(4.76) 
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The duct dimensions generated using the simplified equation are used for discretized calculation. Equation 4 
assumes that the losses from the friction and fittings are a function of the outlet pressure. However, the 
velocity and the corresponding frictional losses decrease as the air travels further into the catcher. 
Furthermore, the simplified method also ignores the sequencing of the various parts of the catcher. For 
example, frictional losses due to length would be lower if all three elbows occurred consecutively before the 
main duct. These issues can be avoided by recalculating a new velocity pressure along each step of the wind 
catcher inlet to the suite-level outlet. For a calculation using 10,000 length steps, the formula is shown in 
Equation 7. 


𝑉𝑖𝑛𝑙𝑒𝑡
2 = 𝑉𝑜𝑢𝑡𝑙𝑒𝑡


2 + ∑ 𝑉𝑖
2𝐶𝑖


𝑛
𝑖=1 + ∑ 𝑉𝑗


2𝑓𝑑 (
𝐿


10,000𝐷
)10,000


𝑗=1 (7)  


Where: 𝑉𝑖𝑛𝑙𝑒𝑡, 𝑉𝑜𝑢𝑡𝑙𝑒𝑡 is the velocity at the wind catcher inlet and outlet respectively [m/s]; i is the numerical 
counter for each fitting within the wind catcher, 𝑉𝑖 is the mean velocity across fitting i [m/s], 𝐶𝑖 is the local 
loss coefficient of fitting i, j is the numerical counter for each L/10,000 step, 𝑉𝑗 is the initial velocity at 
distance jL/10,000 [m/s], 𝑓𝑑 is the friction factor, L is the length of the duct [m], 𝐷 is the inside diameter of 
the duct [m]. 


The simplified method in Equation 4 provides an initial estimate of duct sizing which can then be used for 
the discretized equation. A comparison of the outlet to inlet velocity ratio between the two calculation 
methods is shown in Table 4.  


Table 4: Comparison between the outlet to inlet velocity ratio using the simplified and discretized calculation methods for various 
duct sizes. 


Minimum diameter size 
[m] (ft) 


7.77 
(25.5) 


3.56 
(11.7) 


2.44 
(8.00) 


1.94 
(6.36) 


1.68 
(5.51) 


1.53 
(5.02) 


1.45 
(4.76) 


𝑽𝒐𝒖𝒕𝒍𝒆𝒕/𝑽𝒊𝒏𝒍𝒆𝒕 (Simplified) 0.70 0.60 0.50 0.40 0.30 0.20 0.10 
𝑽𝒐𝒖𝒕𝒍𝒆𝒕/𝑽𝒊𝒏𝒍𝒆𝒕 (Discrete) 0.50 0.42 0.23 0.06 - - - 


Based on Table 4, it is possible to achieve up to 50% of the outdoor wind speeds at the suite-level outlet. 
Three scenarios with varying wind velocity ratios were selected for the thermal comfort model calculations 
to determine the additional increase in thermal comfort time as wind catcher dimensions increase. The ratios 
used are a 10% (Scenario W10), a 30% (Scenario W30) and a 50% (Scenario W50) of the outdoor air inlet 
velocities at the suite-level outlet. As an example, Scenario W10 would denote a MURB with only a wind 
catcher where the pressure losses due to the duct dimensions would result in 10% of the outdoor air inlet 
velocity remaining at the suite-level. The outdoor air inlet velocities were determined using equations by 
Aynsley et al. (1977) to adjust the TMY2 wind speeds collected at an airport weather station to account for 
the added surface roughness in the urban region where these MURBs will be constructed. The minimum 
height of the wind catcher above the MURB (9.7m) was determined from Wilson (1979). The outlet velocity 
of the wind catcher will be directly used for the various thermal comfort indicators. 


Solar Chimney Calculations 


Calculations for the air velocities generated at the suite-level by the solar chimney are iterative and dependent 
on multiple factors. Each of the three governing equations (Equation 8, 9, 10) are dependent upon one 
another: the velocity calculation is dependent on the outlet temperature, the outlet temperature is dependent 
on the air velocity and the convective heat transfer coefficient, and the convective heat transfer coefficient is 
dependent on the velocity. The air velocity [m/s] in the chimney can be calculated using Equation 8 (Lee and 
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Strand, 2009). 


V = C√2gh
Ti−To


Ti
(1 + Ar)−2 (8)  


Where: 𝑉 is the velocity of the air [m/s], C is the discharge coefficient; g is the gravitational acceleration 
[m/s2]; h is the height of the air column [m]; TI is the inlet air temperature [K]; To is the outlet air temperature 
[K]; Ar is the outlet area to inlet area ratio.  


The outlet temperature [K] is calculated using Equation 9 (Lee and Strand, 2009). The equation determines 
the air temperature along the length of the chimney. One thousand length steps were used in the calculation. 
The temperature at the last step (T1000) of the solar chimney would correspond to the outlet velocity used in 
Equation 8.  


ℎ𝑤𝑓 (𝑇𝑤 −
𝑇𝑛+1+𝑇𝑛


2
) + ℎ𝑔𝑓 (𝑇𝑔 −


𝑇𝑛+1+𝑇𝑛


2
) =


𝑚𝐶𝑝,𝑎(𝑇𝑛+1−𝑇𝑛)


∆𝑥𝑤
(9)  


Where ℎ𝑤𝑓 is the convective heat transfer coefficient between the wall and the fluid [W/m2K], ℎ𝑔𝑓 is the 
convective heat transfer coefficient between the glass and the fluid [W/m2K], 𝑇𝑤 is the temperature of the 
wall [K], 𝑇𝑔 is the temperature of the glass [K], 𝑇𝑛, 𝑇𝑛+1 are the air temperatures at various nth elements 
within the thermal chimney [K], 𝑚 is the mass flow rate of the air [kg/s], 𝐶𝑝,𝑎 is the specific heat capacity of 
the air [Jkg-1K-1], ∆𝑥 is the element length [m], and 𝑤 is the width of the thermal chimney [m].  


The convective heat transfer coefficient (ℎ𝑐) is an empirical equation determined by Palyvos (2008) as shown 
in Equation 10. Palyvos had collected and tabulated solar collector convective heat transfer coefficients from 
various studies and developed an averaged correlation. 


ℎ𝑐 = 7.4 + 4𝑉 (10) 


Where: ℎ𝑐 is the heat transfer coefficient [W/m2K]; 𝑉 is the velocity of the air [m/s].  


The temperatures of the absorber and glazing walls are assumed to be uniform along the length of the chimney 
given the higher rate of conductive and radiative heat transfer versus convective heat transfer. Determining 
the convective heat transfer for the glazed wall is difficult. The surface heat transfer coefficient on the exterior 
side of the glass panel would vary due to changes in wind pressure coefficients alongside the face of the 
building from varying wind direction. As such, a conservative assumption was made for the purposes of this 
feasibility assessment: the glass does not transfer heat. This would underestimate the flow generated by the 
thermal chimney.  


The radiation emitted by the absorber wall to the air is assumed to be half of the radiation transmitted through 
the glass. Insulation installed behind the absorber wall would increase the proportion of radiation re-emitted 
to the air column but a conservative assumption was made for the purposes of this assessment. It is also 
assumed that the negative suction forces generated by the outdoor winds at the outlet of the solar chimney 
would have no synergistic benefits. Air flow through the chimney is driven solely by the buoyant forces. At 
steady state, the maximum temperature gain of the absorber wall is limited by the rate of energy loss to the 
air column. The rate of energy loss cannot be greater than the rate of energy gain. This is equal to the incoming 
rate of radiation to the absorber wall [W/m2] divided by the heat transfer coefficient [W/m2K] to the air 
column. This calculated temperature gain should not exceed the sensible temperature gains assuming no 
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losses. This is calculated as the incoming radiation [Wh/m2] divided by the heat capacity of the absorber wall 
[Wh/m2k]. It was assumed that the rate of energy gain [W/m2] is equal to the hourly energy gains in the 
TMY2 file [Wh/m2] divided by the hourly period. The iterative process using Equations 8, 9 and 10 were 
performed until a convergence criterion of 0.01 m/s (0.03 ft/s) was met for the air velocity as changes this 
minimal resulted in no significant changes in the thermal comfort models. The inlet velocity generated 
through the iterative procedure was used to calculate the thermal comfort improvements of the suite using 
the various thermal comfort indicators. 


Combined System Calculations 


The resulting outlet velocities generated by the wind catcher and the inlet velocities required by the solar 
chimney were used in conjunction to determine the effects of a combined system within the suite. When both 
systems are operational, a conservative assumption of the suite-level air movement to be equal to the larger 
of the two systems is used as opposed to a hybrid mix of both. Given the complex nature of air flow, the 
behavior of the air through the system under varying exterior wind speeds and irradiance is unknown through 
spreadsheet calculations. Further ongoing research using CFD will be used to verify and compare with the 
assumptions made. A summary of all modeled scenarios and their descriptions are listed in Table 5. 


Table 5: Summary of all modeled scenarios 
Scenario Wind 


Catcher  


Solar 


Chimney  


Description 


Baseline   No passive cooling solution. 
 


W10    Wind catcher only; sized to capture 10% of the outdoor wind speed for the suite-level outlets.  
W30    Wind catcher only; sized to capture 30% of the outdoor wind speed at the suite-level outlet. 
W50    Wind catcher only; sized to capture 50% of the outdoor wind speed at the suite-level outlet. 
S    Solar chimney only 


 
C10     Solar chimney and wind catcher sized to capture 10% of the outdoor wind speed for the suite-


level outlets. 
C30     Solar chimney and wind catcher sized to capture 30% of the outdoor wind speed for the suite-


level outlets. 
C50     Solar chimney and wind catcher sized to capture 50% of the outdoor wind speed for the suite-


level outlets. 


Thermal Comfort Calculations 


Calculation of the PMV for the high air speeds generated by the wind catcher and solar chimney requires the 
use of the Standard Effective Temperature (SET) in place of air temperature as stated in ASHRAE Standard 
55 Section 5.3.3. The code described in Normative Appendix B and the Informative Appendix G1 in 
ASHRAE Standard 55 as well as the open source code for the CBE Thermal Comfort Tool were used to 
determine the PMV values and SET calculations. The code was adapted for Visual Basic for Applications 
within Microsoft Excel and verified with the CBE Thermal Comfort Tool and the validation Table G1-1.  
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RESULTS AND DISCUSSION 


The baseline annual PPD and cPPD is shown in Figure 3 and PMV and cPMV values are shown in Figure 4. 


 
Figure 3: Baseline 7-day rolling average PPD/cPPD values  


  
Figure 4: Baseline 7-day rolling average PPD/cPPD values  


Per the PPD and PMV values calculated using ASHRAE Standard 55, exposure to the baseline conditions 
(as defined in “Baseline Thermal Comfort Level”) would result in thermal discomfort for most the year 
(76%). The percentage of people dissatisfied with their environment using the ASHRAE model is greater in 
comparison to the cPPD and cPMV values which consider local, cultural and climatic adaptations. The cPPD 
and cPMV values also indicate less thermal discomfort time above limits but the proportion of time where 
the limits are exceeded is still high (59%). The TSI model, shown in Figure 5, has the least amount of time 
above comfort limits (21%) with the predicted percentage of dissatisfied being less than PPD and cPPD. 


0


20


40


60


80


100


1-Jan 1-Feb 1-Mar 1-Apr 1-May 1-Jun 1-Jul 1-Aug 1-Sep 1-Oct 1-Nov 1-Dec


PPD/cPPD (7-Day Rolling Average) 


Baseline (PPD) Baseline (cPPD) ASHRAE Standard 55 limit


-3.0


-2.0


-1.0


0.0


1.0


2.0


3.0


1-Jan 1-Feb 1-Mar 1-Apr 1-May 1-Jun 1-Jul 1-Aug 1-Sep 1-Oct 1-Nov 1-Dec


PMV/cPMV (7-Day Rolling Average)


Baseline (PMV) Baseline (cPMV)


ASHRAE Standard 55 upper limit ASHRAE Standard 55 lower limit







 
 


Paper 43                                                                                                     Page 13 of 19 
 


Figure 5: Baseline 7-day rolling average TSI values 


Figure 6 summarizes the annual, 7-day rolling average outlet velocities generated by a W30 wind catcher 
and the inlet velocities generated by the solar chimney (Scenario S). The average daily velocity of the solar 
chimney is typically lower than the average wind velocity of W50 as the solar chimney only generates flow 
during daylight but is averaged over a period of twenty-four hours. In comparison to W30, the solar chimney 
can generate higher average velocities during periods of low seasonal winds but is lower overall during the 
monsoon season with its high wind speeds. During optimum conditions, the solar chimney could generate 
velocities up to 3.65 m/s at the inlet. Correlating with the wind rose data, wind catcher outlet velocities were 
highest during the monsoon season. However, the seasonal temperatures drop slightly during periods of peak 
wind speeds in mid-July. As thermal comfort is a function of the air movement, temperature and relative 
humidity, it is difficult to determine the improvements in thermal comfort without the use of thermal comfort 
indicators when the various parameters are changing throughout the year. By analyzing the data using the 
various thermal comfort indicators, a better indication of the effects of the fluctuating environmental 
conditions on the passive cooling system and its corresponding impact on occupant thermal comfort can be 
examined. 


 
Figure 6: Average 7-day velocities generated by W30, W50 and S alongside the daily average temperature 
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Wind Catcher Only Scenario 


Figure 7 shows the effect of the various wind catcher scenarios on the PPD throughout the year. There is a 
significant decrease in PPD with the addition of a wind catcher when compared to the base case. Occupants 
would benefit most from the solution during the monsoon and post monsoon seasons when discomfort levels 
are at their peaks. The time spent above ASHRAE Standard 55 limits between August and September for the 
base case is eliminated in Scenario W10. Overall, the annual discomfort time above Standard 55 limits 
decreases by 44%, 81%, and 97% relative to the baseline for Scenario W10, W30 and W50, respectively. 
Increasing the dimensions of the wind catcher to further decrease the hourly PPD has diminishing marginal 
benefits; a 37% increase in acceptability time is achieved with a 23% increase in duct area for Scenario W30 
versus a 53% increase with a 108% increase in area for Scenario W50 when compared to Scenario W10. 
Furthermore, the differences in PPD between Scenario W30 and Scenario W50 is minimal throughout the 
year except during the pre-monsoon season. As such, the arguments to implement Scenario W50 over 
Scenario W30 is not compelling.  


Figure 8 shows the effect of the various wind catcher scenarios on the cPPD throughout the year. As expected 
from the baseline comparisons, the cPPD values are lower in comparison to the PPD values. The predicted 
percentage of dissatisfied is no greater than 20% when using Singh’s model in comparison to the 40% in 
ASHRAE for Scenario W10. Using the cPMV model, the annual discomfort time above Standard 55 limits 
decreases by 46%, 97%, and 100% for Scenario W10, W30 and W50 respectively.  


  
Figure 7: 7-Day rolling average PPD values for the baseline and Scenario W10, W30 and W50 
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Figure 8: 7-Day rolling average cPPD values for the baseline and Scenario W10, W30 and W50 


The average PPD during the winter months between late-December and mid-February increase for all 
scenarios. The winter seasons contain days in which both PMV values below and above the Standard 55 
limits occur. As the proposed solution specifically targets discomfort due to warmth, the averaged PMV 
values during winter decrease below zero causing increased PPD values. This is depicted in Figure 9 which 
illustrates the annual 7-day rolling average PMV values. 


 
Figure 9: 7-Day rolling average PMV values for the baseline and Scenario W10, W30 and W50. 
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Solar Chimney and Combined Scenario 


Figure 10 shows the PPD/cPPD values in different scenarios between April and August: solar chimney only 
(Scenario S), solar chimney plus wind catcher with 10% inlet velocity at outlet (Scenario C10), and solar 
chimney plus wind catcher with 30% inlet velocity at outlet (Scenario C30). The improvement in thermal 
comfort exclusively from the solar chimney outperforms that of Scenario W10 but not that of Scenario W30. 
Scenario S decreases time exceeding ASHRAE Standard 55 limits by 78% in comparison to the baseline 
versus the 44% and 81% for Scenario W10 and Scenario W30. Scenario C10 and Scenario C30 are shown to 
have lower predicted percentage of dissatisfied when compared to Scenario S and Scenario W10 while also 
having less time spent above limits. Table 6 summarizes the various scenarios and their reductions in 
discomfort time when compared to baseline levels.  


  
Figure 10: 7-Day rolling average PPD values for the baseline and Scenario W10, W30, S, C10 and C30. 


Table 6: Summary of the total reduction in annual discomfort time compared to baseline for each scenario.  
 Total Reduction in Annual Discomfort Time from Baseline (%) 
Scenario W10 W30 W50 S C10 C30 C50 
Model        
PMV 44 81 97 78 81 100 100 
cPMV 46 97 100 76 93 100 100 
TSI 11 23 28 23 24 26 31 


CONCLUSION 


The effects of a wind catcher and solar chimney on thermal comfort in MURBs was examined. The 
unaffordability of cooling technologies for those in lower income brackets and the projected energy demands 
in India provide a unique opportunity for the application of passive cooling strategies to mitigate their energy 
consumption and reach their carbon reduction goals. The literature indicates that wind catchers and solar 
chimneys could help solve the gap. The expected range of velocities at the outlet of the wind catcher were 
determined using fundamental equations. Calculations, based on the TMY2 weather data files provided by 
ISHRAE, were performed to determine the effects on thermal comfort through various wind catcher and solar 
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chimney configurations. The wind catchers which could output 30% of the inlet velocity (Scenario W30) 
was shown to decrease the total annual discomfort time above limits by 97% and 81% when using the cPMV 
and PMV respectively. Solar chimneys were less effective in decreasing the overall time above limits when 
compared to Scenario W30 but performed better than Scenario W10. Overall, the combination of both 
approaches has better reliability in decreasing discomfort time above the respective limits of each model (a 
minimum reduction of 81%). Further research would be required to verify the effects of the wind catcher and 
solar chimney on the MURB but these initial results show promise. The CFD testing to follow will allow for 
a more complete analysis of the synergistic effects of the exterior wind on the solar chimney and the 
interactions between the solar chimney and the wind catcher with regards to the suite-level air movement. 
This optimization will include orientation of the solar chimney, design of the chimney absorber wall, as well 
as the wind catcher duct dimensions and inlet design. The streamlines within the suite generated by the wind 
catcher and the solar chimney will be further investigated and modeled with CFD to determine the air 
velocities experienced by the occupants in the suites. 
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Slum Rehabilitation Redevelopment Project


• Relocate slum residents into new multi-unit residential buildings


• IGUS: redesigning structural and indoor environmental quality of new 
developments


• Goal: improve thermal comfort
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Slum Neighbourhoods


5 Characteristics Defined by UN Habitat (2007):


• Inadequate access to safe water


• Inadequate access to sanitation and infrastructure


• Poor structural quality


• Overcrowding


• Insecure housing status
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(Shaikh, 2016)







The Need For Passive Technologies


• Electricity in slum neighborhoods are:
• Unreliable


• Expensive


• Require substantial investments in future grid networks to meet growing 
electricity demands
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The Need For Passive Technologies


Urban Slum


Percentage of Indian 
Residential 
Households with 
Electricity


95% 63%


Reliability of the 
Electric Grid


19 hrs per day 13.7 hrs per day
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(Aklin, Bayer, Harish, & Urpelainen, 2015)







Cooling Demand Projection For Space Cooling
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Thermal Comfort Models


• 3 Models:
• Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD)


• ASHRAE


• Corrected PMV (cPMV) 
• Signh et al. (2011)


• Tropical Summer Index (TSI)
• India’s National Building Code 
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Tropical Summer Index (Baseline)
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Historical Wind Data (TMY2)
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Wind Catcher And Solar Chimney Design
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Wind Catcher and Solar Chimney Visualized
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Wind Catcher And Solar Chimney Calculation
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Simplified Method: Discrete Method:







Simplified Method vs Discretized Method
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Future research


• Decrease wind catcher size
• Reduce the number of inlets per outlet
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Future research


• Decrease wind catcher size
• Reduce the number of inlets per outlet


• Examine the synergy between the two systems
• Velocities within the unit when both systems are operational


• Examine the effect of the increased air movement on occupants
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CHARACTERIZATION OF SPACE HEATING BOILER OPERATION IN 
POST-WAR MULTI-UNIT RESIDENTIAL BUILDINGS 


H. Stopps and M.F. Touchie 


 


 


ABSTRACT 


In Ontario, residential building operation produces a significant portion of the province’s greenhouse gas 
(GHG) emissions. In the Greater Toronto Area (GTA), a significant portion of all multi-unit residential 
buildings (MURBs) were constructed in the post-war period during the 1960s and 1970s. Typically, heating 
loads in these buildings represent approximately half of total building energy consumption, so reducing 
space heating energy use in this building typology can greatly contribute to GHG emissions reduction.  
Literature suggests that oversized boiler equipment can reduce the operational efficiency of the heating 
plant leading to greater than necessary energy consumption. There is no current inventory of installed 
system capacity in Ontario’s post-war MURBs nor information on the operational characteristics of these 
systems. This information is key to understanding when heating plant retrofits should occur, predicting the 
true energy reduction from envelope retrofits, and how new heating systems should be designed. Field data 
was collected from two post-war MURBs with hot water boiler systems.  Building 1 has a modular boiler 
arrangement with 10 space heating boilers whereas Building 2 has a typical four-boiler system. Building 1 
exhibited longer average boiler cycle times, with a minimum monthly average cycle time of 123 and a 
maximum of 285 minutes. In Building 2, the monthly average cycle time ranged between 12 and 34 minutes. 
An analysis of  space heating demands in Building 1, based on the temperature difference between the 
supply and return for the building supply loop, showed a decrease in system efficiency for low loads. The 
preliminary analysis suggests that modular boiler systems may offer performance improvements over 
traditional boiler configurations in MURBs.  The analysis also indicates that installed boiler capacity, in 
relation to the heating demand of the building, affects heat plant performance. Envelope retrofits that reduce 
space heating demands are likely to reduce building heat plant efficiencies as equipment will spend more 
time operating in lower load scenarios. 


 


INTRODUCTION 


In Ontario, building operation produces approximately 24% of the province’s GHG emissions, with over 
half of this produced by residential buildings in the province (Ontario Ministry of Environment and Climate 
Change, 2015).  A key component of Ontario’s Climate Change Strategy is to reduce GHG emissions from 
both new and existing buildings through energy conservation strategies and the increased use of renewable 
fuels (Ontario Ministry of Environment and Climate Change, 2015).   


In the Greater Toronto Area (GTA), the largest urban region in the province, 38% of all residential 
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dwellings are in multi-unit residential buildings (MURBs) (Statistics Canada, 2012). In the 1960s and 
1970s, the GTHA experienced a boom in MURB construction.  In 2009, it was estimated that almost 50% 
of all Toronto MURBs were constructed during these two decades (Kesik and Saleff, 2009).  Space heating 
energy use in these buildings typically represents over half of a building’s total energy use. Given the sheer 
number and energy intensity of these buildings, understanding where opportunities lie to improve energy 
efficiency through retrofitting and operational changes is key to reducing GHG emissions in Ontario.  
Additionally, MURBs constructed in the 1960s and 1970s are frequently undergoing renewal and retrofit 
projects due to their aging infrastructure. Understanding how changes in building heating demand due to 
envelope improvements impact heat plant operation is important to ensure retrofit strategies are designed 
to truly minimize energy use. 


MURB heating system design in industry traditionally has been geared towards providing sufficient system 
capacity for worst-case heating loads. Previous studies by Cholewa et. al (2011), Butcher (2007) and 
Underwood (1992) have indicated that central boiler systems in MURBs may operate at lower system 
efficiencies for loads below the system capacity. Industry professionals are beginning to advocate for more 
conservative system sizing and part-load design considerations, however, a lack of regulation of installed 
system efficiency, the designer’s professional liability for under-capacity systems, and the division of 
design and operational costs between different stakeholders has meant that system oversizing is still 
prevalent. Furthermore, given the long service life and high capital cost of central heating systems, older 
MURBs often still have the originally installed central heating plant.  


There is no current inventory of installed system capacity in Ontario’s post-war MURBs nor information 
on the operational characteristics of these systems. This information is essential to understanding where 
central heating plant retrofits may be economical as well as to understanding the true energy savings 
potential of proposed building envelope retrofits. Retrofit strategies that greatly reduce building heating 
loads may result in or increase equipment oversizing in building heat plants and reduce equipment 
efficiency. As a result, envelope retrofits may realize significantly lower reductions in natural gas demand 
than anticipated from the building heating demand reductions. Envelope retrofits should be coupled with 
heating plant retrofits or operational changes to maximize reductions in building energy use. 


Understanding the performance characteristics of heating plants in existing MURBs is also important in 
informing heating plant design in new construction. Traditional configurations of two to four single stage 
atmospheric boilers, with a capacity far beyond typical building demand, are still installed to provide space 
heating in many newly constructed buildings. In Ontario, the Building Code includes requirements for the 
efficiency of individual boiler units, however, no requirements are included with respect to the realized 
installed system efficiency. As the sizing of heating plant systems has been shown to affect the realized 
system efficiency in other building types, understanding how system sizing and configuration affects 
efficiency in the MURB sector is essential to informing future code provisions which will reduce building 
energy use. 


This paper characterizes the performance of the heating plants in two MURBs in the Greater Golden 
Horseshoe Area (GGHA) using data collected from their building automation systems (BAS).  Natural gas 
consumption, runtime and cycle length profiles are developed for each of the buildings. A preliminary 
assessment of changes in boiler system efficiency for different building space heating demands is also 
performed.  This characterization is intended to showcase the differences in the operational characteristics 
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of more modular boiler systems and traditional two to four boiler space heating systems. 


BACKGROUND 


While some research has been done to characterize suite-level energy consumption in MURBs in Toronto, 
there has been limited characterization of the operation of installed heating plants in existing building stock.  
Previous studies have characterized performance of heating plants in relatively small MURBs in other 
geographical areas.  In a 1993 field study, Landrey et. al (1993) found the in-situ efficiency of a hot water 
boiler in a 17-unit MURB to be significantly lower than the stack efficiency of the boiler (66% versus 
81.5%). Cholewa et. al (2011) found the input-output efficiency of a centralized space heating and domestic 
hot water (DHW) system for a four-storey building in Poland was lower when the system was only used 
for DHW production, with an annual efficiency of 56.9%.  A laboratory study of boiler operation under 
various loading conditions found that oversizing of atmospheric boilers reduced efficiency – an oversizing 
factor of three reduced efficiency by approximately 10% (Butcher, 2007). Underwood (1992) reported 
lowered condensing boiler efficiency at low and high demands in a United Kingdom 30-unit residential 
complex.  The lowered efficiency for high demands was attributed to the need for the lag boiler to supply 
heat in high load conditions. 


Outside of the MURB sector, Orr et al. (2009) reported that the efficiency of condensing boilers was 
independent of the load factor for factors greater than 5% in single family residential buildings, which is 
different from the results of the other studies outlined above 


Studies in commercial and institutional buildings have generally demonstrated that many buildings have 
boilers with capacities greater than the peak demand and that a decrease in boiler efficiency tends to occur 
as load decreases. An assessment of condensing boiler performance in a 31-storey federal office building 
in Georgia reported a 93% input-output (IO) efficiency at full load for a boiler sized closely to peak building 
demand (Parker and Blanchard, 2012).  The report mentioned that cycling affected boiler efficiency but did 
not quantify this effect. Gestwick et al. (2014) measured IO efficiency for heating plants with condensing 
boilers in a school and a university building in Alberta.  The school building had low variation in efficiency 
with load, while the university building IO efficiency increased with load.  In a 2012 study, Lazzarin 
reported a decrease in IO efficiency during the summer months for a 105kW (358,275 BTU/hr) condensing 
boiler with variable water flow (Lazzarin, 2012).  Similarly, a simulation study by Riise and Sorensenn 
(2013) demonstrated a decrease in heat plant efficiency for oversized oil and electric boilers.  A 2014 
assessment of field measurements in 12 retails stores showed heat equipment oversizing between 166% and 
631% and estimated an associated energy penalty of 25 - 1375 kW (85,300 – 4,691,695 BTU/hr) for heating 
equipment during low load periods (Woradechjumroen et al., 2014).  


Generally, previous studies have found that heating plants using hot water boilers tend to experience lower 
efficiencies when loads are significantly below capacity. In addition to reduced system efficiency, short 
runtimes and the associated frequent cycling of heat plant equipment may reduce equipment lifespan and 
increase maintenance requirements.  


The study characterizes the performance of two hot water space heating boiler systems in the Greater 
Golden Horseshoe Area (GGHA).  The buildings analyzed in this study are larger than those examined in 
previous studies of multi-unit residential buildings and provide an opportunity to understand heating plant 
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performance characteristics specific to the GGHA. Improving heating plant operation in MURBs in this 
area may provide opportunities for significant reductions in building energy use and associated GHG 
emissions. 


This study can also be viewed as a pilot of a methodology using readily available BAS data to characterize 
heat plant performance.  BAS data can provide an affordable option for the assessment of heating system 
performance in MURBs as it does not require substantial financial investment for additional equipment. 


 
BUILDING TYPOLOGIES AND MONITORING SET-UP 


Building 1 


Building 1 is a multi-unit residential building in the GGHA. It is comprised of 94 suites on 12 floors with 
a gross floor area of approximately 7,800 m2. The exact age of construction is unknown, however it was 
likely built in the 1970s. No suite-level heating control is available to building residents. 


Building 1 uses a hyper-modular boiler configuration in its heating plant.  Thirteen, single stage atmospheric 
boiler modules provide hot water for space heating and domestic hot water.  The boilers have a rated input 
of 300,000 BTU/hr (88 kW) per module and a nameplate efficiency of 80%.  Ten of the 13 are used for 
space heating. The remaining three boilers are used for domestic hot water production. The space heating 
boilers are sequenced in a rotating pattern to maintain the primary loop setpoint at the maximum of the 
building hot water supply setpoint plus 2˚C or 58˚C (136.4˚F).  A Proportional-Integral-Derivative (PID) 
controller is used to maintain the primary loop setpoint. The temperature of the building loop is controlled 
through the use of a three-way valve which is modulated to maintain the supply at the temperature setpoint.  
Single speed pumps are used for the primary loop circulation and the building supply loop circulation. 
While Building 1 does have a make-up air unit, the make-up air is unheated.  


Natural gas consumption was recorded hourly to the 10th of a cubic foot between late June 2016 and March 
2017.  Natural gas measurements were taken through the gas provider’s revenue meter which can be 
assumed to be accurate to at least 1% due to strict revenue meter requirements.  Outdoor air temperature 
(OAT) at the site was recorded at five minute intervals to 0.1 ± 0.2 ̊C.  Sensor accuracy at temperatures 


below 0  ̊ C is reduced, with a maximum error of ±0.6 ̊ C at -50 ̊ C. Hot water supply and return 
temperatures were recorded to 0.1 ± 0.2 ̊C at five minute intervals between December 2016 and March 
2017.  Boiler status was recorded as a binary state change (on/off) between June 2016 and March 2017.  
Flow rates were not measured. As a result, demand and system efficiency cannot be determined for the 
building as an actual building demand cannot be calculated without flow rate measurements.  However, 
relative space heating demands can be compared using the temperatures of supply and return water as the 
installed building pumps do not have variable outputs.  


Building 2 


Building 2 is a mid-rise multi-unit residential building in the Greater Toronto Area (GTA). It has 92 suites 
on seven floors and was constructed in 1966.  The boiler plant in this building provides domestic hot water 
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and hot water for space heating to the seven-storey tower as well as one row of townhouses, which are 
heated using two separate hot water supply loops. Similar to Building 1, the suites in Building 2 do not 
have individual heating controls. The building temperature is entirely controlled by the heating plant 
operation. 


Domestic hot water is supplied by two single stage atmospheric natural gas boilers with an input of 631,000 
BTU/hr (185 kW) per boiler. Due to the age of the boilers, specification sheets were not available to 
determine the nameplate efficiency but is expected to be around 75%. 


Space heating in the building is supplied by four two-stage boilers. Two forced convection boilers are 
designated as the primary boilers, which are first to be signaled on when a call for heat occurs.  Of the two 
primary boilers, the boiler with the lowest runtime in the previous week is designated as the lead boiler (i.e. 
the first of the two boilers to be activated when a call for heat occurs) for the following week. The boilers 
have an input capacity of 750,000 BTUs/hr (220 kW) each and a rated efficiency of 85%.  Two atmospheric 
boilers with a capacity of 2,000,000 BTU/hr (586 kW) act as the secondary boilers and supply required heat 
beyond the capacity of the two primary boilers.  Due to the age of these boilers, the nameplate efficiency 
was not available but is expected to be around 75%. Boilers are sequenced to maintain the primary hot 
water loop at the maximum of the building hot water loops setpoints plus 5˚C.  A PID controller is used to 
maintain the primary loop setpoint. A three-way valve is used to maintain the setpoints of the two building 
hot water loops supplies.  


In addition to supplying the suite-level radiators, the space heating boilers supply hot water to a make-up 
air unit. The make-up air unit is designed to be operational at all times and uses heated water to preheat the 
inlet air when outside air temperatures are below 14  ̊C (57 ̊ F). 


Natural gas consumption was recorded hourly to the 10th of a cubic foot between May 2016 and May 2017.  
Natural gas measurements were taken through the gas provider’s revenue meter which can be assumed to 
be accurate to 1%.  Daily total runtime in seconds was recorded for each boiler from December 2015 to 
May 2017. Hot water supply and return temperatures were measured to 0.1 ̊± 0.2 C and recorded for a one 
month period between April and May. Boiler status (on/off) was recorded between mid-December 2016 
and April 2017, with the exception of one primary space heating boiler.  The status for this primary space 
heating boiler was only recorded for April 2017 as it was operating as the lead boiler during April and high 
cycle rates during this period meant that data storage capacities were quickly filled.  Average performance 
characteristics for this boiler were assumed to be similar to the other primary boiler as they alternate as the 
lead boiler based on total runtime. 


Outdoor air temperature was not recorded for the site for the entire monitoring period.  Air temperatures 
from a nearby weather station have been used to estimate the air temperatures at the site. 


BUILDING OPERATIONAL PROFILES 


Daily and annual natural gas consumption and boiler operational profiles were developed for each of the 
two buildings based on the collected data.  Natural gas data represents the total of the natural gas usage for 
both space heating and domestic hot water. Summer profiles represent domestic hot water use only as space 
heating is not required in the summer months. 
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Profiles of the average Operating Boiler Utilization (OBU), Total Capacity Utilization (TCU), and cycle 
length were also developed for each building. 


In the context of this paper, average Operating Boiler Utilization (OBU) is defined in Equation 1.  


𝑂𝐵𝑈 =
∑ 𝑅𝑇𝑖,𝑗


𝑛
𝑖=1


𝑛𝑡𝑗
     (1) 


where RTi,j is the runtime for boiler i during interval j, n is the number of boilers with non-zero runtime in 
interval j, and tj is the time duration of interval j. Average OBU is used to exclude boilers when they are 
not signaled on during an hourly or daily period, given that these boilers would not contribute as 
significantly to an energy penalty associated with oversizing or cycling.  However, boilers not signaled on 
during an hourly period can still reduce overall system efficiency through losses at the end of operation in 
a previous period.   


Total Capacity Utilization (TCU) is defined in Equation 2. 


𝑇𝐶𝑈 =  
∑ 𝑅𝑇𝑖,𝑗


𝑚
𝑖=1


𝑚𝑡𝑗
     (2) 


where m is the number of boilers installed. 


 


Building 1 


Figure 1 shows the average hourly percentage of daily consumption of natural gas in the building over a 
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Figure 1: Building 1 percentage of daily natural gas consumption (space heating and domestic hot water) by hour for summer, 
winter and shoulder seasons. 
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24-hour period for the summer (June – August), winter (December – February) and shoulder seasons. 
Summer and winter percent consumptions had similar standard deviations which ranged between 0.4% and 
0.8% depending on the hourly period, while shoulder season percent consumptions were more varied, with 
a standard deviation between 0.6% and 1.2% for each hourly period. In all seasons, natural gas consumption 
peaked at 9:00am likely due to the increased domestic hot water consumption immediately before this time 
period. Summer natural gas consumption, which represents only domestic hot water use, tends to be lowest 
between midnight and 5:00am. In the winter and shoulder seasons, natural gas consumption tends to be 
lowest between noon and 5:00pm, which may result from warmer afternoon temperatures or solar gains 
reducing space heating needs. 


During the monitoring period, average daily natural gas consumption for the building ranged from 75 
m3/day (2648 ft3/day) to 824 m3/day (29,099 ft3/day) and was well correlated with outdoor air temperature 
(OAT) at the site (R2 = 0.9). Daily average consumption and standard deviation for natural gas is shown by 
month in Table 1. 


Table 1:  Daily average natural gas consumption and standard deviation (space heating and domestic hot water) for Building 1 by 
month. 


Month * 1 2 3 7 8 9 10 11 12 
Daily Average 
Consumption  
(m3) 


760 ± 
174 


620 ± 
188 


824 ± 
246 82 ± 4 75 ± 7 94 ± 27 


242 ± 
140 


407 ± 
149 


710 ± 
139 


Daily Average 
OAT ( ̊C) 0.6 4.6 -0.1 23.8 24.2 16.9 13.6 8.9 0.8 


  * Months of April – June missing due to lack of data. 


Total runtime as well as average hourly period OBU of the ten space heating boilers during months of 
December, January, February and March is shown in Table 2. Space heating boiler runtime and OBU 
fluctuated with the average monthly outdoor air temperature.  The maximum TCU for space heating was 
74% over the monitoring period.  In some periods, OBU was 100% meaning that all boilers operating during 
the hourly period were on continuously for the entire hour.  


Table 2: Building 1 average space heating boiler runtimes and utilization.  
Month Average 


OAT ( ̊ C) 
Average Daily Space Heating 
Boiler Runtime (hr) * 


Average Space Heating 
OBU 


Average Space Heating 
TCU 


12 0.8 93 ±  24 72% 39% 


1 0.6 96 ±  32 71% 40% 


2 4.6 72 ±  32 54% 30% 


3 -0.1 108 ±  42 78% 45% 
* Average daily space heating boiler runtime is the combined runtime for all 10 space heating boilers. 


Building 1 average cycle times for the hyper-modular space heating boilers are shown in Figure 2. In 
Building 1, the space heating boilers had average cycle lengths ranging from 123 minutes (approximately 
2 hours) in the shoulder season to 285 minutes (just under 5 hours) in the winter months.  Of course, cycle 
length was highly variable likely due to changing weather conditions and if the boiler was currently 
classified as a lead or lag boiler.  The time the boiler was on per cycle was lower during the shoulder 
seasons, whereas during the winter season, the boilers tended to be on for approximately half of the total 
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cycle length.  


The average cycle length tended to increase for lower outdoor air temperatures as shown in Figure 3, likely 
due to increases in building space heating demand, requiring more of the modular boiler units to be on for 
a longer period of time.  The few data points showing high cycle lengths for higher temperatures occurred 
due to long periods in the cycle where the boiler was off. 


Building 2  


The average profile of natural gas consumption in Building 2 over the course of one day for the summer 
(June – August), winter (December – February) and shoulder seasons is shown in Figure 4. Hourly variation 
in demand was high in the summer, with hourly standard deviations ranging between 2.2% and 5%. Winter 
and shoulder season profiles had standard deviations of 0.6 – 1.4% and 1.8 – 3.3% respectively. Summer 


Figure 3: Building 1 average daily boiler space heating cycle length versus average daily outdoor air temperature. 
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Figure 2: Monthly average boiler cycle lengths and On/Off duration for Building 1. 
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natural gas consumption, which represents only domestic hot water uses, tends to be lowest between 1:00 
am and 7:00 am (when residents are more likely to be sleeping and require less domestic hot water).  In the 
winter and shoulder seasons, natural gas consumption tends to be fairly consistent over the day, with a 
slight dip during the early morning period and peak around 10:00 pm.  This may indicate that there is less 
temperature variability across the daytime hours at the site, that the solar gains at the building are small or 
that the building has a relatively high thermal mass. 
 
Average daily natural gas consumption is shown in Table 3 and ranged between a low of 151 m3/day (5333 
ft3/day) in the summer months and a high of 880 m3/day (31,077 ft3/day) in the winter months. Average 
consumption was well correlated with the monthly average outdoor air temperature (R2 = 0.95). 
 


 
Figure 4: Profiles of summer, winter, and shoulder season hourly percentage of daily natural gas consumption (space heating and 
domestic hot water) for Building 2. 


Table 3: Daily average natural gas consumption (space heating and domestic hot water) by month for Building 2. 


Month 1 2 3 4 5 6 7 8 9 10 11 12 
Daily 
Average 
Consumption 
(m3) 


793 ± 
138 


728 ± 
152 


739 ± 
183 


446 ± 
92 


335 ± 
99 


197 
±13 


171 ± 
14 


151 
±11 


153 ± 
17 


355 
±219 


562 ± 
155 


880 ± 
113 


Daily 
Average 
Outdoor Air 
Temperature 
(̊ C) -1.4 1.1 -0.7 8.4 12.0 18.5 22.1 23.7 19.5 13.1 7.6 0.3 


Table 4 shows the daily average runtime, OBU, and TCU for the space heating boilers.  Note that space 
heating was not operating during the months of June to September so these months are not included.  The 
average OBU is based on potential runtime from the number of boilers that were operating during a daily 
period.  As the OBU for Building 2 was determined over a daily period (instead of an hourly period as was 
used for Building 1), the operating boiler utilizations for Building 2 will tend to be lower.  Space heating 
runtime and utilization generally varied with outdoor air temperature. The maximum operating boiler 
utilization was 100% for the space heating boilers and the maximum space heating capacity utilization was 
50%. 
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Table 4: Daily average space heating boiler runtimes and utilization for Building 2. 
Month Average 


OAT ( ̊ C) 
Average Daily Space 
Heating Boiler 
Runtime (hr)  


Average OBU Average TCU 


1 -1.4 36 ± 8 75% 37% 


2 1.1 33 ± 10 68% 34% 


3 -0.7 32 ± 13 67% 33% 


4 8.4 15 ± 6 31% 16% 
5 12.0 8 ± 6 18% 9% 


10 13.1 11 ± 13 24% 12% 


11 7.6 21 ± 10 22% 22% 


12 0.3 41 ± 6 86% 43% 
 


Figure 5 shows the average cycle times for the primary space heating boilers. The secondary space heating 
boilers were rarely in operation and their associated cycle lengths are not significant. The primary boilers 
had an average cycle time which ranged between a low of 12 minutes in May and a high of 34 minutes in 
March.  Short cycle lengths are expected for non-modular boiler systems that are oversized as compared to 
building demand. Short cycle lengths tend to occur when a boiler with a capacity that greatly exceeds the 
heating demand quickly brings the primary loop water (and as a result the building loop water) up to or 
slightly above the setpoint temperature and then turns off.  After, as the primary loop water gradually falls 
below the setpoint temperature, the boiler turns on again, quickly heats up the primary loop’s water and is 
turned off.  Note that, while Building 2 has two-stage boilers, the minimum output at the first stage may 
still provide too much capacity for the building demand or the controller’s delay in switching from the first 
stage to the second stage may be too low. Time on versus time off tended to be fair evenly split throughout 
the months. Cycle time varied greatly likely based on variation in site weather conditions.  


As shown in Figure 6, the boiler cycle length tended to increase for lower outdoor air temperatures.  This 
is likely due to the higher space heating demands caused by lower outdoor air temperatures.  The cycle 
length also tended to increase for outdoor air temperatures greater than 4 ̊ C (39  ̊F). This is likely due to 
one of the two primary space heating boilers being off for long periods of time during days with higher 
outdoor temperatures. 
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Figure 5: Average boiler cycle length and on/off duration by month for Building 2. 


 
Figure 6: Average daily boiler cycle length versus average daily outdoor air temperature for Building 2.  


Operational Profile Comparison 


The natural gas profiles varied slightly between the two buildings.  In Building 1, a clear peak in 
consumption occurred at 9:00am, while in Building 2 natural gas consumption was fairly consistent from 
8:00am until 9:00pm. This difference is likely a result of different occupant behaviour as well as differences 
in regional air temperature variations, domestic hot water equipment configuration, and/or building 
envelope structure.  


It is interesting to note that while Building 1 and Building 2 had similar average daily natural gas 
consumption during the winter months (710 m3 vs. 880 m3 in December, 760 m3 vs. 793 m3 in January, and 
620 m3 vs. 728 m3 in February), Building 2 consumed 1.5 to 2 times the amount of natural gas in July, 
August and September as compared to Building 1. There are two possibilities for this difference: 1) the 
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residents in Building 2 have a higher demand for domestic hot water or 2) the DHW supply system in 
Building 2 is significantly less efficient than the system in Building 1. Insufficient data is available to 
determine which possibility is more likely. 


The modular space heating boiler arrangement in Building 1 resulted in higher average OBU and longer 
cycle times than the four-boiler configuration in Building 2. The difference in average cycle time between 
the two system configurations was particularly significant – for the hyper-modular system in Building 1, 
the longest monthly average cycle length was almost five hours, while the traditional four-boiler system in 
Building 2 had a maximum monthly average cycle length of only 34 minutes. The two buildings use similar 
PID controls to maintain the desired primary and building loop setpoint temperatures which suggests that 
the control mechanism itself is not responsible for the difference in cycle length.  Rather, it appears that the 
lack of heating plant controllability resulting from large boiler sizing and low turndown ratios (i.e. the 
difference between the second stage maximum output and first stage minimum output) is likely responsible.  


 
INDIRECT PEROFRMANCE ASSESSMENT USING DEMAND DATA: BUILDING 1 


In general, building space heating demand can be calculated using Equation 3. 


𝑆𝑝𝑎𝑐𝑒 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝐷𝑒𝑚𝑎𝑛𝑑 =  ṁ𝑠𝑢𝑝𝑝𝑙𝑦𝑐𝑇𝑠𝑢𝑝𝑝𝑙𝑦 − ṁ𝑟𝑒𝑡𝑢𝑟𝑛𝑐𝑇𝑟𝑒𝑡𝑢𝑟𝑛   (3) 


where ṁ is the mass flow rate of the supply or return water, T is the temperature of the supply or return 
water and c is the heat capacity of water. As no variable speed pumping equipment is installed in Building 
1 and the building hot water supply loop pump is always running, the flow rate of the building hot water 
supply and return should be relatively constant. As a result, the temperature difference between the supply 
and return temperatures can be used to establish relative heating demands for various time intervals.  In this 
paper, Relative Demand is defined as the difference in supply and return temperature for the building hot 
water supply loop, measured in degrees Celsius.  A small difference between the supply and return water 
temperature indicates a low building demand for space heating which results in a low boiler load.  


For the data presented in Figures 7 and 8, the space heating natural gas demand has been separated from 
the domestic hot water natural gas demand. This has been done by using the average natural gas 
consumption per boiler runtime from the entire data set (0.0026 ± 0.00005 m3/s Runtime). 


In Building 1, the temperature difference between building hot water supply and return was used to calculate 
the Relative Demand in degrees Celsius. Then, natural gas consumption in cubic metres was normalized by 
the change in temperature per degree Celsius for that period.  This normalization was used to illustrate how  
system efficiency changes for different levels of building demand. The natural gas consumed per degree 
Celsius of water temperature tended to increase at low Relative Demands as shown in Figure 7, which 
indicates a lower system efficiency for these scenarios.  One possible reason for the apparent decrease in 
efficiency is the decrease in cycle length that tended to occur at higher OATs (which generally correspond 
to lower boiler loads). 
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Figure 7: Natural gas consumption per degree relative demand for various levels of relative demands in Building 1.   


Hourly periods with low OBUs exhibit a large variation in natural gas demand per degree relative building 
demand, while periods with higher OBUs tend to be more consistent (Figure 8). Based on the available 
data, this variance could not be explained – natural gas consumption per Relative Demand for OBU values 
less than 40% did not appear to have any additional sensitivity to the outdoor air temperature or average 
time off per cycle as compared to higher OBU values. Further investigation and additional data collection 
is required to determine the cause of this increase.  


 
Figure 8: Natural gas consumption per Degree Relative demand for various OBUs in Building 1. 


Figures 7 and 8 suggest that, in Building 1, lower space heating demand levels (and associated low OBUs) 
influenced space heating system performance.  Figure 7, in particular, shows that for lower levels of 
demand, system efficiency tended to decrease in many cases. More granular data collection and analysis is 
required to investigate what specific operational conditions, in combination with low-demand scenarios, 
are motivating reduction in system efficiency.  Additionally, flow rate data would help to further quantify 
actual energy efficiencies. 
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Envelope retrofits or new systems that are oversized for building demand would increase the time the 
system spends operating in the low loading region that seems to be associated with reduced system 
efficiency in many scenarios. As a result, an oversized system is likely to have higher operational costs than 
a more appropriate sized or modular system. 
 
Unfortunately, sufficient data was not available to perform a complementary analysis for Building 2.  It is 
expected that Building 2 would exhibit similar trends and that decreases in system efficiency would be 
aggravated by the less modular equipment, given the decrease in efficiency shown to occur at low-load 
scenarios for traditional equipment configurations in different building typologies. 
 
CONCLUSION 
 
Modular arrangements of boilers may provide reductions in cycling rates for space heating boilers in 
MURBs. Building 1, which had a modular heating plant, had longer boiler cycle times compared to Building 
2, which had a more typical four-boiler space heating system.  Building 1 average cycle lengths were 
between 123 minutes in shoulder season and 285 minutes in winter while Building 2 average cycle lengths 
varied between 12 minutes in shoulder season and 34 minutes in March (the coldest month monitored at 
the site).  


An analysis of natural gas consumption for Relative Demands in Building 1 revealed that system efficiency 
tended to decrease at low demands. However, this study was unable to provide a basis for assessing the 
extent of this reduction. Unfortunately, sufficient demand data was not available to complete the analysis 
for Building 2.  


The preliminary analysis presented in this paper suggests that the size and configuration of heating plants 
has a significant affect on the operational characteristics of equipment (e.g. cycle time, boiler utilisation) 
and likely affects the efficiency of the system for low-load scenarios. As a result, envelope retrofits that 
significantly reduce building space heating demand and increase the amount of time heating plant 
equipment spends operating in relatively low-load conditions likely will result in reduced heating system 
performance. This should be factored into the assessment of planned envelope upgrades.  In new MURB 
construction and for heating plant retrofits, modular systems, with appropriately sized modules, may 
provide long-term energy and cost savings through improving operational performance, despite the 
potential for increased design and capital costs. In conjunction or independently of envelope retrofits, 
heating plant retrofits should be explored in post-wars buildings as measures to increase the controllability 
of the system can help to reduce energy consumption.  These measures may include installation of a BAS 
system, changes to a boiler’s turn-ratio, or, where equipment replacement is already required, the use of a 
modularly designed boiler equipment. 


The analysis in the study has shown that data from existing BAS systems can be used to perform a 
rudimentary assessment of heating plant performance in MURBs without variable speed pumps. This 
analysis can be applied in the future to identify opportunities for energy savings through operational 
changes (e.g. control or modulation changes) or capital retrofits (e.g. boiler replacement).  Augmenting this 
approach with spot flow rate measurements using ultrasonic flow meters can allow for the direct assessment 
of system efficiency. 
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Extensions of this work would include: taking water flow measurements at the sites to determine actual 
demand values as opposed to the relative values used, collection of boiler status data over a longer period 
of time and collection of more granular natural gas consumption data to investigate if a cycle rate penalty 
exists and if it can be quantified.  In particular, collection of building demand data for Building 2 would be 
helpful to investigate the efficiency differences between it’s traditional four-boiler systems and the more 
modular system used in Building 1.  
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Overview


• MURBs, Energy and the Environment
• Heating System Operation and Design
• Case Study in Two MURBs


– Building Profiles
– Indirect Performance Assessment (Building 1)
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MURBs, Energy and the Environment
Building operation produce 24% of Ontario’s GHG emissions


Existing Building Stock in the GTA


Single-
detached


39%


Other
21%


Constructed
1960 – 1970


50%


Other Ages
50%


Apartment 
Buildings


40%


Data from: Statistics Canada, 2012 and Kesik and Saleff, 2009


Energy Use in Post-War MURBs


Space 
Heatin
g, 54%


Space Cooling, 1%


Water 
Heating, 


25%


Applia
nces, 
18%


Lighting, 2%
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Data from: NRCan 2014 SHEU







Heating System Operation
In general, central heating system efficiency tends to 


decrease for low-load scenarios.


• Studies in smaller MURBs
– 10 – 25% reduction in efficiency


• Studies in institutional buildings


• No current inventory of system 
sizing or performance 
characterization in typical Ontario 
MURBs
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Heating System Design
MURB heating systems are designed for worst-case loading scenarios.


• Ontario Building Code
– equipment efficiency only


• Professional Liability
– for undersized equipment only


• Division of cost between 
stakeholders
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Study Goals


1. Understand current operation of space heating boiler systems in   
post-war MURBs


2. Investigate differences between traditional 4-boiler and more modular 
heating systems


3. Determine if existing BAS data can be used to characterize 
performance
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Studied Buildings
Building 1: 1970s, 94 Suites on 7 Floors


7


• Niagara Region


• 10 single-stage 
atmospheric


• 300,000 BTU 
• 80% rated efficiency


• PID Controller 
(Primary Loop set-
point)


• Rotate through 
boilers







Studied Buildings
Building 2: 1966, 92 Suites on 7 Floors


8


• Greater Toronto Area


• Primary: 2 x two-stage 
atmospheric


• 750,000 BTU
• 85% rated efficiency


• Secondary: 2 x single-
stage atmospheric


• 2,000,000 BTU,
• assumed 75% efficient


• PID Controller 
(Primary Loop set-
point)


• Primary boilers 
alternate as lead/lag 
based on totalized 
runtime weekly







Collected Data


Building 1
Natural Gas Hourly:


June 2016 – March 2017
Hourly:
May 2016 – May 2017


Equipment
Monitoring


Boiler Status (On/Off): 
June 2016 – March 2017


Boiler Status (On/Off):
December 2016 – April 2017
*missing data for one primary boiler


Boiler Daily Total Runtime (s): 
December 2015 – May 2017


Building Hot 
Water 
Supply/Return


Temperature (0.1 ° C), 5-min
interval:
December 2016 – March 2017 


Not Available


Building 2


9







Natural Gas Consumption


Building 1 - Daily 75 m3/day (Summer) to 824 m3/day (Winter)


Building 2 – Daily 151 m3/day (Summer) to 880 m3/day (Winter)
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Differences in time distribution of NG consumption is likely due to occupants’ DHW use.
Building 2’s higher NG use may be due to occupant use, boiler η, or less modular config.
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Boiler Cycle Lengths


Building 1:
Average cycle length:


• 4 hours 45 min (Winter)
• 2 hours 5 min (Shoulder)


Building 2:
Average cycle length:


• 34 min (Winter)
• 12 min (Shoulder)


Building 1’s modular system had significantly longer cycle lengths.
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Boiler Cycle Lengths
Building 1:


Building 2:


Boiler cycle lengths 
tended to increase for 


low OATs.
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• Lower OATs typically 
mean higher space 
heating demand


• Cycle length increased 
for extremely high OATs 
due to long “Off” periods 


12







Indirect Performance Assessment: 
Building 1


Method


𝑺𝒑𝒂𝒄𝒆 𝑯𝒆𝒂𝒕𝒊𝒏𝒈 𝑫𝒆𝒎𝒂𝒏𝒅
= ṁ𝒔𝒖𝒑𝒑𝒍𝒚𝒄𝑻𝒔𝒖𝒑𝒑𝒍𝒚
−ṁ𝒓𝒆𝒕𝒖𝒓𝒏𝒄𝑻𝒓𝒆𝒕𝒖𝒓𝒏


Building 1 has no variable 
pumping equipment
• Flow rate should be relatively 


constant
• Temperature can be used to 


determine a “Relative 
Demand”


Relative Demand ≡ 𝑻𝒔𝒖𝒑𝒑𝒍𝒚 − 𝑻𝒓𝒆𝒕𝒖𝒓𝒏
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Indirect Performance Assessment: 
Building 1


The natural gas consumed per degree Celsius of water temperature tended 
to increase at low Relative Demands. 
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Indirect Performance Assessment: 
Building 1


Hourly periods with low operating boiler utilizations exhibit a larger variation 
in natural gas demand per degree relative building demand.


NG/Relative Demand for utilizations < 40% did not appear to have any additional sensitivity to 
the outdoor air temperature or average time off per cycle.
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Summary
Goal 1: Understand current operation of space heating boiler systems 
in post-war MURBs


• Lower space heating demand levels tended to decrease system performance
• Envelope retrofits or new systems that are oversized for building demand 


increase time spent in low loading scenario


Goal 2: Investigate differences between traditional 4-boiler and more 
modular heating systems


• The modular building system exhibited much longer cycle times
• Modular systems may provide long-term energy and cost savings through 


improving operational performance (through reduced cycling)


Goal 3: Determine if existing BAS data can be used to characterize 
performance


• Existing BAS systems can be used to perform a rudimentary assessment of 
heating plant performance in MURBs without variable speed pumps
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ACHIEVING COMFORT: ENERGY MODEL VALIDATION OF A 


HISTORIC BUILDING RENOVATION 


J.S. Der Ananian, P.E., Simpson Gumpertz & Heger Inc.,   


B.A. Gabby, P.E., Simpson Gumpertz & Heger Inc. 


 


 


ABSTRACT 


Aging buildings and systems, occupant comfort, sustainability, and maintenance of historic buildings are 
some of the motivating factors for implementing existing building energy upgrades.  Upgrades may include 
replacing fenestration, adding insulation/air seals, and replacing obsolete lighting and mechanical systems.  
Commercial and residential buildings represent approximately 40% of annual energy consumption and 46% 
of annual carbon dioxide emissions in the United States.  The U.S. Department of Energy publishes data on 
construction dates for commercial buildings.  The data shows that 54% of commercial buildings in the United 
States were built before the 1970s oil crises and the subsequent effort to construct buildings with higher 
energy efficiency and airtight enclosures.   


This paper describes a case study of the St. Paul’s School Schoolhouse in Concord, New Hampshire, which 
utilized energy simulation tools to predict future building performance for a 1936 masonry campus building 
renovation.  Building energy simulations should account for all aspects of a building design and operation, 
including exterior enclosure construction, air leakage through the building enclosure, mechanical systems, 
lighting, occupancy and use, and the environment.  Air leakage rates in existing buildings vary depending on 
architectural style, enclosure systems, and maintenance.  The most accurate energy models include measured 
whole-building air leakage rates and are calibrated using site-specific weather files and submetered electric 
and mechanical system consumption data.  This paper compares the predicted versus measured heating loads 
to understand simulation accuracy for the St. Paul’s School Schoolhouse building.   


BUILDING DESCRIPTION 


The Schoolhouse building is located on the campus of St. Paul’s School (SPS) and is a three-story brick-and-
limestone-clad building designed by James Gamble Rogers Architects and constructed in 1936 (Photo 1).  
The building is primarily used for classrooms with limited office space.  The exterior walls consist of solid 
brick masonry with limestone elements, primarily at window and door surrounds and copings.  Roofing 
systems include steep-slope slate shingles, low-slope EPDM membrane, and copper.  The original windows 
(over 500) were steel framed with leaded single-pane glazing with both fixed and operable sash.   
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Figure 1: Schoolhouse Building  


The building is heated by forced hot-water fin-tube radiators at the building perimeter.  Steam is supplied 
from October through May via a campus-wide Central Heating Plant to the Schoolhouse basement, where a 
heat exchanger converts the steam to hot water for heating.  The building lacks air conditioning and is not 
mechanically ventilated with outdoor air.  Bathrooms are exhausted through a common roof ridge vent.     


OCCUPANT COMFORT AND BUILDING ENERGY USE 


SPS engaged the authors’ firm to conduct a building enclosure assessment and investigate the cause(s) of 
thermal discomfort and high energy usage for the building.  Building 
occupants reported excessive air leakage through the existing windows 
and frequently covered the windows with clear plastic to reduce drafts 
during cold weather.  Several occupants installed electric radiators to 
provide supplemental heating during winter, which increased electricity 
consumption.  The building facililities personnel were unable to 
implement temperature setbacks at night or during the weekend because 
the existing heating system was unable to raise the interior temperatures 
to the setpoint in time for classes to start in the morning.   


The primary sources of air leakage through the windows included 1). 
through joints between lead cames and the glass, 2). around operable 
window sash lacking gaskets at metal-to-metal joints (Photo 2), and 3). 
through joints between the window frames and stone surrounds.   


Field air leakage testing showed that the existing windows leaked 
approximately 2-1/2 to 10 times the current industry standard for a 
replacement window with gasketed joints at operable sash (Table 1).     


 


 


 


 


 


Figure 2: Original Steel Window Frames 
Lacked Gaskets at Operable Sash (Arrows) 
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Table 1: Comparison of Window Air Leakage Rates 


 


Our data loggers in the perimeter classrooms and offices indicated that building’s heating system was unable 
maintain the desired interior setpoint temperature during the winter  and often required increasing the setpoint 
to compensate for cold interior conditions (Figure 3).   


 
Figure 3: Interior versus Exterior Temperature (Existing Windows) 


DATA LOGGING AND ENERGY MODELING 


SPS elected to implement a building enclosure renovation project that included masonry repairs and window 
and roofing replacement.  Replacement windows were also steel frames, but used single-lite insulating glass 
units with applied cames to simulate true divided lites.  In addition, the operable sash included perimeter 
gaskets.  The project was phased over two nonconsecutive summers with roofing replacement occuring 
during Phase 1 and window replacement and masonry repairs occuring during Phase 2.  The project phasing 
allowed the authors’ firm to complete a research project with SPS to generate energy models using data we 
collected at the project site and determine whether we could accurately predict building energy consuption 
using EnergyPlus™ modeling software before and after window replacement.  The project included data 
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logging the interior temperature and relative humidity conditions, installing a rooftop weather station to 
record local weather conditions, and performing a whole-building air leakage test before and after window 
replacement.  SPS submetered the daily steam and hourly electric consumption use for the building using a 
campus energy monitoring system.   


We recorded the local weather and monitored the building prior to window replacement for one winter.  In 
addition, we performed a whole-building air leakage test and measured an air leakage rate of 0.89 cfm/sq ft 
at 75 Pa pressure differential.   We continued to monitor conditions after the window replacement project, 
repeated the whole-building air leakage test, and measured an air leakage rate of 0.63 cfm/sq ft at 75 Pa 
pressure differential.          


Our simulation of the building geometry was developed to use a computational fluid dynamics (CFD) virtual 
wind tunnel (VWT) simulation developed by ODS Engineering (Lyon, E.G., et. al., August 2016).  ODS 
Engineering uses Blender as a geometry platform and allows us to calculate the pressure coefficients on 
building surfaces for use in the EnergyPlus™ Airflow Network.  The energy model utilized the local weather 
conditions recorded by the rooftop weather station.     


MODEL CORRELATION AND BUILDING ENERGY REDUCTION 


We plotted daily heating loads calculated by our energy models using local weather conditions against the 
metered usage provided by SPS before and after window replacement and noted the following trends: 


 Existing Windows:  Our predicted performance with the existing windows correlated poorly with the 
actual performance in the fall of 2011 and then dramatically improved in January 2012 during very 
cold winter weather (Figure 4).  We speculate that the discrepancy in the fall was due to the 
exceptionally mild weather resulting in occupants leaving the windows open.  SPS building 
maintenance personnel reported that they observed open windows throughout the fall.   


 Replacement Windows:  Our predicted performance with the new windows correlates well with 
actual performance during the fall of 2012 and winter of 2013 until the weather becomes mild enough 
for the occupants to open the windows near the end of the heating season, as open windows are the 
only source of cooling (Figure 5).  The energy model under predicted the total heating load by 8%.      
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Figure 4: Heating Loads Calculated from Energy Model and Measured (Existing Windows) 


 
Figure 5: Heating Loads from Energy Model and Measured (New Windows) 


 
Our review of the submetered data showed the following trends: 
 


 Replacing the windows resulted in an 18% reduction in heating load after the window replacement 
project (normalized by heating degree day) with the average winter temperature of 42°F (pre-window 
replacement in 2011/2012) compared to 39°F (post-window replacement in 2012/2013).  This was 
due to an overall reduction in uncontrolled air leakage through the building enclosure.   
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 The air leakage reduction improved thermal comfort for occupants and allowed the heating system 
to more closely control temperature setpoints, particularly during cold weather (Figure 6).  SPS 
reported that occupants no longer requested clear plastic to cover their windows during the winter.         


 Replacing the windows showed a 17% reduction in electrical consumption, primarily due to the 
discontinued use of supplemental electric radiators during the winter.   


 


 
Figure 6: Interior versus Exterior Temperature (New Windows) 


CONCLUSION 


Our case study shows that whole-building energy models utilizing VWT, an EnergyPlus™ Airflow Network, 
and local weather files can be effective at predicting heating loads for a relatively simple building and 
mechanical system.  Occupancy behavior impacted the accuracy of our simulations due to the operability of 
the windows.  More simulation and correlation of energy models and existing buildings with measured 
airtightness is necessary, particularly for buildings with forced air heating and cooling systems and outdoor 
ventilation air, to understand the accuracy of the model predictions.  The authors are currently conducting 
research on an 86,000 sq. ft. building located in the northeast United States that utilizes forced air heating 
and cooling systems in a building with eighty zones.      
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INTRODUCTION 


The quantification of building airtightness is paramount in the determination of in-situ building energy use, 
building air quality, and moisture related building enclosure durability. Airtightness is also vital in predicting 
energy use. Furthermore, accurate preconstruction airtightness estimation can aid in the selection and sizing 
of an energy efficient heating ventilation and air conditioning system. 


This paper studied 900,000 unique airtightness test records to identify the primary factors that influence 
building airtightness in Canadian homes. The tested homes comprise low rise single family detached homes 
spanning nine provinces and two territories. A multivariate statistical analysis related the building’s 
airtightness to “as-built” characteristics including building volume, number of floors, and year of 
construction. The relationships and influence between these predictor variables was compared to the resultant 
measured air leakage rate. A successful linear regression model based on this existing data formed the basis 
for further study for the prediction of airtightness in both conventional and low energy homes. 


LITERATURE 


Building airtightness has been recognized as an important contributor to building energy performance since 
the 1970’s with the construction of energy efficient residential dwellings in Twin Rivers, New Jersey1 and in 
Saskatoon, Saskatchewan2. The discovery of significant thermal energy loss through insulated building 
enclosures above the predicted value was found to be due to uncontrolled air leakage1. There are a plethora 
of ways to describe airtightness, but most definitions can be simplified to the movement of air through the 
building enclosure. The most common practice to quantify and measure the air transfer through the building 
enclosure is via use of pressurized air leakage testing or the so-called “blower door test”3. Various test 
procedures456 have been formalized. These tests utilize a pressurizing fan that applies a range of pressures on 
the building enclosure via suction or pressure. The pressure difference between the interior and exterior of 
the building in conjunction with the measured volumetric flowrate allow for an estimate of air leakage at a 
standardized pressure. The measure of airtightness is thus the volumetric flow rate divided by some other 
convenient measure. The measure could be time, volume, usable floor space, or enclosure area.  


Airtightness Models 


In the Netherlands, a study7 examining N = 320 houses relating building air leakage to floor area, year of 
construction, dwelling type, construction method, enclosure area, and roofing type was conducted7. The 
authors found that building age was a strong predictor of airtightness. More specifically, older buildings in 
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their sample tended to be leakier than newer buildings in their study. Their regression model showed a 
coefficient of determination of R2 = 0.437 using the most significant predictor variables.  


In Greece, a study for a small sample of N=20 found that the average air change rate per hour was 7ACH at 
50 Pa8. The regression model used a unique predictor variable called a “Frame Length Factor”. The frame 
length factor considered the sum total length of a typical joint as a fraction of the building volume. With the 
inclusion of this regression variable, the coefficient of determination was found to be 0.55 for homes of 
medium air tightness and 0.35 for dwellings on the lower ACH range. The modeling approach was limited 
by the low building sample size. 


A United Kingdom study using a sample size of N=287 for new dwellings built between 2006 and 20109. 
The regression analyses had shown coefficients of determination of R2 = 0.48 and R2 = 0.49. The predictor 
variables in this study accounted for the building enclosure materials and workmanship.  The study also 
included apartment style dwelling along with detached houses. The inclusion of heterogeneous housing 
typologies could have had the effect of strengthening the resulting coefficient of determination.  


A seminal study in the United States10 used over N= 134 000 records of single detached houses representing 
most climate zones in the continental United States. The study utilized several predictor variables specific to 
the housing construction, including floor area, house height, and foundation type. The regression formulation 
developed also controlled for whether or not the homes had already participated in energy efficiency 
programs.  Climate zone was also considered using a 12 point system. The mathematical model predicted 
that 90% of US homes had a normalized leakage rate between 0.22 to 1.95NL. The median normalized air 
leakage rate was determined to be 0.67 with a R2 = 0.68. 


With the exception of the US study, the UK, Greek, and Dutch studies had a low sample size for their 
respective predictive models. Secondly, the building location were narrow and could have had an effect on 
the predictive power of the regression analyses for these various studies. The US study covered a wide 
geographic area, with good geographic representation per county. The US study additionally considered more 
predictive variables as compared to the other studies. The US study’s housing representation was geographic 
in nature, with equal representation by county rather by population density. This method, although 
comprehensive, could over represent atypical workmanship or design practices in the regression formulation. 
In addition, the US study considered some housing construction practices that are not as common in Canadian 
jurisdictions. Namely, the HVAC duct work location in crawl spaces or attics located outside the building’ 
thermal envelope which can have an important effect on building airtightness. 


 


Airtightness Trends 


An Irish study11 considered N=28 semi-detached dwellings that were built between 1944 to 2008. The 
variables in this study targeted particular features. These features comprised of the existence of cavity 
insulation, attic insulation or central heating. Based on the studies data, the author calculated the arithmetic 
mean for air tightness was 9.6 ACH. This level of airtightness was considered too loose based on the 
international standards at the time of publication. This study found that newer buildings were not necessarily 
more airtight and that the workmanship and construction quality had a greater influence on overall building 
air permeability. 
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Another equally small Estonian study12 of N= 32 homes of new single detached homes build from 
prefabricated walls during 2003 to 2005 were examined for air tightness. The authors found that two storey 
buildings were leakier than one storey buildings. The average air leakage was 4.9 ACH and their forensic 
analysis showed that the majority of the leaks were either located near the exterior wall transitions with floors 
windows and roofs.  


A Canadian study13 characterized the airtightness of N=2263 homes by ACH and Normalized Air Leakage 
both by temporal and regional groupings. The Canadian regions comprised of British Columbia, the Prairies, 
Ontario, Quebec and the Maritimes provinces. The trend was that air tightness was general increased from 
older homes to newer homes. Regionally, the Prairies were considerable more air tight over time while the 
leakiest homes were found to be in British Columbia and Quebec. The study found increasing air tightness 
with time in all geographic regions. Results also indicated a marked decrease in regional variability in the 
temporal domain.   


The aforementioned trend based studies had a relatively smaller sample sizes. Their aims included the study 
of general trends while not providing an explicit predictive formulation. The Canadian study, while larger in 
sample size, had grouped Prairie and Maritime jurisdictions in regional pools. This pooling of data may have 
been necessary based on data availability, or to other practical sampling limitations. The net effect was that 
it reduced the granularity of the data that was analyzed. 


Taken as a whole, we wanted to take into account a large sample size that best represented both the unique 
Canadian geography and Canadian building typologies.  


METHOD 


Canadian National airtightness data was taken from the residential energy efficiency program from the 
Federal government. The collection of data was completed under the Natural Resources Canada’ ecoEnergy 
Retrofit programs14. Homeowners were required to have their homes undergo a pre-retrofit energy evaluation. 
All leakage data was collected utilizing the fan (de)pressurization method, commonly referred to as a blower 
door test.  


The data set used in this study comprised over 900 000 blower door tests performed on unique single detached 
homes constructed between the late 1700’s through to 2016. The sample contains homes from 9 provinces 
and 2 territories. The data contained: build year, jurisdiction, number of storeys, test method, and building 
volume. The output values per house record included the effective leakage area and the air changes per hour 
at 50 Pascal. 


The software used to run the multi-variate analysis was IBM’s SPSS 10 which is a predictive analytics 
software package that allows for data analysis and model building.  


Based on the literature review the authors expected to find the results to be log-normally distributed when 
plotted over the build year. The analysis will consider any possible correlation between a dwelling’s age, 
volume, and height as it relates to both air leakage measures, ACH and Normalized Air Leakage. By focusing 
on jurisdiction, a measure of air barrier workmanship as it relates to ACH and Normalized Leakage was 
investigated. Finally, the question of a linear regression model as a predictor for the existing NRCan data set 
was investigated. A successful model can form the basis for a future model with additional predictor 
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variables. 


LIMITATION 


We acknowledge limitations in the data set. Some physical characteristics affecting an air-barrier’s effective 
permeability such as foundation type, foundation to wall joint type, roofing type, the presence of a chimneys, 
and the presence of garages were not known. Hence the effect of these details may have been masked within 
other known variables. In addition, the airtightness tests were mainly “as operated test, with little or no sealing 
of intentional openings. Furthermore, the lack of massing details building perimeter, total floor space, and 
number of doors and windows, may further limit the power of the analysis. Lastly, the building enclosure 
materials where largely unknown.   


RESULTS & DISCUSSION 


 Descriptive Statistics 


Figure 1 shows a histogram of air leakage in ACH as compared to frequency confirms a log normal 
distribution. The shape of the distribution was expected since one “tail” of the distribution is constrained by 
“zero” air leakage while the other tail of the distribution can theoretically be several orders of magnitude 
larger than the restricted tail. A geometric mean often reflects a more meaningful estimate of the sample 
mean as compared to the arithmetic mean due to the exponential decay. The geometric mean ACH data was 
found to be 5.7 ACH, while the arithmetic mean was 18% greater at 6.7 ACH. 


 
Figure 1: Air Leakage Rate Frequency 
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Table 1: Mean Air Leakage by Province 


 


Segregating the mean air leakage by province reveals that Nunavut, Manitoba and Saskatchewan have the 
lowest air leakage rates on an ACH basis (Table 1). These lower leakage rates occur despite having some of 
the smallest interior volume (Table 8). Nova Scotia, British Columbia and PEI were shown to have the higher 
air leakage rates. 


Table 2: Mean Air Leakage by Building Height 


 


When the air leakage rate is separated by building height (Table 2), it was found that single and double storey 
homes had the lowest leakage by 23%. However, these leakage rates may be mostly influence by the newness 
of the housing stock which was calculated to be 22 years younger than the mean housing age (Table 6). 


 


Figure 2: Alternate Mean Air Leakage Rate Frequency 


As an alternative to air leakage on an ACH basis, Normalized Leakage was plotted for the data set to compare 
buildings independent of building height and building volume. Not surprisingly the normalized frequency 
plot (Figure 2) was also log normal with a geometric mean of 0.67 and an arithmetic mean of 0.81. 
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Table 3: Alternate Mean Air Leakage by Province 


 


When compared on a on a Provincial basis (Table 3) Nunavut, Saskatchewan, and Manitoba remain the 
provinces that produced the tightest homes based on the data set. Nova Scotia, British Columbia, and Ontario 
were the leakiest homes on normalized basis.  


Table 4: Alternate Mean Air Leakage by Building Height 


 


Single storey home show even less air permeance (Table 4) as compared to two storey homes (Table 2). The 
single-story building is 33% less leaky as compared to the double-story mean. The relative leakiness between 
the single and dual storey buildings on an ACH basis was 9%. The leakiest building configuration became 
the 3 floor house (Table 4) as compared to the 2.5 storey house on the ACH basis (Table 2).  


 
Figure 3: Frequency plot of Building Year of Construction 


The frequency plot for the Build Year showed a marked heterogeneity (Figures 3). Upon further 
investigation, it was found that the plot of that of a superposition of many distributions, reflecting the 
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predominance or prevalence of certain housing configurations at certain periods in time.  The geometric mean 
and the arithmetic mean for building age were found to nearly equal at 1965. 


Table 5: Mean Building Year by Province 


 


On a provincial basis Nova Scotia, Manitoba, and Prince Edward Island had the oldest building stock from 
the data set (Table 5). Nunavut and North West Territories had the newest mean building stock. 


Table 6: Mean Building Year by Building Height 


 


Table 6 shows that building typologies may have changed over time. The 1.5, 2.5 and 3 story single family 
detached style homes significantly older than 1 and 2 floor buildings.  


Table 7: Mean Air Leakage Compared to Mean Building Year 


 


The mean build year as a function of air leakage rate showed two trends as summarized in Table 7. The mean 
age of the building increased as the mean air change per hour increased.  Furthermore, the dispersion of the 
air leakage, as illustrated by the standard deviation, increased from 0.1 to 4.9 as building age increased. 
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Table 8: Mean House Volume by Province 


 


Building volume was found to be best described as a log normal distribution. Hence, the geometric mean was 
determined to be a better descriptor of mean volume statistic. Ontario was found to have the largest homes 
by volume 18% above the mean, while Nunavut and the North-West Territories had the smallest home by 
volume at approximately 23% below the mean. Interestingly, the similarity in small size and building age for 
Nunavut and the NWT did not translate to similar air tightness values (Table 8). 


Table 9: Mean House Volume by Building Height 


 


Table 10: Mean Air Leakage As Compared To House Volume 


 


The largest homes unsurprisingly had the lowest air leakage rates as measured by ACH. However, Table 10 
also showed that the tightest homes with ACH’s under 2 had the greatest variability in volumetric size as 
evidenced by associated standard radiation.  


Regression Statistics 


It was found that “Building Year” was the most important predictor variable tied to building air leakage.  A 
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summary of the regression correlation matrix can be seen below (Table 11). Furthermore, the use of the 
model output was compared.  A linear regression analysis using Air Changes per Hour was contrasted to the 
Normalized Leakage in Table 12). The comparison showed a slight improvement the in the Pearson 
correlation coefficient r, which varied between from 0.565 to the 0.592.  


Table 11:  Regression Variables for Varying Leakage Metrics 


 


Table 12: Comparison of Pearson Correlation and Coefficient of Determination 


 


Table 13: Linear Regression Model Strength by r and R2 per Province 


 


A regression analysis was also performed on the data as grouped per province (Table 13). All models were 
shown to be significant with a p value < 0.000. Since all Pearson correlation coefficients r, were within the 
range of 0.5 to 0.7 one can classify the relationship between the ACH predictive variables of building age, 
volume, and height to be moderate. However, the coefficient of determination, R2, showed that the all 
provincial regression models only explained between 27% to 48% of the variation into the data.  


Table 14: Regression by Mean Build Year 
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The air leakage data was also separated into build year categories. Table 14 showed that the regression model 
was is the strongest when data from all years were considered. The strength of the correlation was weakened 
when a regression analysis was performed on less houses.  


Table 15: Linear Regression Coefficients from SPSS 


 


Table 15 shows that the three coefficients for the regression model based on Air Changes per Hour. The 
predictive variables of volume, building height, and building year had their coefficients B determined. 
Building volume, measured in meters cubed had its associated coefficient determined to be -0.005. Building 
height, represented by storeys had the coefficient +1.041.  Lastly the build year had a coefficient determined 
to be -0.065. All coefficients were found to be significant (p <0.000). The resultant model for this regression 
was found to be: 


ACH = 136.267 - 0.005*(Building Volume) + 1.041*(Storeys) -0.065*(Build Year) 


Based on the equation above on can predict the air leakage in a Canadian building with the knowledge of the 
Building Volume, building height and year of construction with moderate accuracy (r=0.56) while explaining 
32% of the variation in air leakage. The results from this study was the most consistent with both the Canadian 
and United States studies. Both the United States study and this study predicted a mean normalized air 
leakage of 0.67 across each respective population. The strength of the US model was stronger with R2 = 0.68 
compared to R2 =0.32. However, the US study considered design peculiarities not common in the Canadian 
context. Furthermore, our study and the smaller Canadian study had found that Prairie Provinces had the 
tighter houses. However, there was less agreement on which houses were the least air tight.  


Since building age was seen to be the most influential predictor variable, it will be necessary to examine what 
possible independent factors associated with building age can be isolated explicitly for analysis. This and 
previous studies suggest that building age may be a proxy for specific and measurable building details and 
building workmanship. Future steps in the analysis would be to verify an expanded set of predictor variables 
that increase the absolute value of the covariance between air leakage and new building variables. 


CONCLUSION 


 A detailed study of a large national data set was performed. A regression equation predicting pressurized air 
leakage was constructed based on Canadian homes at the pre-retrofit stage. This data set contained homes in 
11 of 13 of the jurisdictions throughout Canada. Air leakage was examined by building jurisdiction, overall 
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building height, building volume, and build date. Pearson’s correlation coefficient, 0.565 < r < 0.592 (p < 
0.000), showed a moderate relationship between air leakage and the predictor variables. The coefficient of 
determination was found to explain between 35-32% of the air leakage (0.350 > R2 > 0.319).  Further study 
of this data could be used to add another climate zone in the form of Heating Degree Days as a fourth predictor 
variable. Future study may also consider non-linear regression models to add explanatory power to the air 
leakage model.  Lastly, additional buildings details regarding building massing, wall details, wall materials, 
and workmanship would be useful in providing additional statistical power to the regression model. 
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INTRODUCTION


Importance of airtightness:


1. Human Comfort (IAQ, Draughts, Mold Potential)


2. Energy Inefficiency (Latent & Sensible Heat, HVAC Sizing)


3. Building Durability (Concealed Condensation, Deterioration)


4. Meeting Current and Future Building Standards (EnergyStar, R2000, 


HERS, EnerGuide, LEED for Homes, Net Zero)
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BACKGROUND


Figure 1: House Hold Types in Canada
DATA ADAPTED FROM: www.statcan.gc.ca/tables-tableaux/sum-som/l01/cst01/famil55c-eng.htm


34%


9%


55%
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BACKGROUND


Figure 2: Residential Energy Use in Canada 2013
Image Source: www.nrcan.gc.ca/energy/products/categories/water-heaters/13735
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BACKGROUND


Residential Whole Building Air Leakage 


• Wall Details (18 to 50% ) 35%


• Ceiling Details (3 to 30%) 18%


• Forced Air HVAC (3 to 28%)18%


• Fenestration (6 to 22%)15%


• Fireplaces (0 to 30%)12%


• Vents Conditioned Spaces (2 to 12%) 5% 


• Diffusion through walls <1% 


Figure 3: Residential Air Leakage Sources 
Adapted from 2009 ASHRAE Handbook: Fundamentals
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RESEARCH QUESTIONS 


1. Can a linear regression model estimate building airtightness in single 


family, low rise, residential buildings for a Canadian cold climate?


2. Which of the model variables have the most influence, and the least 


influence on airtightness in single family, low rise, residential Canadian 


dwellings?
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METHOD
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Tier 3: National Data N=900,000


Whole Building


Tier 2: Detailed Local Data N=6000 


Whole Building


Tier 1: Experimental


Enclosure Details







METHOD


Governing Equation: The Power Law


Q = CΔn


Multivariate Linear Regression Model


Yi= 0,i + 1,iX1 +2,iX2 +3,iX3 +4,iX4 ….. 24,iX24


9







RESULTS


10Figure 4: Distribution of Leakage Rate ACH50          Table 1: Mean Leakage per Province ACH50







RESULTS


11Figure 5: Distribution of Leakage Rate, NL                Table 2: Mean Leakage per Province ACH50
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Table 3: Mean Leakage Compared to Mean Building Year
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Table 4: Comparison of Pearson Correlation and Coefficient of Determination







RESULTS
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Table 5: Comparison of Pearson Correlation and Coefficient of Determination Between Years







RESULTS


15


Table 6: Linear Regression Model Strength, r and R2 per Province







SUMMARY


A regression equation predicting pressurised air leakage was constructed 


based on Canadian homes at the pre-retrofit stage


Air leakage was examined by building jurisdiction, overall building height, 


building volume, and build date


 It was found that “Building Year” was the most important predictor variable 


tied to building air leakage


Pearson’s correlation coefficient, 0.565 < r < 0.592 (p < 0.000), showed a 


moderate relationship between air leakage and the selected predictor variables


The coefficient of determination was found that predictor variables can explain 


between 35-32% of the air leakage (0.350 > R2 > 0.319)
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FUTURE WORK


• Consider climate zone in the form of Heating Degree Days 


as a fourth predictor variable 


• Consider number of builders per jurisdiction in the form 


of Builders/100,000 or Builders per SFH population


• Non-linear regression models to add explanatory power 


to the air leakage model
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FORENSIC WHOLE-BUILDING SIMULATION 


Alex McGowan, P.Eng. 


 


 


ABSTRACT 


A homicide investigation required a whole-building simulation to determine the temperature and humidity 
profiles for a period of interest, to test the alibi of a known suspect. This paper describes the project from 
calibration through to delivery of information in court. Conclusions are provided about requirements of 
such models, the calibration process, and the reliability and accuracy of predictive models. 


Specific details about the case cannot be revealed, to maintain the integrity of the Young Offenders Act as 
it existed at the time of the incident.  For the purposes of this presentation, however, those specific details 
are not really that important.  The objective of this discussion is to present a methodology for calibrating 
and using a computer model to predict building performance.  The end use of the information – while 
interesting and unusual – is secondary to the objective of the paper, although it does perhaps serve to 
broaden the scope of understanding of what whole-building computer models can do. 


PRIMARY WORK REQUEST 


Background 


In 1992, York Regional Police Department (YRPD) contacted our office to request a whole-building energy 
simulation that incorporated local temperature and relative humidity information.  They informed us that 
victims of a multiple homicide were discovered in a residence, but the time of death was not known.  The 
YRPD had engaged a specialist who could fix the time of death, extrapolating backward from the discovery 
and condition of the victims, but only with accurate estimates of temperature and relative humidity for the 
time interval of interest.  The investigating officer explained that it was critical to determine the time of 
death, as the YRPD had a probable suspect in custody, but the suspect had an alibi for part of the time in 
question.  If it could be established that the event did not occur during that time, the suspect’s alibi would 
be invalid. 


At that time, we had developed software to simulation whole-building energy consumption.  As it happened, 
the software calculation engine was based on a direct solver; it did not use transfer functions, correlations, 
bin methods, or other translational calculation methods.  As a consequence, besides determining zone and 
whole-building energy usage, the software also provided hourly values of temperature and relative humidity 
in up to seven zones, and so was well-suited for the YRPD’s request. 


A model can be characterized as using inputs (building dimensions, climatic data, building characteristics, 







 


 


Paper 5                                                                                                     Page 2 of 5 
 


operating conditions) and a solution engine (direct solver for heat/mass/air transfer between zones, 
including the outdoors) to produce outputs (interior temperature and relative humidity, in this case).  The 
exercise, therefore, involved calibrating a model for a period during which many parameters are known or 
measured, and then using the calibrated model to predict the building’s response during the period of 
interest. 


Calibration 


Figure 1 shows a graphical representation of the modelling process.  The objective of the calibration 
exercise is to determine those dependent aspects of the building response that can vary in the model, as a 
response to external parameters.  In this case, hourly values of zone temperatures and relative humidity for 
a specific time period were of interest, so these parameters were measured for a different time period, with 
all non-variable building parameters (e.g., dimensions and operating conditions) and climatic inputs known.  
Then, the variable building parameters (in particular, infiltration/exfiltration characteristics) were adjusted 
so that the outputs form the model matched the measured temperature and relative humidity.  In other 
calibration exercises, different variable parameters might require calibration (e.g., occupant behavior or 
lighting schedule), but in this case these parameters were known and constant.  So, for a given set of known 
climatic data and manual input data, the model is adjusted until the output matches known results, and the 
model is then said to be calibrated. 


 


 


 


 


 


 


 


 


 


 
If the calibration exercise was successful, the calibrated model could then be used to predict the building’s 
response to climatic conditions for the period of interest.  In that exercise, the calibrated model is used in 
concert with the climatic data for the period of interest and the manual input data (which are constant for 
both periods), to produce the output. 


A brief note about appropriate climatic data: the values should be representative of the location and the time 
interval of interest, and be obtained from a reputable source.  Environment Canada publishes Climate 


Climatic data: 8760 hourly values of  
- outdoor (dry-bulb) temperature,  
- incident solar radiation,  
- wind speed, wind direction, 
- outdoor relative humidity 


Measured data: on-site values for 
- Building dimensions (drawings, measured) 
- Thermostatic set-points (central or zone), 
- Operating schedules (lights, occupancy, etc.),  
- Door/window treatments (blinds, shades, etc.), 
- Door/window conditions (open/closed/ajar), 
- Observed conditions 


Model includes  
- Inter-zone heat/air/moisture transfer 
- Mechanical systems 
- Electrical systems 
- Lighting systems 
- Air infiltration/exfiltration 
- Solar gains and thermal mass,  
- Internal gains (occupants, plug loads) 
- Transmission losses 


MANUAL INPUT DATA 


CLIMATIC DATA 


BUILDING MODEL OUTPUT 


Output includes  
- Energy gains (total and zone) 
- Energy losses (total and zone) 
- Energy used (by fuel type) 
- Zone temperature 


- Zone relative humidity 


Figure 1: Process flowchart of Whole-building Model 
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Normals, which are average values and therefore were not suitable for this purpose, which required actual 
measured data for a specific location. Similarly, the typical .TMY and .TRY data could not be used.  We 
contacted local meteorological stations located at nearby airports to obtain the desired information.  In our 
case, Toronto Harbour (YTZ – now called Billy Bishop Toronto City Airport), Toronto Airport (YYZ), 
Toronto Downsview (YZD), Buttonville (YTZ), and Hamilton Regional Airport (YHM – now called John 
C. Munro Hamilton International Airport) were the only available stations, but there has been significant 
expansion in available sources since then. 


 


We chose temperature, humidity, and windspeed data from the nearest stations that recorded that 
information, and solar radiation data from the nearest station whose latitude was closest to the site of 
interest. 


Figure 2 shows a typical device used to measure and record time-varying temperature and relative humidity 
in a specific location.  The device shown is an analog instrument, so it directly measures the parameter of 
interest rather than relying on calibrated electronic circuitry.  Devices similar to the one shown in Figure 2 
were placed in the building at the specific locations of interest, and the model was configured to produce 
results for those same locations. 


Figure 2: Analog Hygro-thermometer for Recording Temperature and Relative Humidity 
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The predicted output from the model was compared against the measured parameters for the calibration 
period.  The variable characterizing the relative air-tightness of the building envelope was adjusted to 
provide the closest match to the measured data: the model then varies that parameter to account for wind 
and stack effects.  We observed good agreement between measurement and model, except for an interval 
at the start of the calibration period.  Several possible reasons for the poor fidelity were investigated, but 
eventually we interviewed the YRPD for further information.  They reported that, because the building was 
not secured, they installed an officer on site to protect the integrity of the crime scene until they collected 
all the pertinent evidence, and then released that officer to other work.  Adding the internal gains associated 
with an occupant improved, and properly characterizing the officer’s activities, resulted in quite good 
agreement.   


Application of the Calibrated Model 


Given this agreement, and the path taken to achieve the agreement (i.e., because we could account for the 
reasons for the initial lack of agreement, and because the changes required to achieve agreement were 
discreet and provided a predictable and justifiable response), we considered the model to be calibrated, and 
proceeded to predict the required results. 


As it happened, the results suggested that the crime occurred at a different time from the period for which 
the suspect had an alibi.  Naturally, defence counsel was interested in discrediting the model during the 
trial, and attempted to do so, but apparently without success.  During one particularly memorable exchange 
during cross-examination (which is also illustrative of the need for rigorous and thorough measurement 
while on site), defence counsel noted that the initial investigating officer on the scene had recorded the 
temperature on the main floor, and then proceeded up the stairs to discover the victims.  Defence counsel 
suggested that the recorded temperature was higher than the predicted value, which he felt invalidated the 
results.  He suggested that the upstairs temperatures would be even higher (because “heat rises”), which 
seemed to be confirmed by the investigating officer’s notes), so the model’s predicted result for those 
locations (i.e., where the victims were found) would be even more inaccurate.  In response, I noted that: 


 a thermostatic setpoint is not an accurate measure of temperature, as a thermostat is not a 
thermometer (it is merely an on/off switch for the mechanical systems) 


 although we had only reported the temperature on the second floor, the model actually predicted 
values for all zones, and the downstairs temperature was reasonably close to the thermostat reading) 


 while it is generally true that “heat rises”, in this case the upstairs was cooler than the downstairs, 
because the blinds were partially drawn in the upstairs bedrooms, thus reducing solar gains relative 
to the ground floor (thus, the important of noting the treatments and condition of windows and 
doors) 


 while the investigating officer would be a trained professional – and certainly had the presence of 
mind to note the thermostat reading in the first place – any assessment of the upstairs temperature, 
where there was not even a thermostat to provide a rough estimate, would be a subjective 
observation.  The upstairs was not well vented, and would have been stuffy.  Odours would indicate 
what the officer could expect to find.  The officer was a larger individual, who was wearing a suit 
and overcoat, and who had just climbed a flight of stairs.  He might easily have sensed that the 
upstairs area was warmer than downstairs, even if that were not the case.  In this situation, even an 
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individual trained to be an objective observer might make a subjective observation. 


Defence counsel had to admit that the model appeared to provide a reasonable representation of the actual 
conditions, and the results were admitted as evidence.  Ultimately, the suspect was convicted. 


CONCLUSION 


Whole-building energy models can provide a wide range of useful results.  Calibrating the model is a 
necessary step if the results are to be reliable, and this presentation provides some guidelines on how such 
reliability can be achieved. 








Forensic Whole-Building Simulation
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Forensic Whole-Building Simulation


• Why?


• Work Request


• Model Description


• Problem Statement


• Calibration


• Application


• Conclusions







Start With Why


• Use of computer simulation


• What models can and can’t do


• Accuracy of energy models


• Specific application


• Calibration process


• Conclusions







Work Request


— Request: whole-building energy simulation


— Required: T, RH for a known interval of time


— Calibrated model


— Forensic application







The Model


— Multi-zone whole-building energy model


— Passive solar, thermal mass, full HVAC


— Direct solver (not bin, matrix, Laplace, etc.)


— Infiltration model (ELA4, adjusted for wind speed)


— 24-hour schedules for HVAC, lights, occupancy, water, rates, 
process loads, variable daily profiles (e.g., weekends)







The Problem Statement
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Calibration


— Accurate model (geometry, construction, controls, 
schedules, openings, HVAC equipment, infiltration, 
occupant behaviour)


— Hourly weather (solar, Tdb, RH or Twb, wind speed/direction)


— Calibration datum (measured values of T, RH)







Calibration







Calibration







Calibration







Calibration







Application: At Trial
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Conclusions


• Use of computer simulation


• What models can and can’t do


• Accuracy of energy models – only as accurate as 
inputs


• Specific application – what are you simulating?


• Calibration process – reasons for differences







WSP - A Global Professional Services Firm


7,600
EMPLOYEES


150
OFFICES


Our Canadian Presence


Alex McGowan, P.Eng.
Senior Manager
National Leader, 
Quality and Innovation
Building Sciences, WSP
Victoria, BC
250-475-1000
alexander.mcgowan@wsp.com



mailto:scott.baxter@wsp.com






 


 


Paper 52                                                                                                     Page 1 of 16 
 


ECONOMIC OPTIMIZATION OF THE BUILDING ENVELOPE FOR A 


HIGH PERFORMANCE MULTI-FAMILY RESIDENTIAL BUILDING  


Byron Enns, M.Eng., Fitsum Tariku, PhD 


 


 


ABSTRACT 


The energy performance of buildings is an important issue for builders, and quantitative data is needed to 
help builders choose levels of insulation for various envelope components. Analysis is complicated by the 
fact that the optimal amount of insulation varies by goals, climate, architecture, construction methods, 
insulation material costs, and energy costs.  This study analyzes many possible configurations of a case 
study building to uncover economically optimal envelope options.  The case study building is a high-
performance, three-storey, forty-five suite multi-family residential building that is now being built in the 
interior of British Columbia.  Effective R-values were calculated for 5 wall options, 4 roof options, and 4 
parkade ceiling options using established methodologies, which created 80 different envelope 
configurations.  Then, the annual energy use of all the configurations were simulated using DesignBuilder, 
and cost information for each option was collected. Finally, the extra installation costs were compared to 
the present value of the predicted energy savings for a 30-year period. The results of the analysis indicate 
which specific configurations of wall, roof and parkade ceiling insulation are the lowest cost options to 
achieve different levels of energy savings. Finally, the study was replicated in Excel using the bin method, 
which produced similar optimal configurations.  The absolute values of the energy savings from the bin 
method were not shown to be reliable, which was likely due to the number of simplifications used for the 
Excel calculation. 


INTRODUCTION 


Designers and builders in British Columbia and around the world are focusing more on the energy use of 
their buildings.  This is seen in goals such as net-zero energy, LEED® certification, and Passive House 
certification.  It is also seen in the building codes where some jurisdictions have plans to encourage high 
performance building envelopes and low energy buildings (Pape-Salmon et al. 2011)  


In addition to thermal performance, economics plays an important role in the choosing the levels of 
insulation for a better-than-code building, because the installation budget can be spent on better windows, 
thicker wall insulation, thicker roof insulation, thicker slab insulation, different types of insulation, more 
efficient mechanical systems, addressing thermal bridges, or other items.  A significant amount of research 
has been completed on this topic around the world with a concentration of studies in Europe.  Researchers 
have examined economically optimal configurations of houses, both unrestricted and with additional 
requirements such as minimum insulation levels or net-zero energy use.  However, as the price of electricity, 
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natural gas, materials and labor vary widely by region, much of this European research is not directly 
applicable to the construction industry in BC.   


The purpose of the project on which this paper is based was to use building energy modelling to help a 
builder from Whistler, BC, make economically optimal design decisions for the envelope of their three-
storey, forty-five suite multi-family residential building that will be built in Pemberton, BC.  The builder’s 
intention is to build a highly energy efficient building, and their interest is in allocating their resources in 
an optimal manner, instead of finding the economically optimal level of insulation.  


Main Research Approach 


The effective thermal resistance values and costs of different wall, roof, and parkade ceiling options of 
interest to the builder were calculated, and that information was used in conjunction with whole-building 
energy modeling software to determine the cost-optimal building configuration.  In addition, the analysis 
indicates which other configurations could potentially be the optimal configurations under different energy 
cost inflation assumptions.  The economically optimal configuration plus the potentially optimal 
configurations create the set of options from which the builder should select.  


Replication of Research Findings Using Excel 


In the final step of this study the analysis was replicated in Excel.  The main advantage of Excel is 
computational speed.  For this report, simulating all 80 options with DesignBuilder took approximately 18 
hours on a desktop computer (with a W3670 Intel Xeon processor for reference). In contrast, the analysis 
for the same 80 configurations finished almost instantaneously in Excel. The number of possible options 
for the DesignBuilder section was limited due to computational time considerations.  For example, if you 
added 4 window options and 1 more wall, roof and parkade ceiling option, the total number of simulations 
would increase to 600, which would take 135 hours to fully simulate on the same computer.   


On the other hand, a simple Excel bin analysis has limitations because many factors were disregarded 
including solar gain, wind, the effects of thermal mass, and the internal gains schedule.  At the end of this 
paper, the results of the Excel analysis are compared against the results for the whole-building energy 
analysis to review the accuracy of the Excel results, including both the ability of Excel to identify the same 
optimal & potentially optimal configurations, and the ability to correctly calculate the magnitude of the 
energy savings from increasing levels of insulation. 


Overall Description of Test-Case Building 


The test-case building is a three-storey multi-residential building with 15 suites per floor. The building will 
be rectangular and oriented north-south, with large east and west exposures. The builder plans on using an 
envelope-first approach to energy efficiency by focusing on minimizing envelope and infiltration heat loss. 
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Figure 1: A rendering of the case study building 


Envelope Description of Test-Case Building 


The builder chose their construction method for the test-case building, internal spray foam over structural 
wood frame, mainly because from their experience, that method can create a strong air barrier relatively 
easily. The minimum wall that they are considering consists of a 2x6 wood wall to the outside which will 
be the structural wall.  The cavities of this wall will be filled with R-24 (RSI 4.2) fiberglass batt.  The studs 
will be at 16 inch (406mm) on center due to structural requirements as calculated by the builder.  A 2.5 inch 
metal stud wall will be installed to the inside using sufficient studs to meet the requirements of the drywall.  
There will be a 1 inch gap between the wood wall stud and the steel stud wall.  The continuous 1 inch layer 
of spray foam between the two walls reduces thermal bridging and reduces the number of foam-to-material 
interfaces where leaks in the air barrier can develop over time.  


The floors will be built using a Hambro truss system, which consists of steel trusses and poured concrete.  
The floors will rest on the top plates of the wood walls with 3.5 inches (89mm) of bearing, which allows 2 
inches (51mm) of insulation to be placed outboard of the concrete floor slabs.  The bottom plates of the 
next floor’s wall will rest on the concrete with the same 3.5 inch (89mm) overlap.   


The truss space between the parkade and the first floor will be filled with insulation.  The walls of the 
parkade will be built with Insulated Concrete Forms, and the parkade floor will not be insulated. 


The windows will be installed into the wood wall from the inside. 2 inches (51mm) of XPS and a flat 2x4 
will be installed over all of the flanges.  The inside face of the 2x4 will therefore sit in-line with the inside 
of the steel wall, and will provide a surface onto which the drywall can be installed around the window.  
This method was chosen by the builder to reduce thermal bridging around the window.  They plan on using 
thermally broken triple pane windows as a minimum for this building.  


In all cases, the builder chose the upper and lower amounts of insulation under consideration for each 
element. 
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Mechanical Description of Test-Case Building 


A 100% outdoor air system will be used for ventilation. An HRV installed on the roof to recover heat from 
the exhaust air.  Electric baseboard heaters will provide any supplemental heating needed. A DX-coil in the 
air supply air duct will supply cooling, but the airflow will be set for ventilation only, so cooling will be 
limited. 


LITERATURE REVIEW 


Whole building energy modelling tools allow many different configurations of a building to be evaluated 
for specific locations, designs and climates (Southern Califronia Edison 2000). There are two main 
approaches to whole-building optimization that are seen in previous papers.  


One popular method is to use a building simulation tool, such as TRYNSYS or EnergyPlus (Attia et al. 
2011), in combination with an optimization program, such as GenOpt (Ferrara et al. 2014). The optimization 
protocol evaluates the objective function of the configurations and choses which option to run next based 
the results obtained from the previous simulations. The optimal configuration is gradually narrowed down 
from the total set.  The advantage of this method is that not every configuration needs to be simulated to 
arrive at the optimal solution, which saves time and computing resources (Attia et al. 2013).  This method 
is often used when the goal is to minimize total lifetime costs, either for standard buildings or buildings 
with further constraints such as net-zero energy use (Lu et al. 2015). A second method is parametric 
simulations where a set of options are defined for each variable, and every combination within that set is 
simulated (Kurnitski et al. 2011).   


Factors used in the optimization analysis can alter the results.  Increasing the time frame and including the 
indirect cost of CO2 production will both result in higher optimal thicknesses of insulation (Barrau et al. 
2014). Including uncertainties and defects in the insulation will also result in a higher optimal thickness of 
insulation(Aissani et al. 2014).  Accounting for lost floor space loss will lower the optimal insulation 
thickness (Aissani et al. 2014).  For this paper, the timeframe chosen was 30 years. CO2 costs are partially 
accounted for by the BC carbon tax included in the energy costs, but not otherwise. Insulation defects were 
assumed not to exist, and any floor space loss was not included as a financial cost because there are no 
restrictions to building outwards for the case study building.  Finally, the embodied energy of the different 
insulation materials was not considered (Pierquet et al. 1998). 


For the Excel replication portion of this paper there are several approaches described in literature.  One 
method using degree days to determine the economically optimal amount of insulation is described by R.K. 
Beach (Beach 1965). This calculation uses a linear cost of insulation plot combined with a non-linear fuel 
cost plot, both with respect to the thickness of the insulation. The optimal point is then the point at which 
the combined cost is lowest.  This method uses degree days to calculate the energy savings.  Degree days 
are set from a base temperature, such as 18°C.  The reason that it is not referenced to the indoor temperature 
is that at some point the internal gains will balance the heat loss, and therefore the hours with temperatures 
above the base can be ignored (Bailes 2014).  In the case of this optimization, the temperature at which the 
heating loads will be met by internal gains will change based on the quality of the envelope.  Therefore, to 
use the degree day method, the heating degree day base temperature would need to be determined on a 
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configuration by configuration basis. 


An alternative to the degree day method is the bin method.  With the bin method, climate data is used to 
create ‘bins’ of temperature.  For example, the bins could be in 1 degree increments, and each bin would 
include all the hours per year in which the outdoor temperature sits within those bins.  In the “modified bin 
method” described by Cane (Cane 1979), the internal/solar gains are calculated separately from the 
envelope and infiltrations loses, which allows the elimination of any bin that doesn’t require heating energy. 
Because the energy balance is calculated for each bin of outdoor temperature, a method to include a second 
temperature profile for the parkade was not found.  To account for the parkade, a parkade temperature was 
defined for each bin based on average temperatures throughout the year.  


Methods to accomplish similar objectives have been developed by others (Cane 1979) that use correction 
factors to help account for the effects of solar gain, but for the purposes of this paper, a simple energy 
balance based on temperatures only will be used.  


METHODOLOGY 


The research objectives were achieved using different thermal modelling software packages, costing 
information, and financial analysis. In the first step, the different envelope and interface details were 
modeled and evaluated in THERM. Next, a whole-building energy model was constructed with 
DesignBuilder software. This model was used to quantify the energy savings from each of the different 
configurations. Next, cost information from the builder allowed the different details to be evaluated in terms 
of cost versus performance.  Finally, an attempt to replicate the results using Excel instead of DesignBuilder 
was made. 


Optimization protocols can be used to arrive at the optimal configuration without simulating every 
configuration.  The desired “optimal configuration” is defined mathematically by the operator. An example 
would be the configuration with the lowest total combined construction plus 20-year energy costs.  These 
protocols work by running a set of simulations, and using the results to intelligently select the next set. By 
simulating only those configurations selected by the algorithm, the computational time can be reduced 
dramatically. There are many different optimization protocols, and some have been shown to reliably arrive 
at the true optimal configuration.   


Parametric analysis was chosen for this analysis instead, because in this case there is no specific objective 
function that is being optimized. Every combination of options will be simulated. The limitation of the 
parametric method is that the number of possible solutions examined will be smaller because every single 
configuration needs to be simulated, which requires significant computational resources.  The choice of this 
strategy is supported by the fact that many of this building’s design decisions were made outside of the 
scope of the research project.  If more factors were to be included in the analysis, such as architectural 
choices, then parametric analysis would likely become impractical due to the sheer number of simulations 
needed. In addition, performing all the simulations parametrically provides a rich dataset.  


Equivalent R-Value Calculations  
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THERM is a 2D thermal modelling software that is competent at calculating the effects of structure and 
thermal bridges on the overall thermal performance.   The details that were modelled with THERM include 
different wall constructions, insulation thicknesses, window-to-wall interfaces, wall-to-roof interfaces, 
wall-to-floor interfaces.  The starting points for all the details were the builder’s standard construction 
details.  This includes a double 2x6 wood frame wall with internal spray foam insulation for the walls. 
Different levels of insulation were examined from there, with the lower and upper levels of insulation under 
consideration set by the builder.  The equivalent thermal resistance values were calculated from the 
THERM results using established linear and point transmittance methodologies. 


The selected options are found in Table 1. There are 5 wall options, 4 roof options, and 4 parkade ceiling 
options.  This results in a total of 80 different possible building configurations (5*4*4). 


Table 1: All wall, roof and parkade ceiling options included in the study  


Wall 
options 


2x6 stud wall & fiberglass batt, plus 2.5” steel stud wall & 3” of 3/4lb foam (open cell) 


2x8 stud wall & fiberglass batt, plus 2.5” steel stud wall & 3” of 3/4lb foam (open cell) 


2x8 stud wall & fiberglass batt, plus 2.5” steel stud wall & 4” of 3/4lb foam (open cell) 


2x6 stud wall & fiberglass batt, plus 2.5” steel stud wall & 3” of 2lb foam (closed cell) 


2x8 stud wall & fiberglass batt, plus 2.5” steel stud wall & 4” of 2lb foam (closed cell) 


Roof 
options 


12” of 1/2lb foam (open cell) 


16” of 1/2lb foam (open cell) 


20” of 1/2lb foam (open cell) 


24” of 1/2lb foam (open cell) 


Parkade 
ceiling 
options 


6” of 1/2lb foam (open cell) 


8” of 1/2lb foam (open cell) 


10” of 1/2lb foam (open cell) 


12” of 1/2lb foam (open cell) 


DesignBuilder Simulations 


In the second step, DesignBuilder was used to construct a whole building energy model.  This model was 
built to represent the proposed building as accurately as possible.  DesignBuilder is an EnergyPlus based 
simulation program which is known for its ability to model complex situations.  It is suitable for this task 
due to its flexibility and its Optimization module, which is designed to help perform cost-benefit analysis.  
Both DesignBuilder (DesignBuilder Software 2006) and EnergyPlus (Energy Plus n.d.) have been validated 
using ASHRAE 140, which is a test procedure designed to provide standard tests in which different energy 
models can be compared to one another.  


The whole building model was built to reflect known variables, such as building location, orientation, 
fenestration, and uses, as well as variables to be tested such as wall thermal resistance, roof thermal 
resistance and floor thermal resistance.  The specifics were gathered from the builder prior to commencing 
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on the energy mode through drawings, construction specifications, and interviews.   


Each of the 45 suites was assigned one zone. This means that the conditions in each of the suite’s rooms 
will be treated as uniform by the energy model. This simplification was used to reduce model complexity. 
Assigning multiple rooms to one zone can cause the model to underestimating the energy use, and 
eliminating the internal walls reduces the thermal mass of the building (Georgescu et al. 2015). This 
simplification was assumed to have a minimal impact on the results.  The hallways were assigned one zone 
each, and the entranceways were assigned a zone in the cases where a door separated the hallway and 
entrance area. All the vertical spaces including the two stairways and the elevator shaft were assigned their 
own zones.  The parkade was assigned one zone.   


The values for occupancy numbers, occupancy profile, hot water use, miscellaneous profile and lighting 
profile were obtained from the 2014 Building America House Simulation Protocols document by NREL 
(Wilson et al. 2014).  The maximum lighting power and parkade lighting power were estimated in 
conjunction with the builder. The miscellaneous loads were estimated by obtaining the yearly energy use 
for representative appliances and devices from sources such as Energy Star and BC Hydro.  The Latent and 
sensible fractions were obtained from the 2014 Building America House simulation Protocols (Wilson et 
al. 2014). The miscellaneous electronics category was estimated.  


There are assumptions that needed to be made to use DesignBuilder for this building.  These assumptions 
were made on the best judgement of the authors and are not based on previous work.  The first is that the 
air-to-water heat pump module in DesignBuilder does an adequate job of representing the direct expansion 
solar heat pump that will be installed in the building. As the solar assisted heat pump uses solar energy as 
well as outdoor temperature to evaporate the refrigerant, it should have higher COPs and should be able to 
operate under a wider temperature range.  This means that the simulation could over or under-predict the 
heat pump and backup boiler’s energy use.      


The next major assumption is in the modeling of the parkade. An assumption about the amount of energy 
delivered to the parkade by the cooling vehicles would have a low level of accuracy.  The high level of 
insulation for the parkade walls in combination with the HRV ventilation means that this assumption is 
critical for accurately modeling the parkade.  The builder has built similar style parkades in the past, and 
they have a high degree of confidence in the temperatures of the parkade in winter. Their experience was 
used to tune the loads in the parkade.     


Finally, this building will be built in Pemberton, British Columbia.  Unfortunately, DesignBuilder does not 
include hourly weather data for Pemberton. The two closest options are Vancouver and Kamloops.  It is 
evident from climate data that the Pemberton climate is far more similar to the Kamloops climate (Farmzone 
2016) than Vancouver’s (Farmzone 2016), and therefore the Kamloops climate was used for the 
simulations.  


Cost vs Performance Analysis 


The final step combined the results of the THERM analysis and DesignBuilder simulations outlined above.  
The equivalent resistances of each option were used in the whole building model, and the results for each 
permutation were calculated individually.   
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The builder has cost information for each of the details and options.  The material and installation cost data 
came from vendor quotes, so the information is likely to be accurate. This information was gathered through 
interviews with the builder and used in a cost benefit analysis.  


The savings in energy use for each configuration were then compared to the extra expense for those 
configurations. The total 30-year energy savings were calculated with a 4% yearly energy cost inflation.  
The discount rate was set at 7%, which approximates an average rate of return on private sector investment 
(US Office of Management and Budget 1992). 


Excel Comparison 


A spreadsheet was set up to calculate the cost and energy use for each configuration, and those variables 
were compared against the values for the base case configuration. 


A bin calculation was used to calculate the yearly energy use for each option.  The bin calculation calculates 
the energy deficit for each bin by taking the internal gains and removing infiltration losses and the envelope 
losses. The energy deficit represents the energy requirement to be met by the mechanical systems, and these 
values were modified by the efficiency of the heating system. Any bins with a negative deficit do not require 
energy for heating and were disregarded.   


The average miscellaneous energy use per hour was generated by dividing the total energy delivered to the 
building by 8760 hours per year, and multiplied by a factor of 0.8 to account for load disparity. In addition, 
the building uses a heat pump.  To account for the efficiency of the heat pump, a mechanical efficiency 
factor of 1.5 was used. These factors were chosen based on judgement, and the accuracy of these factors is 
not high.  This is an area that could be improved with future research and analysis. 


ANALYSIS AND RESULTS 


The results for both the DesignBuilder analysis and the Excel analysis were graphed to show the energy 
cost savings against the extra installation cost.  


Result for DesignBuilder Configuration Analysis (Installation Cost Versus Energy Savings) 


All the results presented below are referenced to the base case.  This means that the extra insulation cost of 
the base case is zero, and the savings of the base case is zero. There are 80 unique configurations represented 
in Figure 2.  The individual configurations can be identified with the legend.  The wall options are 
represented by the connecting lines, the roof options are represented by the diamonds, and the parkade 
ceilings are represented by the dashes.   
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Figure 2: DesignBuilder results showing all possible combinations of wall, roof and parkade ceiling options 


The x-axis of this graph increases in installation cost compared to the base case, and the y-axis increases in 
total 30-year energy cost savings compared to the base case.  To use this graph, locate a chosen installation 
cost premium on the x-axis, and then the best configuration for that cost is the closest to the top on the 
vertical line above it.  Looking at the graph, the performance difference between the best and worst 
configurations with the same cost is up to 50% of the difference between the base case and the best case 
studied. Another way to use the graph is to locate a given performance premium above the base case on the 
y-axis.  The best configuration for that level of performance is the left-most configuration on that horizontal 
line.  Looking at the graph, the installation cost difference between the best and worst configurations (that 
both deliver the exact same performance) is up to $70,000.  


Economic 
optimal 
configuration 


Base 
configuration 


Potentially optimal configurations 
are located on the top arc. The 
higher the real energy cost inflation 
is compared to the assumed value, 
the higher up the arc the real 
optimal configuration will be 
located. 
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Result for Excel Configuration Analysis (Installation Cost vs. Energy Savings) 


The results presented below represent the same 80 configurations as in the DesignBuilder case. Again, the 
extra cost and savings are referenced to the base case.  


 
Figure 3: Bin method results showing all possible combinations of wall, roof and parkade ceiling options 


The general shapes of the graphs produced by the two methods are similar, although there are some 
differences.  The magnitude of the savings does not match well, which is expected because of the number 
of simplifications and assumptions used in the Excel analysis. 


DISCUSSION AND RESEARCH FINDINGS 


Economic 
optimal 
configuration 


Base 
configuration 


Potentially optimal configurations 
are located on the top arc. The 
higher the real energy cost inflation 
is compared to the assumed value, 
the higher up the arc the real 
optimal configuration will be 
located. 
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Configuration Recommendations 


The optimal configuration is found by comparing the extra installation costs to the energy cost savings in 
Figure 2.  The economic optimal case is labeled as “Economic optimal configuration” on the graph, which 
is the configuration with the lower life cycle cost.  This configuration is not of interest to their builder, as 
the intent is to build a building with a higher level of performance than would be delivered at the 
economically optimal point. It is important to note that the base levels of wall, roof, and parkade ceiling 
insulation levels were determined by the builder.  Because of this, it is possible that the true economic 
optimal configuration has a lower level of insulation than is shown by this analysis. 


The remaining configurations along the top arc of the graph show other potentially optimal configurations.  
These configurations could become the economically optimal configuration if the real inflation of energy 
cost is different than assumed.  The higher the future energy costs rise above those assumed is this analysis, 
the higher up the arc the true optimal configuration will be.  Note that some of the configurations on the arc 
will be skipped as energy cost assumptions increase.    


The builder should select any of the configurations indicated in Figure 2 labeled as “Economic Optimal” 
or “Potential Optimal”.  The farther up the outside arc, the higher performing the configuration, but the 
higher the cost premium. Cost premiums can be calculated using the information on both axes. Any of the 
configurations that were not indicated as the optimal or as a potential optimal should not be selected.  In all 
cases, if the configuration is not in the optimal/potentially optimal set, there is another configuration that 
delivers the same level of performance for a lower installation cost.  


Some points can be seen from the graph. First, there is one configuration which is performs better than the 
base case but costs less. This was found to be from the cost premium on R-24 fiberglass insulation for 2x6 
studs compared to the standard batts used in the 2x8 walls. Another configuration delivers 25% of the total 
energy cost savings for a very small cost premium. A different configuration delivers over half of the energy 
cost savings of the most insulated configuration for only 20% of the installation cost premium.  


Another immediate observation is that most of the optimal configurations use the second-best wall 
(represented by the pink line in Figures 2 and 3), so an upgrade to that wall is a clear decision. Also, all the 
optimal cases use walls that are thicker than the base case wall.  Extra costs involved with thicker walls 
have not been accounted for in this analysis. For the case study building, the extra wall thickness can be 
added to the exterior, and does not reduce the square footage of the building.  If the loss of internal square 
footage is a significant issue, then the two standard thickness wall options should be examined for the 
optimal configuration.  


In addition, the optimal configurations show a low to medium level of insulation between the parkade and 
the first floor.  As indicated earlier, an assumption was made for the parkade temperature based on the 
experience of the builder.  If the real-life temperatures are lower than the predicted temperatures, the thermal 
resistance of the parkade ceiling will have a greater impact than is indicated by this analysis.  Conversely, 
if heaters are used to keep the parkade at higher temperatures, then the benefit from the parkade ceiling 
insulation will be smaller than predicted. 


Another factor that is important in the energy savings results is the efficiency of the mechanical system.  
The more efficient the system is, the lower the energy savings will be for a given increase in the envelope’s 
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thermal resistance.  This is important because the analysis in DesignBuilder was performed with an air-to-
water heat pump, whereas the real building will use a solar assisted air-to-water heat pump.  If the solar 
assisted heat pump is significantly more efficient than the one used in the model, then the energy cost 
savings in this analysis will be over-predicted.  


Replication of Research Findings Using Excel  


The bin method identified the same optimal configurations as the DesignBuilder simulations. 


The magnitudes of the savings do not match however.  The most likely reason for this is that many factors 
were disregarded in the bin method calculation, including solar gain, thermal mass, wind, and internal gain 
schedules.  Previous research has indicated that the degree-day method will over-predict energy use because 
thermal mass is ignored (Fumo et al. 2010).   


The miscellaneous energy was averaged throughout the entire year, and modified by a factor to account for 
load disparity.  Increasing the average miscellaneous energy decreased the energy savings, and decreasing 
the average miscellaneous energy increased the energy savings. In addition, in this example the bin method 
results were found to be sensitive to the temperature profile of the parkade. Minor modifications to the 
parkade temperature result in large changes to the results chart. 


Finally, the simulation relies on assumptions for the efficiency of the mechanical systems, which would 
have a large effect of the potential energy savings. In this case, increasing the average assumed efficiency 
lowered the savings, and decreasing the average assumed efficiency increased the savings. This building is 
not fully air-conditioned, so the assumptions regarding solar heat gain would not have affected the results 
as much as they would have if it was fully air conditioned.  


While this method seems reliable for predicting the relative ranking of the configurations, it is the author’s 
opinion that this method requires more development and validation before it is used to predict the magnitude 
of energy savings.   


CONCLUSION 


Configurations of the test-case building were analyzed considering local factors including the cost 
environment by comparing 80 configurations with different combinations of wall R-values, roof R-values, 
and parkade ceiling R-values.  It is clear from the results that the walls are the most effective place to spend 
money above the base configuration, followed by the roof, and with the parkade ceiling in last place. None 
of the optimal wall configurations use 2x6 framing, so upgrading to 2x8 framing is a clear choice because 
the wall thickness is not critical with this building.  The result graphs give the builder the information 
required to examine tradeoffs and select the best configuration for their desired level of performance. 


In this analysis, even the base case wall, roof, and parkade ceiling options represent an excellent level of 
performance.  This is seen in the low energy savings numbers for the better options, where the energy cost 
difference between the best and worst configurations amounts to just over $1000 per year.  This savings 
will increase if additional carbon costs are added to the energy price in the future, or if energy prices rise 
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higher than the assumed 4% per year. The energy savings would have been more dramatic if the code 
minimum wall, roof, and parkade ceiling options were included in the analysis.   


In addition, this study shows the benefit of using building energy simulation programs to optimize envelope 
choices.  The analysis revealed that there are configurations that have a $70,000 premium for installation 
cost but deliver the same level of performance (Figure 2), and this information is helpful to the builder.  In 
many projects, the energy modelling is completed for code compliance or certification credits.  In these 
cases, the additional work required to complete a configuration analysis is relatively low. Additionally, 
published thermal bridging values are available for common construction methods, which would save a 
significant amount of time for the analysis. 


Finally, the comparison between the DesignBuilder results and the Excel results indicates that the bin 
method can be used as a tool to help builders chose levels of insulation in different envelope components. 
The magnitude of the savings potentially has a significant degree of error. Further research is required to 
determine if the accuracy of the magnitudes can be verified and improved. 


A scenario where the bin method analysis would be very useful is when a builder intends on building a 
better-than-code envelope, and wants to know where a fixed amount of extra money would best be spent.  
If the builder has a fixed budget for upgrades, then the relative ranking of the configurations is important, 
but the magnitude of the energy savings is not. Because Excel was shown to identify the relative ranking 
of the options with accuracy, then the results can be obtained in Excel with much less time and effort than 
with a whole building energy simulation program. If, on the other hand, the accuracy of the energy savings 
is important, such as a situation where a builder wants to know if money should either be spent on the 
envelope or on the mechanical system, then whole building energy modelling would produce better results.  


The Excel method could also work well in tandem with whole-building energy simulation.  Two simulations 
could be used to calibrate the Excel calculation, and then the Excel sheet could be used to rapidly compare 
different scenarios.    
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ECONOMIC OPTIMIZATION OF THE 
BUILDING ENVELOPE FOR A HIGH 
PERFORMANCE MULTI-FAMILY 
RESIDENTIAL BUILDING 
BYRON ENNS, M.ENG FITSUM TARIKU, PH.D







Background


M.Eng. project initiated by a builder to answer questions:
• How to spent insulation budget efficiently?


• What point to stop spending money on the envelope?


Builder’s original goal was net-zero
• Research goal was to find economically optimal configuration including levels of insulation and solar


• Original research plan plan was to use an optimization algorithm to reduce number of simulations. 


• But net-zero found to be unrealistic for their 3 storey apartment building 


Modified research plan: 
• Gather data for all Combinations of envelope options to compare trade-offs. 


• Had to reduce number of envelope options 







Case study building - Configuration


Being built in Pemberton, BC


3 storeys, 15 suites per floor


Parkade below


High performance envelope


Triple pane windows


100% outdoor air ventilation w/ heat recovery


Some heating/cooling in ventilation air


Supplementary baseboard heating


Solar assisted heat pump heat pump hot water with natural gas backup boiler







Case study building - Envelope


Envelope assemblies were chosen by the builder


Walls – Dual walls: 
• Outside: structural wood walls with batt insulation


• Inside: steel stud (sufficient for the drywall) with spray foam insulation


• 1” foam filled gap between the two walls.   


Roof – Unventilated flat roof with open cell SPF and spray applied vapour barrier, wood truss.


Parkade ceiling – spray foam, steel truss


Parkade walls – Insulated Concrete Forms







Envelope options considered in this study


5 different wall options:
• Outside: 2x6 structural wood wall with fiberglass batt,   Inside: Steel stud with 3” of open cell SPF


• Outside: 2x8 structural wood wall with fiberglass batt,   Inside: Steel stud with 3” of open cell SPF


• Outside: 2x8 structural wood wall with fiberglass batt,   Inside: Steel stud with 4” of open cell SPF


• Outside: 2x6 structural wood wall with fiberglass batt,   Inside: Steel stud with 3” of closed cell SPF


• Outside: 2x8 structural wood wall with fiberglass batt,   Inside: Steel stud with 4” of closed cell SPF


4 different roof options:
• 4 different thicknesses of open cell spray foam from 12” to 24”


4 different Parkade ceiling: 
• 4 different thicknesses of open cell spray foam from 6” to 12”


Gives 80 possible building configurations







Methodology
For every wall/roof/parkade ceiling assembly option:
• Developed equivalent R-values using established methodologies


• Calculated cost


Simulated all possible building configurations
• Used whole-building 8760 hour energy modeling


For each configuration, compared extra energy cost saving (30-year present value) and extra 
installation cost to the base configuration.


Then, replicated study in excel to compare results.







Results







Results
Lower cost 
for same 
performance


Better 
performance 
for same cost







Results
Lower cost 
for same 
performance


Better 
performance 
for same cost


Economically 
optimal 
configuration


Optimal configuration under 
different economic assumptions 
are found on the top arc







Discussion
Found a $50,000 to $70,000 cost difference between configurations with the exact same energy 
performance


The economically optimal point is quite low
• Partially due to minimum acceptable options set by the builder.


• Note that because of minimum options, the true economically optimal point might not be on the graph


For this building, clear direction is provided by the graph:
• All of the best options use a 2x8 exterior wall


• Economically optimal point uses the second best wall and the worst roof / parkade ceiling







Replication with excel - methodology
Used a bin method calculation
• Split year into temperature bins of 0.1°C by number of hours


Simplified calculation by disregarding elements including:
• Solar gain


• Thermal mass


• Internal gains schedules


• Dynamic heat pump efficiency


Calculated energy balance for each temperature bin
• Disregarded bins with no heating requirements







Replication with excel - Results


Whole building energy modeling results Excel results







Replication with excel - Discussion
Excel identified the same optimal configurations 


Excel did not identify the same magnitude of cost savings


Modifying the calculation assumptions changes the magnitude of the savings:
• Decreasing the mechanical efficiency assumption increases the magnitude of savings


• Decreasing the miscellaneous energy assumption increases the magnitude of savings


Improving the excel calculation by including solar gain, schedules, thermal mass, 
HVAC efficiency estimates, etc. would improve the excel results







Conclusions
Significant installation cost savings can be obtained for a given level of performance by 
intelligently assigning the installation budget.


Economically optimal configuration identified 


Potentially optimal configurations under different energy cost assumptions also identified 


Methodology would be relatively low effort if:
• The energy model was already built for other purposes, and 


• Assembly effective R-values could be calculated from tabulated data 


Replication in excel showed that the same configurations were identified, but not the magnitude
• Magnitude could be improved with a better calculation.


• Excel would be appropriate where magnitude is not important - such as a builder with fixed budget for 
envelope upgrades above code minimum.
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IMPACT OF FENESTRATION ON THE OVERALL THERMAL 


PERFORMANCE OF THE BUILDING ENVELOPE  


Mario D. Goncalves, P. Eng. 


ABSTRACT 


The thermal performance of the building envelope influences how comfortable people are inside buildings, 
and how much money is spent to maintain that comfort level.  Historically, there has been a tremendous 
focus on how much insulation is incorporated in the roof and opaque wall systems comprising a building 
envelope, and the level of insulation incorporated in these systems has been steadily increasing in the 
pursuit of improved energy performance.  In contrast, there has been far less emphasis on the thermal 
performance of fenestration in terms of how it influences the overall thermal performance of the building 
envelope.  Recent codes are now bringing a new focus on thermal characteristics of fenestration, and this 
paper is intended to establish/explain why this is so appropriate. 


Our built environment includes more and more fenestration, as designers and developers respond to the 
increasing demand for sleek and clean building facades, natural lighting and the provision of spectacular 
views from our buildings.  This response involves fenestration in many different forms from punched 
window openings to horizontal strip windows to complex, custom curtain wall.  However, while the market 
demand for fenestration seems to be increasing, there are also an increasing number of professionals 
expressing very negative views about the amount of fenestration in our cities and the level of awareness 
regarding how this contradicts an interest in green buildings. 


Indeed, the construction industry has been slow to appreciate the significance of the thermal performance 
of fenestration.  A tremendous amount of time and effort is now appropriately being spent on performance 
testing of envelope assemblies.  From individual windows to large, custom curtain wall systems, there is 
interest in evaluating full-scale mock-ups to understand how fenestration can be expected to perform in-
service.  This evaluation regularly involves assessment of structural capacity as well as resistance to air and 
moisture flow and, increasingly, condensation potential is being assessed.  Testing to evaluate the thermal 
characteristics of fenestration is limited to relatively small assemblies, and is simply impossible for large 
assemblies due to equipment limitations.  However, this does not and should not mean that the thermal 
characteristics of fenestration are ignored when we produce and evaluate new designs. 


Fortunately, there is a means of determining the overall thermal transmittance of fenestration when physical 
testing is not an option.  Although the pink panther has been effective in making most people think of 
thermal resistance (R-value) when considering heat flow, it is properly the thermal transmittance (U-value) 
that is used to characterize fenestration.  Thermal transmittance is a measure of the rate at which heat is 
transferred through a building assembly subject to a temperature difference.  The parallel path heat flow 
method is a simple mathematical procedure by which the overall thermal transmittance of an assembly is 
calculated as the area-weighted average of the thermal transmittance of the individual components of that 
assembly.  The equation for thermal transmittance of an assembly is therefore: 
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UOverall = (A1 x U1 + A2 x U2 + A3 x U3 + …)/AOverall 


Where: 
A1, A2, A3, … = the face area of the components of differing cross section 
U1, U2, U3, … = the cross-sectional U-value of the different components 


The U-value input to a parallel path heat flow calculation can be based on physical test results, for example 
when considering windows for incorporation in punched or strip window wall configurations.  The input 
can also be based on the results of thermal simulation undertaken with models of component cross-sections. 


The presentation includes sample parallel path heat flow calculations for an example wall including brick-
clad opaque areas and horizontal strip, commercial window areas with a fenestration to wall ratio of 0.50, 
and demonstrates the substantial difference between average thermal resistance and effective thermal 
resistance of the wall.  The presentation then continues with a short, simple parametric study that highlights 
how the overall thermal performance of an envelope will be dominated by the significantly weaker thermal 
performance of the fenestration, even when the fenestration to wall ratio is as low as 0.10. 


The presentation concludes with sample parallel path heat flow calculations for an example unitized curtain 
wall system with insulated spandrel panels.  The calculations highlight the very considerable influence of 
the weak thermal performance of framing elements in both the vision and spandrel regions of the system, 
and how the overall thermal transmittance of the system is considerably higher than would be predicted by 
the use of high performance glazing units and heavily insulated spandrels, and considerably higher than is 
desired and required for energy efficient design.  


CONCLUSION 


Notwithstanding the popularity of fenestration in our built environment, it is the weak link in the chain in 
terms of thermal performance of the envelope and, due to parallel path heat flow, it can result in extremely 
low performance even when the amount of fenestration is minimized and the adjacent, opaque envelope 
assemblies are heavily insulated.   


Whenever there is limited budget available for improvement of the thermal performance of a building 
envelope, it should always be directed to fenestration for maximum impact.  Even so, if we want to be 
serious about saving energy in our built environment, we need to reduce the prevalence of fenestration.  
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IMPACT OF FENESTRATION 
ON THE OVERALL THERMAL 


PERFORMANCE OF THE 
BUILDING ENVELOPE


CCBST 2017


Robert Jutras, P.Eng.















Establish/explain need to 
consider thermal 


performance of fenestration


OBJECTIVE: 







CONTEXT







• “..many green buildings don’t save energy.  
Why?  They have too much glass.”


• “architectural glass and curtain wall disease”


• “If you want to save serious energy – use less 
glass; windows and curtain walls provide the 
worst energy performance..”


CURRENT VIEWS







• Effective thermal resistance (R-value) 
means the inverse of overall thermal 
transmittance (U-value).


Reff = 1/U


EFFECTIVE THERMAL RESISTANCE


Overall thermal transmittance (U-value) is a 
measure of the rate at which heat is


transfered through a building assembly
subject to a temperature difference (U=1/R).











PARALLEL PATH HEAT FLOW METHOD


The overall thermal transmittance (Uoverall) is the area 
weighted average of the thermal transmittance of the 
components of an overall assembly.


The procedure for calculating a total facade heat  transfer 
is to add each of the component heat transfers :











INFRARED ILLUSTRATION OF PARALLEL PATHS







PARTIAL CURTAIN WALL ELEVATIONS SHOWING FRAME
INFLUENCE ON PARALLEL PATHS 







PARALLEL PATHS TO ASSESS OVERALL U-VALUE OF TYPICAL CW MODULE 







RESULTS FOR PROPOSED VISION WITH FRAMING 


R3.9







R20.4


RESULTS FOR PROPOSED SPANDREL WITH FRAMING 







R3.9


R20.4


3.39


RESULTS FOR PROPOSED VISION AND SPANDREL WITH FRAMING 







TYPICAL EFFECTIVE THERMAL 
RESISTANCE VALUES FOR WINDOWS







FENESTRATION TO WALL RATIO


50% fenestration R2


50% wall R20


Average thermal resistance: (R2+R20) = R11


But does NOT equal:


Effective Thermal resistance: [(1/R2 * 0.5) + (1/R20 * 0.5)] / 1  = R3.6







EXAMPLE FOR TWO IDENTICAL BUILDINGS


A B


50% fenestration (R2)


50% wall (R20)


Reff: R3.6


Contemplated Revisions


Window: R2 Window: R4


Wall: R40 Wall: R20


Reff: R3.8 Reff: R6.7 







10% Fenestration


90% Wall


Window R2, Wall R20; R10.5


Window R2, Wall R40; R13.8


Window R4, Wall R20; R14.3


25% Fenestration


75% Wall


Window R2, Wall R20; R6.2


Window R2, Wall R40; R7.0


Window R4, Wall R20; R10


50% Fenestration


50% Wall


Window R2, Wall R20; R3.6


Window R2, Wall R40; R3.8 


Window R4, Wall R20; R6.7







So, what would be the overall thermal 
performance for this stock of buildings?


THANK YOU!
rjutras@cleb.com








Safe, Effective & Affordable Retrofits for 
Cold Climates


Cold Climate Housing Research Center     1000 Fairbanks St., Fairbanks, AK     www.cchrc.org     


“Promoting and advancing the development 
of healthy, durable, and sustainable shelter 


for Alaskans and other  Circumpolar 
people .”


Robbin Garber-Slaght, PE
Cold Climate Housing Research Center







Exterior Insulation Retrofits for Fairbanks, Alaska


Most local Fairbanks 
construction is 2x6 frame with 
RSI 3.7 (R-21) fiberglass batts


Almost all walls have a 6 mil 
vapor retarder behind the 
gypsum board (usually poorly 
sealed)


Frost buildup inside the 
sheathing is pretty common 







Exterior Insulation Retrofits for Fairbanks, Alaska


With all the frost build up, how do typical walls survive in Fairbanks?
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Exterior Insulation Retrofits for Fairbanks, Alaska


Adding just a small layer of EPS (50 mm, 2 inch)
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Exterior Insulation Retrofits for Fairbanks, Alaska


In the Fairbanks climate 2/3 of the R-
value of the wall needs to be outside of 
the exterior sheathing.


RSI-2 (R-11) fiberglass batts inside then 
RSI-4 (R-24) insulation outside – that is 
152 mm (6 inches) of EPS foam


The higher the R value inside the frame 
cavity the more outside insulation is 
necessary


This is not cost effective







Safe, Affordable, and Effective Retrofits 


Is there a way to use vapor open 
insulation exterior to the sheathing?


Condensation will still form, but there is 
drying potential


21 wall retrofit ideas were modeled and 
evaluated for installation and energy 
savings costs


The most cost effective and moisture 
safe 8 were chosen for further moisture 
study







Moisture Models


A typical Fairbanks wall The typical wall with 4cm (1.5 in) exterior mineral wool







Moisture Models


Air Barrier Exterior Insulation Siding Ventilation* Mold Danger at the 
Plywood


Air Barrier Only Retrofit Housewrap None 19 mm (.75 in) ventilated rain 
screen


Yellow


EPS Foam Retrofit Housewrap 7 inches EPS 19 mm (.75 in) unvented rain 
screen


Yellow to Green


EPS Unfaced Foam 
Retrofit


None 2 inches unfaced EPS None Red


EPS Unfaced Foam 
Retrofit


Housewrap 2 inches unfaced EPS 19 mm (.75 in) ventilated rain 
screen


Yellow


EPS Unfaced Foam 
Retrofit


Housewrap 4 inches unfaced EPS 19 mm (.75 in) ventilated rain 
screen


Yellow to Green


Mineral Wool Panel 
Retrofit


Housewrap 2 inches mineral wool panels 19 mm (.75 in) ventilated rain 
screen


Green


Mineral Wool Panel 
Retrofit


Housewrap 4 inches mineral wool panels 19 mm (.75 in) ventilated rain 
screen


Green


Mineral Wool Panel 
Retrofit


Housewrap 6 inches mineral wool panels 19 mm (.75 in) ventilated rain 
screen


Green


Mineral Wool Panel 
Retrofit


Housewrap 1.5 inches mineral wool panels 19 mm (.75 in) ventilated rain 
screen


Yellow to Green


Cellulose Retrofit Housewrap 5.5 inches dense pack cellulose 19 mm (.75 in) ventilated rain 
screen


Green


Cellulose Retrofit Housewrap 3.5 inches dense pack cellulose 19 mm (.75 in) ventilated rain 
screen


Green


Blown Fiberglass Retrofit Housewrap 5.5 inches dense pack fiberglass 19 mm (.75 in) ventilated rain 
screen


Green


Blown Fiberglass Retrofit Housewrap 3 inches dense pack fiberglass 19 mm (.75 in) unvented rain 
screen


Green







Lab Testing – Test Walls


Wall Number Exterior Insulation


1 3.8 cm (1.5 in) Mineral wool


2 5 cm (2 in) Unfaced EPS


3 5 cm (2 in)  Biomaterial


4 7.6 (3 in) cm Mineral Wool


5 none


6 8.9 cm (3.5 in) Cellulose


7 8.9 cm (3.5 in) Fiberglass


8 10 cm (4 in) Unfaced EPS


9 10 cm (4 in) Biomaterial







Lab Testing-Conditions


40% Relative Humidity


21°C (70°F)


Controlled air leakage 
approximating 5 ACH50 per wall


Fairbanks winter exterior 
conditions







Lab Testing – Data Collection


15 data points per wall


Focused around the sheathing 


Mostly relative humidity and 
wood moisture content







Biomaterial


An organic medium held 
together with a grown-in-place 
fungus


The R-value is roughly 
equivalent to fiberglass







Safe, Affordable, and Effective Retrofits for 
Cold Climates 


Next Steps:


The walls will be 
stressed and 
monitored over the 
winter


They will be 
disassembled and 
inspected in June 
2018


A final report will be 
available next year







Thank you 


Cold Climate Housing Research Center     1000 Fairbanks St., Fairbanks, AK     www.cchrc.org     


Thank you to our project sponsors:
Alaska Housing Finance Corporation, University of Alaska Anchorage, Rasmuson Foundation, 


Insulfoam, and Panasonic


Robbin Garber-Slaght  robbin@cchrc.org



mailto:robbin@cchrc.org
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SAFE, EFFECTIVE & AFFORDABLE RETROFITS FOR                          


COLD CLIMATES 


Robbin Garber-Slaght 


 


 


EXTENDED ABSTRACT 


In general, retrofitting walls with insulated cavities improves the condensation potential inside the cavity as 
well as the energy performance of the building envelope (Straube, 2011). Care needs to be taken in 
choosing the amount of exterior insulation so that the dew point does not fall within the cavity when 
exterior insulation is applied (Craven & Garber-Slaght, 2014). The colder the climate the more exterior 
insulation is necessary. The rule of thumb in Fairbanks, Alaska is that 2/3 of the wall R-value needs to be 
outside the structural sheathing to prevent condensation within the stud cavity. This amount of exterior 
insulation is usually cost prohibitive, leading to retrofits with less than optimal exterior insulation.  


The 2/3 exterior insulation rule of thumb is based on an interior temperature of 21°C and 40% relative 
humidity. Lowering the inside humidity to 20% reduces the amount of exterior insulation needed to 
approximately ½ of the overall R-value. While 20% interior RH is certainly achievable in cold arid interior 
Alaska, it is not considered healthy (Sterling, Arundel, and Sterling, 1985). Additionally, designing a wall 
that relies on very low interior RH is a recipe for disaster. Ventilation systems get disabled on a regular 
basis because they introduce cold air into the living space or make the air too dry, causing people to 
humidify when the air is too uncomfortable. It is better to design a wall that is resilient despite user 
behavior.   


Existing buildings in Alaska tend to have a leaky vapor/air retarder layer (usually 6 mil polyethylene 
sheeting) behind the gypsum board.  2x6 stud walls usually have RSI 3.3 (R-19) batts of fiberglass with 
exterior plywood sheathing. Traditional construction techniques have survived in Interior Alaska for two 
reasons: moisture accumulates on the sheathing in the winter when it is frozen and when it melts it dries to 
the outside very quickly. Slight changes to an existing wall can have huge impacts on moisture durability.  


Adding rigid foam to the exterior of a house is a common energy retrofit in Alaska. This technique has the 
potential to improve a home’s energy performance but it changes the moisture dynamics of the wall. This 
change in moisture movement can result in compromised indoor air quality and reduced durability of the 
structure due to moisture accumulation in the building envelope. This research used a literature search and 
hygrothermal modelling to study the effects of using a more vapor open exterior insulation. Eight potential 
retrofit walls were chosen to test further in the CCHRC mobile test lab.  


All the test walls will start with a base of traditionally constructed wood framed walls. Each will get a 
different exterior insulation (see Table 1) that is vapor permeable, but is also more affordable than the 
excessive amount of exterior insulation required to keep the dew point outside of the stud. The study which 
will begin in October 2017, will evaluate the moisture and thermal performance of wall in-situ. It will also 
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study how frozen wall components affect the moisture performance of walls.  


Table 1. Exterior Insulations 
Wall Number Exterior Insulation 


1 3.8 cm (1.5 in) mineral wool 
2 5 cm (2 in) unfaced EPS 
3 5 cm (2 in) Biomaterial 
4 7.6 cm (3 in) mineral wool 
5 none 
6 8.9 cm (3.5 in) cellulose 
7 8.9 (3.5 in) cm fiberglass 
8 10 cm (4 in) Biomaterial 
9 10 cm (4 in) unfaced EPS 


REFERENCES 


Craven, C. and Garber‐Slaght, R. 2014. Exterior insulation envelope retrofits in cold climates: Implications 
for moisture control. HVAC&R Research, 20(4): 384‐394. 


Sterling, E. M., Arundel, A., & Sterling, T. D. 1985. Criteria for human exposure to humidity in occupied 
buildings. ASHRAE Transactions, 91(1): 611-622. 


Straube, J. 2011. Controlling cold-weather condensation using insulation. Building Science Digest 163. 
Retrieved from https://buildingscience.com/documents/digests/bsd-controlling-cold-weather-condensation-
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The “Gemini” Project


Concept: Nested Thermal Envelopes


Developers:
K.D. Pressnail, Russ Richman


Contributors: 
Erin Dixon, Adam Kirsh, Graeme Stewart, Marianne Touchie, Ekaterina 
Tzekova, Maria Rumeo 
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The Gemini House


• Owned by University  of 
Toronto


• Built in 1879
• 2 Storey detached
• Solid Masonry
• > 16.4 ACH @ 50Pa
• 114 m2 Standard
• 69 m2 Core
• 45 m2 Perimeter


•
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• Two thermal envelopes: “core” and 
“perimeter” spaces that control heat, 
moisture, and air movement


• Perimeter to gather solar gains during 
winter months


What is GEMINI NTED™?


Core


Perimeter


Exterior


Nested 
Thermal 
Envelope 
Design
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Average Core, Perimeter, and Outdoor Air 
Temperatures in Toronto
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Creating Zones – Ground Floor


Perimeter Core
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Creating Zones – 2nd Floor


Perimeter Core
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Air Movement
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HVAC Equipment


• Radiant floor heating system


• Two Energy recovery ventilators condition 
incoming air (Core ERV / Perimeter ERV)


• Supplementary form of heating or cooling:  
Inter-zonal heat pump 
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Masonry Wall


10mm Vented Airspace with filter 
fabric and Tyvek house wrap


193mm Polyurethane Spray Foam 
Insulation (Perimeter)


150mm Airspace 


193mm Polyurethane Spray Foam 
Insulation (Core)


16mm Gypsum board


South Wall “Perimeter” Air space 
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Where is the energy saved ?
• Two well-insulated envelopes (core and 


perimeter)
• Potential for solar gain and storage
• Floor areas/zones heated as desired
• Some Core heat losses recovered by heat 


pump operating at a more efficient 
temperature difference 


• Solar gains delivered to core as required.
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Operating Temperatures in the 
Monitoring Period


31


𝑶.𝑹.=
𝑻𝒑𝒆𝒓𝒊𝒎𝒆𝒕𝒆𝒓 − 𝑻𝒆𝒙𝒕𝒆𝒓𝒊𝒐𝒓


𝑻𝒄𝒐𝒓𝒆 − 𝑻𝒆𝒙𝒕𝒆𝒓𝒊𝒐𝒓







Heating Energy Use Compared to 
Original Building  
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Heating Energy Use Compared to a 
Modern Home
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OBC-2012 Model Home Standard Operation Model Home Actual Consumption Lower-Energy Operation: Demand Curve Analysis


Heating Energy Use Comparison 
by Month
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Savings compared to SB-12:
44% when Core and Perimeter areas are heated.
73% savings when Perimeter areas are turned off.







Occupant Comfort…


• Low energy homes: quieter and more 
comfortable.


• Air tightness measures mean no cold drafts 
• Low thermal mass: perimeter rooms can be 


quickly heated.
• Highly insulated walls mean warmer surface 


temperatures, improved occupant comfort.


35







Occupant Comfort


• Radiant floor heating increases the mean radiant 
temperature.


• Fresh air is supplied from ERV’s when and as 
needed. 


• Core zone can serve as a shelter zone if outdoor 
air quality event occur
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Benefits                    Challenges


• Significant space heating 
reductions


• Energy-efficiency option
• Improved occupant 


comfort 
• Extended service life
• Applications to other types 


of buildings


• Thermal and air control 
layer continuity


• Quality control during 
construction


• Constructors need 
specialized skills
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Lessons Learned
• Nest Thermal Envelopes is a viable and can 


yield large energy savings;
• Constructible design details are required; 
• Quality assurance is required during all phases of 


construction;
• A knowledgeable and informed constructor is 


needed;
• A ‘cost-plus contract’ is no assurance that the 


necessary quality will be achieved;
• Nested Thermal Envelope Design Should be 


delivered by a Construction Management.







Lessons Learned (cont’d) 


• Achieving air tightness is the single biggest 
challenge in a thermal retrofit.


• Mechanical penetrations  and leaky ERV supply 
and return contributed to a general lack of air 
tightness.


• The southern exposed perimeter space is a 
viable passive solar feature that could have 
been improved with a higher Solar Heat Gain 
Coefficient for the exterior windows.







Lessons Learned (cont’d) 
• Further energy savings are possible if an 


inter-zonal heat pump is utilized.
• The vented masonry approach is an 


effective way of internally insulating 
historic masonry buildings.


• Retrofitting an historic masonry building is 
probably the most difficult and challenging 
building to retrofit!







Colour TV in the 1950’s?
• The single largest impediment to the 


implementation of the NTED concept is 
inexpensive energy.


• If natural gas on a carbon basis cost the same 
as electricity, then natural gas would cost 5 
times more in Toronto ON! 


• With prices that reflect the cost of carbon, many 
low energy approaches including NTED would 
be economically viable
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Onward and as always…
Upward!


All the best! 
K.D.Pressnail


Associate Professor of Civil Engineering
University of Toronto
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THE BEST MADE PLANS: THE CHALLENGES OF RETROFITTING A 
HISTORIC SINGLE FAMILY HOME USING A NESTED THERMAL 


ENVELOPE DESIGN  
 


 Kim Pressnail1, Ekaterina Tzekova2, Maria Rumeo3, Russ Richman4 


 


ABSTRACT 


Unless they have been thermally retrofitted, historic buildings are often expensive to heat and cool. Further, 
during the heating and cooling months, they are often uncomfortable. This paper describes how an historic 
single-family masonry home in Toronto Ontario was transformed into a comfortable, very low-energy 
building using a Nested Thermal Envelope Design. The design and construction of a number of innovative 
envelope and mechanical retrofits are presented. 


Following construction, detailed energy monitoring revealed that that the heating energy consumption was 
34 ekWh/m2. This compares to the original building which would have had a heating energy consumption of 
532 ekWh/m2. Yet, the energy performance fell short of expectations. This paper explores some of the reasons 
why the heating energy consumption was actually higher than expected.  Beginning with an examination of 
the construction process and construction methods employed, areas where improvements could have been 
made are identified.  Further, three fan depressurization tests were carried out: two during construction and 
one upon completion.  The completed building experienced an air change rate of approximately 3.2 ACH50. 
Thus, the larger air change rate than expected was likely the major contributing factor to higher than expected 
energy consumption. To identify where the air leakage was occurring, further tests were carried out. Pressure 
testing of the fresh air duct systems and smoke testing of the whole building were conducted. After examining 
these and other test results, it is clear that critical air tightness measures fell short. Construction sequencing 
that led to design challenges likely contributed to the lack of air tightness. Based on the testing and monitoring 
results, this paper identifies a few of the best practice design and construction means that could have led to 
even better energy performance. The lessons learned from this demonstration project are presented so that 
others may be able to build even better. 


     
1 Corresponding Author:  University of Toronto, 35 St. George St., Toronto, ON, Tel. (416) 978 1501 
2 The Atmospheric Fund, Toronto, ON Tel. (416) 393 6383    
3 RDH Building Science, Seattle WA 2  
4 Ryerson University, 350 Victoria Street Toronto, ON, (416) 979 5000 ext. 6489 
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INTRODUCTION 


This project, which became known as the Gemini House, was driven by the need to improve the thermal 
performance of an historic solid masonry home that was built in 1879.  The “owner” of the second empire 
home was the University of Toronto, in Toronto, ON. Prior to retrofit, the home was largely in its original, 
uninsulated state.  The two-storey detached house had a floor area of approximately 113m2 excluding the 
basement. The original walls were constructed using double-wythe clay brick and finished with lath and 
plaster on the interior. The original windows were single-glazed units and some had been modified with 
storm windows.   A pre-retrofit building condition assessment was carried out prior to retrofit (Caesar, 2010).  
A fan depressurization test was carried out on the original building and an air leakage rate of 16.4 air changes 
per hour at 50 Pascals (ACH50) was observed.   The building was not only “leaky,” but it lacked thermal 
insulation.   The home was uncomfortably cool in the winter and not surprisingly, rather drafty.  The lath and 
plaster was crumbling in many areas and the home was damp.  In short, it was in need of major repairs so 
that it could be leased to visiting scholars.   Therefore a major retrofit was warranted.  However, since the 
house was a “Listed Historic Property” under the By-Laws of the City of Toronto, the north-facing front 
façade could not be changed. Innovative ways of improving the energy performance had to be found without 
compromising the historical elements.  


An innovative method of reducing the energy demand of the home, known as the Nested Thermal Envelope 
Design™ (Pressnail et al. 2009) was chosen.  This method, which has been more fully reported by Tzekova 
et al., consists of constructing a thermally controlled Core zone that is enclosed within a second thermally 
controlled Perimeter zone. This means that two envelopes were constructed, one within the other. Each 
envelope was designed to control heat, moisture, and air movement.  This method was chosen because the 
thickness of thermal insulation required for the exterior walls was reduced – a benefit in an historic home 
that can only be internally insulated. Rooms that would be occupied and conditioned year-round became a 
part of the Core zone (68.7 m2).  These rooms included the kitchen, the bathrooms, the master bedroom and 
the foyer/stairway. The Perimeter zone (44.6 m2) included spare bedrooms, the tower/vestibule, and the 
ballroom.  The Perimeter zone also included the basement which became a crawl-space and was only used 
to house mechanical equipment. These Perimeter areas would only be conditioned as needed.   


A sectional view showing how the two-storey home was zoned is shown in Figure 1.  This figure also shows 
how solar heated air on the south side was free to move to the north side Perimeter areas.  The Core areas 
were placed on the south side of the building to take advantage of any passive solar gains during the heating 
season. Fresh air was supplied to the house using two energy recovery ventilators (ERVs): one ERV services 
the Core zone and one services the Perimeter zone. Space heating was provided by a radiant flooring system 
with separate loops servicing the Core and Perimeter rooms.  When the Perimeter rooms are unoccupied and 
when there is excess solar heat in the perimeter, an air-source heat pump was used to deliver this excess heat 
to the Core zone.  Although an inter-zonal heat pump seems a little odd, in fact, by operating the heat pump 
when a smaller temperature difference exists can lead to improved efficiencies. (Touchie and Pressnail, 
2014).  


 


 







 
 


Extended Abstract 120   Page 3 of 6 
 


 


 


 


 


 


 


 


Figure 1: Gemini House Section View Showing Core and Perimeter Areas  


 


CONSTRUCTION CHALLENGES 


Following a protracted design process involving restoration design architects, mechanical and building 
science engineers, a call for tenders was made. While several qualified bids were received, the lowest tender 
exceeded the budget allowance so a new approach was taken.  A construction manager was hired on a ‘Cost- 
Plus’ basis to tender a series of work packages. Effectively, the construction manager acted concurrently as 
a general contractor.  As construction proceeded, inevitable changes had to be made to accommodate 
previously hidden or unidentified challenges. For example, for structural reasons, first and second floor joists 
had to be doubled-up with new joists.  This led to difficulties in subsequently air-sealing the fire-cut floor 
joists that were embedded in the four wythe foundation and the two wythe above-grade walls. When the first 
of three fan depressurization tests were carried out, air was found to be flowing through the wall and in 
between the doubled-up joists.  Although two-pound polyurethane foam insulation had been used to provide 
a thermal, moisture and air control layer in the basement and above-grade walls, air still leaked between the 
joists. This problem was further aggravated by the existence of a protected air space that was created using a 
polymer mesh as shown in Figure 2. The mesh was placed between the spray foam and the masonry wall.  
The air space served as a vented air space and a drainage layer, but it created a potential air leakage path.  


One of the challenges faced during construction involved construction sequencing. Since the   windows were 
delivered 8 weeks later than originally scheduled, the walls were foam insulated and the drywall was installed 
before the windows arrived.  This made air sealing the interface between the frame and the window unit more 
difficult.  Further, the original schedule of fan depressurization testing called for testing before the drywall 
was installed but after the walls were spray foamed and the windows installed. By air testing after the drywall 
had been installed meant that any deficiencies in the spray foam air barrier identified during testing could not 
be easily identified or corrected. 
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Figure 2:  Plan View of the Retrofitted Above-Grade Perimeter Wall   


Finally, one of the largest construction challenges involved the installation of the two ERVs and the 
associated duct work. Although attempts were made to seal the ducts with self-adhesive foil tape, subsequent 
testing revealed that the supply and return air ducts leaked air at rates that were above average for normal 
residential construction.  Testing of the duct leakage rates occurred at the commissioning stage, but by then 
it was too late to easily repair any identified deficiencies.  Further, when the ERV supply and exhaust ducts 
for the Perimeter and Core zones were installed, they were installed after the spray foam air barrier had been 
placed. Although attempts were made to air seal these penetrations, air sealing these penetrations was largely 
unsuccessful. 


ENERGY PERFORMANCE 


Figure 3 shows the results of the heating energy use during the monitoring period between December 1, 2013 
and November 30, 2014.  Depicted in this figure are several energy use intensities based on HOT2000 
modelling using the actual weather file from the monitoring period. The pre-retrofit intensity of 532 ekW/m2 
shown here is based on modelling that incorporated the characteristics of the original home. The next home 
modelled was an Ontario Building Code home.  The home was modelled as if it had been retrofitted to meet 
the requirements of Ontario Building Code 2012 for new construction.  Modelling showed that the heating 
energy use intensity for this model home would have been 96 ekW/m2. Next, the Gemini home was modelled 
as if both the Core and Perimeter zones were heated throughout the heating season to the same interior set 
point. Termed the ‘Standard Mode of Operation,’ modelling showed that 67 ekW/m2 would have been used 
during the monitoring period. Next, the actual heating energy use intensity of 56 ekWh/m2 is shown. This is 
the actual amount of heating energy used during the monitoring period. It should be noted that in the 
monitoring period, both the Core and Perimeter zones were heated to the same temperature in December 
2013, January 2014 and during the first half of February 2014.  Then the Perimeter zone temperature was 
gradually decreased. Finally, in Figure 3, a ‘Lower-Energy Operation’ intensity of 34 ekWh/m2 is shown.  
This value depicts the amount of heating energy that would have been used in the monitoring period, if no 
system heat had been supplied to the Perimeter zone.   Under such circumstances, only passive heat losses 
from the Core zone and solar gains would have warmed the Perimeter. This value was estimated using the 
actual energy use, and the temperature when the Perimeter was only passively heated.  It was found that the 
Perimeter air temperature would have been approximately half way between the Core set point temperature 
and the outside air temperature.  To reach this conclusion, extensive analysis of the monitored temperature 
data were carried out.  
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Figure 3:  Space Heating Energy Use Intensity for Various Model Homes in the Period December1, 2103 to November 30, 2014   


PERFORMANCE SHORTFALLS 


The data presented in Figure 3 reveal that if the Perimeter zone had only been passively heated, 34 ekWh/m2 
would have been used.  This number is higher than expected.  The authors predicted a value closer to 
25 ekWh/m2.  The largest contributing factor to higher than expected energy use was likely due to air 
tightness.  The goal of 1.5 ACH50 for the Core and Perimeter zone envelopes was not achieved. Fan 
depressurization testing during commissioning revealed that the Core and Perimeter zones experienced 4.1 
and 3.2 ACH50 respectively.  A whole house smoke test under fan pressurization was conducted to visually 
identify the largest leakage openings.  The penetrations where the supply and exhaust ERV ducts pass through 
the envelope were the single largest source of air leakage.  While there was some air leakage between the 
sub-frame and the windows, generally the extra effort required for air tightness at the windows was effective.  
A few manufacturing defects were identified in two of the window cam latching mechanisms.  Further testing 
was carried out following the whole house smoke test. The supply and exhaust ducts for both ERVs were 
tested using a calibrated fan.  Testing revealed that these ducts were leakier than an average home. This likely 
contributed to the overall lack of air tightness of the building.  Finally, the home was supplied with a new 
200Amp electrical service panel before construction began. Unfortunately the service entrance was not 
properly sealed when the panel was installed. When the panel area was spray-foamed, the service entrance 
was essentially inaccessible and the panel box was less than air tight. 


Although there were likely other contributing factors beyond the air leakage, the lack of air tightness was 
likely the single most significant factor affecting energy use.  Other factors included the apparent lack of 
temperature control in the ballroom.  Although the ballroom which was in the Perimeter zone was separately 
supplied by a hydronic loop, we were never able to completely turn the heat off.  Thus, we were never able 
to just passively heat the ballroom.  Finally, although an inter-zonal heat pump had been installed in order to 
remove excess solar heat from the Perimeter and to efficiently deliver it to the Core, the heat pump was never 
operated during the monitoring period.     
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LESSONS LEARNED 


While there were many, many lessons learned, we will outline a few. First, the lack of air tightness was likely 
our largest failing.  The leakage of the exhaust and supply ERV ducts could have been reduced if we had 
specified a butyl tape for joints from the onset.  Further, post construction, once the problem was discovered, 
duct air leakage could have been reduced by using a sealing system that involves aerosol polymers that can 
be sprayed into the duct system.  


The gross air leakage that occurred at the electrical and ERV envelope penetrations could have been 
addressed at the construction stage if greater care had been taken and if construction sequencing had been 
more favourable. Unfortunately, delays and cost over-runs led to interference and conflicts and once covered 
up, penetrations were difficult to air seal.  Further, the existence of a polymer mesh which created a drying 
air space was great for improving brick durability, but any penetration from the inside of the building into 
this air space was a path for air leakage.  


Retrofitting an older home so that it is more comfortable and energy efficient is challenging.  Applying a 
Nested Thermal Envelope DesignTM approach to a listed historic home is an even more challenging task.  It 
would have been far easier to demonstrate the efficacy of this retrofit method had a new building been 
designed and built. It is not that it can’t be done, it is just a lot more difficult to retrofit an historic building. 


While some of the short-comings have been identified here, it should be recognized that overall many aspects 
of the project were a success.  Energy use was greatly reduced.  The occupants found that the home was 
exceptionally quiet and comfortable.  A final measure of success?  The Gemini House is a home that can be 
used to inspire future generations of engineers and architects who aspire to build homes that not only meet 
the needs of the people of today, but tomorrow too.  
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ABSTRACT 


Providing a means of drying from the inboard face assists in the overall drying of the façade when masonry 
walls are insulated from the interior. To explore methods of improving the drying potential, two field studies 
were carried out on internally insulated historic masonry buildings in Toronto, Ontario. In these field studies, 
a vented drying airspace was created between the polyurethane foam insulation and the exterior solid 
masonry using a 12.5 mm polypropylene mesh. The polypropylene mesh was found to be an effective means 
of assisting drying of the masonry. However, to reduce construction costs, alternative systems were 
considered. One option investigated was using mineral fibre insulation to assist ventilation drying. 
Preliminary laboratory tests simulating inward vapour pressure drives induced by solar heating were carried 
out on an air-permeable mineral fibre insulation of various densities. Following these favourable preliminary 
tests, experimental procedures were modified in order to quantify the amount of drying that was occurring 
through the mineral fibre insulation. Multiple samples of RSI4.2 (R24) mineral fibre batts were tested with 
various airspace thicknesses. The testing revealed that the drying potential of mineral fibre insulation was 
roughly equivalent to a 3 mm (1/8 in.) vented clear airspace. Further, combining mineral fibre insulation with 
a 6 mm (1/4 in.) airspace was shown to be a very effective means of providing the ventilation necessary for 
drying solar heated walls. The laboratory test results were incorporated into a hygrothermal computer model 
to simulate the potential for drying walls exposed to moisture. Overall, the laboratory tests and the computer 
modeling have revealed that using air permeable insulation can be an effective means of assisting the drying 
of internally insulated walls. 


BACKGROUND 


In Canada, buildings account for roughly 30% of secondary energy use (Canadian Green Building Council, 
2017). In the residential sector, approximately 2/3 of this energy is used for heating (Natural Resources 
Canada, 2015). Much of this energy use can be attributed to thermally inefficient older buildings. Thermally 
retrofitting older buildings that are still serviceable is a common energy-use reduction strategy. While it is 
often less expensive to insulate externally, internal insulation is often a necessity. For example, in the case 
of historic buildings, or buildings with lot restrictions, internal insulation is often the only viable strategy.  


Internally insulated walls reduce the amount of heat transfer through the solid masonry structure during the 
heating season. This means that there is less energy available to dry moisture that has accumulated in the 
masonry wall.  Thus, internally insulated walls are colder and damper. Cold and damp masonry walls may 
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be less durable. Durability issues include an increase in frequency of spalling due to osmotic pressures and 
freeze-thaw action. As well, wood floor joists or steel members that are embedded in the wetter masonry may 
fail since wood floor joists may decay and steel members may corrode in high relative humidity 
environments. 


How durable masonry is depends on several factors, including the quality of the brick. Prior to advances in 
brick production in the mid-20th century, high variability in the mechanical properties of clay bricks existed, 
causing the properties of bricks used in solid brick masonry walls of historic buildings to be variable. During 
firing, temperature gradients in stationary kilns caused variations in the strength and absorption properties of 
clay bricks (Laefer et. al, 2004). Whether a brick will be susceptible to freeze-thaw damage depends on 
several factors, but a good measure of durability is the critical degree of saturation (Scrit) of the brick (Straube 
et al., 2010). In historical construction practice, common brick, with weaker mechanical properties, was often 
used for the inner wythes of solid masonry walls. This brick usually has a lower Scrit and is therefore more 
susceptible to freeze-thaw damage at a given moisture content. When a solid masonry wall is insulated 
internally, the interior wythes experience more freeze-thaw cycles. More vulnerable bricks that are more 
moist, and experience more freeze-thaw cycles are more likely to experience durability problems.  


The risk of decay of embedded wooden floor joists also increases when masonry walls are internally 
insulated.  Since the solid masonry walls are colder and wetter following internal insulation, the moisture 
content of the wood rises as the relative humidity of the air in contact with the wood rises (Guizzardi et al., 
2015). The relative humidity threshold for decay to occur at building envelope surfaces is approximately 
95% (Straube and Burnett, 2005).  


De Rose et al. (2015) have investigated a limit state approach to evaluating the durability risk of insulating 
solid masonry walls in a cold climate. Risk from freeze-thaw, wood rot and corrosion is evaluated by 
comparing anticipated environmental loads (temperature and moisture) to loads levels that are necessary to 
damage the wall (De Rose et. al, 2015). Corrosion is measured by the time in which a metal is exposed to 
temperatures greater than 0°C and a relative humidity over 80% (Straube and Burnett, 2005).  In the two case 
studies investigated by De Rose et. al, there was low freeze-thaw risk after the interior insulation retrofit due 
to the relatively high Scrit of the bricks, but the risk of wood rot and corrosion risk was increased.  


To address these potential durability issues, ventilation drying should be considered.  Past research has shown 
that ventilated airspaces included in wall assemblies with various types of cladding including brick masonry 
can promote drying (Straube and Finch, 2007). When a clear airspace is connected to exterior air through 
ventilation holes, convective forces within the clear airspace cause ventilation airflow which can remove 
moisture evaporating from materials in contact with air in the clear airspace. This strategy was investigated 
by researchers at The University of Toronto (Tzekova, 2015) in two field trials. In these field studies, a drying 
airspace was incorporated between polyurethane foam insulation and the masonry by using a polypropylene 
mesh that is commonly used to protect airspaces during brick veneer construction. The polypropylene mesh 
was found to be an effective means of assisting drying of the masonry because the ventilated airspace 
provided a secondary path for which the masonry could dry. The risk of freeze-thaw damage, steel member 
corrosion, and wood member decay was therefore reduced. 


Since the polypropylene mesh is expensive, an alternate way of providing a vented airspace was sought.  One 
option investigated by Tzekova (Tzekova and Pressnail, 2016) utilized air and vapour permeable mineral 
fibre insulation to assist ventilation drying. Preliminary laboratory tests simulating inward vapour pressure 
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drives generated by solar heating were carried out on air-permeable mineral fibre insulation of various 
densities. The results indicated that ventilation airflow did occur within the mineral fibre insulation and did 
promote drying. By utilizing mineral fibre insulation in a wall configuration to promote ventilation drying, 
both material and labour costs could be reduced.  Further, additional thermal resistance could be provided 
compared to the polypropylene mesh approach. Thus, the use of mineral fibre insulation provided two 
functions: a thermal control function and a ventilation drying function.  


LABORATORY TESTS 


To quantify the effectiveness of mineral fibre insulation to function as a vented airspace, a series of laboratory 
tests were carried out. This section describes the laboratory testing. Multiple samples of RSI4.2 (R24) mineral 
fibre batts were tested with various airspace thicknesses. These laboratory tests continue the preliminary 
work performed by Tzekova at the University of Toronto. 


Apparatus and Sample Preparation 


Testing was performed in the climate simulator in the Building Science Laboratory at the University of 
Toronto. Figure 1 shows the layout of the climate simulator. The climate simulator was divided into two 
rooms, the Warm Room and the Cold Room. The Cold Room contained a chiller, and the set point of the 
room was -15°C. The temperature of the Warm Room was influenced by the temperature of the main 
laboratory which was approximately 21-23°C throughout testing. Two guard rooms, one within the warm 
room and one within the cold room, were constructed. The temperatures of the guard rooms were controlled 
by a combination of heaters and fans. The temperature of Guard Room 1 was maintained between 19-21°C 
and the temperature of Guard Room 2 was maintained between 18-21°C. The heaters and fans were 
controlled through relays by an HTBasic program.  Data were collected from thermocouples and relative 
humidity sensors using an HP data acquisition unit.  


 
Figure 1: Plan View of Climate Simulator Set-up 


To minimize evaporation losses during assembly and disassembly of the samples, the experimental apparatus 







 


 


Paper 121                                                                                                     Page 4 of 16 
 


and procedures used by Tzekova were refined. Figure 2 shows a photograph of the test box apparatus, and 
Figure 3 shows a cross section of this apparatus which was used to measure moisture removal by ventilation. 
First, the test box cavity was loaded with RSI4.2 (R24) mineral fibre insulation which had been weighed. A 
tight fit at edges of the cavity was achieved when installing the mineral fibre insulation by using insulation 
with a width slightly larger than that of the cavity. Next, moist ship-lapped pine siding which acted as the 
moisture source was placed over the test cavity. Pine siding was chosen as a moisture source to allow for 
rapid apparatus construction. It is not intended to mimic the hygrothermal properties of masonry. The pine 
siding boards were moistened by immersing them in cold water for approximately 24 hours before the test. 
The pine boards were then removed from the water 30 minutes prior to installation to allow most of the 
surface moisture to evaporate. The pine boards were then weighed immediately prior to assembly. After the 
insulation was loaded into the test box cavity and the pine siding boards were installed, the apparatus was 
sealed. The gap between the moist siding and the mineral fibre insulation was maintained using wood spacers 
on the rails and stiles of the test box. The face and sides of the pine siding boards were then sealed with 0.15 
mm polyethylene and construction tape. Any exposed wood was covered with construction tape to avoid 
moisture absorption. Circular ventilation holes were drilled into the pine boards at top and the bottom of the 
test apparatus. Corresponding holes were cut within the polyethylene sheet. A plastic grommet and tape were 
used to seal the circular vent hole ensuring that all airflow through the ventilation hole entered the test box 
cavity and did not leak between the boards and the polyethylene. 


 
Figure 2:  Photo of Test Box Apparatus 
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Figure 3: Cross Section of Test Apparatus 


A light array increased the pine board temperatures creating a vapour pressure gradient to drive moisture 
from the pine boards into the test box cavity to simulate sun driven moisture from a cladding into a wall 
assembly. Six bulbs in a single column delivered approximately 1110 Watts to the polyethylene covered pine 
siding. Considering the total area of the pine boards, the average supplied power was 1288 W/m2. The light 
array was positioned 30 cm away from the pine siding surface during testing. Thermocouples were installed 
at the top, middle and bottom at the back of the testing apparatus cavity. Thermocouples were also installed 
at the top, middle and bottom of the polyethylene to indirectly measure the surface temperature of the pine 
siding. SMT A2 wireless data loggers were used to record the temperature and relative humidity at the 
mineral fibre and pine siding interface (SMT, 2017). These sensors were positioned at the top and bottom of 
each wall, and were nested within cut-outs of the mineral fibre insulation.  


Experimental Procedure 


After the test box had been assembled with mineral fibre insulation and moist pine siding, and once it had 
been sealed, it was ready for testing. The assembled test box was mounted into the wall separating the two 
guard rooms and was exposed to the light array for 6 hours. The test apparatus was then disassembled and 
all the components were reweighed. A moisture mass balance was carried out to determine the quantity of 
moisture removed during the test. 


In order to determine how much ventilation drying had occurred, it was necessary to do a mass accounting 
of the moisture. Difficulties arose in estimating the amount of moisture removed by ventilation because some 
of the moisture evaporated from the apparatus into the laboratory air during set up and disassembly. Further, 
surfaces including the polyethylene cover, the test box, and taped rails and stiles could not be readily weighed. 
So evaporation losses and losses on surfaces that could not be weighed became “unaccounted for moisture”. 
Finally, there was one more possible source of unaccounted for moisture. Although care was taken to ensure 
the testing apparatus was airtight, it is likely that some moisture may have been lost through unintentional 
air leakage. The quantity of moisture lost due to unintentional air leakage from the testing apparatus was also 
a source of unaccounted for moisture.  


To estimate the quantity of the unaccounted for moisture, a base case test was set up. In the base case test, 
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the apparatus was completely air sealed using polyethylene sheeting. No ventilation holes were provided. 
This sample was then tested and the results revealed that the total quantity of moisture that was unaccounted 
for was approximately 10% of the total moisture supplied by the pine boards. Since the experimental 
procedures and sample preparations were the same for all tests, it was assumed that 10% of the moisture 
supplied was unaccounted for in all of the subsequent tests.   


Once testing was completed, and the moisture accounting was carried out, two cases were considered. In the 
first case, it was assumed that none of the unaccounted for moisture was removed by ventilation. In the 
second case, it was assumed that all of the unaccounted for moisture was removed by ventilation. The former 
assumption likely leads to an underestimate of the amount of ventilation drying and is, therefore, a lower 
bound value. The latter assumption likely leads to an overestimate of the amount of ventilation drying and is 
an upper bound value. The actual amount of moisture removed by ventilation likely lies between the lower 
bound and the upper bound. In the analyses that follow, the average of the lower bound and the upper bound 
values was used to estimate the quantity of moisture removed by ventilation.  


Results and Discussion 


A series of tests were conducted using RSI4.2 mineral fibre batt insulation placed inside the test apparatus.  
Various vented space dimensions were tested including: 6 mm batt compression with no clear airspace (0 
mm), no batt compression with no clear airspace (0 mm), 3 mm airspace, and 6 mm airspace. The quantity 
of moisture removed by ventilation was then determined for each configuration. Table 1 provides a summary 
of the tests performed and the resulting moisture supplied by the wood siding. As well, the resulting average 
vapour pressure difference, and the average stack pressure difference are also reported. During the tests 
summarized in Table 1, the vent area ratio was a constant 1175 mm2/m2. The vent area ratio is defined as 
ratio of the total vent area (mm2) to the surface area of the wall tested (m2). 


Table 1: Testing Summary 


Test Set Test Insulation 
Type 


Clear 
Airspace 


Thickness 
(mm) 


Vent Area Ratio 
(mm2 / m2) 


Moisture 
Supplied by 


Wood Siding 
(g) 


Vapour Pressure 
Difference (Pa) 


Stack Pressure 
Difference 


(Pa) 


8 8A R24 6 1175 241 1040 1.84 


8B R24 6  1175 282 1490 1.82 


8C R24 6  1175 292 1870 2.09 


9 9A R24 0  1175 219 3180 1.94 


9B R24 0  1175 215 3270 1.81 


9C R24 0  1175 243 4090 2.44 


11 11A R24 0  (C) 1175 232 2640 1.82 


11B R24 0  (C) 1175 252 3340 2.07 


11C R24 0  (C) 1175 238 3300 2.00 


13 13A R24 3  1175 288 2809 2.05 
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(C) denotes 6 mm compression of the batt 


The quantity of moisture supplied during the 6 hour tests ranged from 215 g to 292 g. The average relative 
humidity in the Guard Room 2 was approximately 20% and the average relative humidity at the outboard 
surface of the batt was approximately 90%. Heating of the moist siding using the lamp array created a stack 
pressure difference between the bottom vent hole and the top vent hole. Based on the average temperature 
and relative humidity conditions, the average theoretical stack pressure difference was calculated for each 
test. This pressure difference varied between tests, but ranged between 1.63 Pa and 2.44 Pa for all of the tests.  


Using the gravimetric moisture measurements, the average rate of moisture removal by ventilation during 
the 6 hour test period was determined for multiple samples of each air space configuration. Since the average 
stack pressure difference during testing varied slightly between samples, it was necessary to find a means of 
normalizing the results to facilitate comparisons.  For the purpose of normalization, it was assumed that the 
flow was governed by the air space geometry and not the area of the vents. Preliminary test results revealed 
that even at vent area ratios higher than 1175 mm2/m2, ventilation flow did not increase appreciably (Wach, 
2017). This finding is consistent with flow in the airspace being determinative of the total flow. Studies by 
others including Straube and Burnett have shown that ventilation flow within air spaces can be assumed to 
be laminar (Straube and Burnett, 2005). Since laminar flow corresponds to a flow exponent of 1.0 then 
ventilation flow is directly proportional to the stack pressure difference. Thus, the existence of this direct 
relationship means that the flow results can be normalized by dividing the average rate of moisture removal 
by the average stack pressure difference. This latter step allowed the data to be compared on a per Pascal 
pressure difference. A summary plot of the average normalized rate of moisture removed by ventilation for 
each sample is shown in Figure 4. 


13B R24 3  1175 281 1940 1.63 


13C R24 3  1175 261 3370 2.30 


13D R24 3  1175 276 1870 1.78 
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Figure 4: The Average Normalized Moisture Removal Rate for Various Air Space Thicknesses 


Test Sets 9 and 11 both featured a venting configuration that included no clear airspace between the pine 
siding boards and the mineral fibre insulation. The insulation batts used in Test Set 11 were compressed by 
6 mm to ensure more complete contact with the pine siding. In Test Set 9, the rate of moisture removed by 
ventilation per Pascal pressure difference ranged from 4.7 to 5.7 g/h/Pa.  In Test Set 11 where the batts were 
compressed slightly, the rate of moisture removal ranged from 4.0-5.0 g/h/Pa. The normalized rate of 
moisture removal by ventilation during testing was slightly lower when the batts were compressed. The 
observed difference in the natural ventilation rate when the batts were compressed versus no compression 
may be within experimental error. However, when the batts are compressed, two effects occur. First, 
compression causes the local density of the batts to increase slightly, particularly at the interface with pine 
siding. This increase in density may lead to a slight increase in the resistance to air flow through the batts.  
Secondly, since the surface of the batt is not a plane surface, small interconnected void spaces likely exist 
between the surface of the batt insulation and the pine siding. When the batt is compressed, interconnected 
void spaces are less likely to occur and therefore fewer channels for airflow would exist. 


In both Test Set 9 and Test Set 11 where no clear airspace was provided, moisture was still removed by 
ventilation. The results lead to the conclusion that some moisture can be removed by ventilation airflow 
within the mineral fibre insulation due to small pressure differences. 


Test Sets 8 and 13 introduced a clear airspace to act in conjunction with any venting that was occurring 
through the mineral fibre insulation. A consistent thickness of the airspace during testing was achieved by 
adding wood spacers around the perimeter of the test apparatus. The clear airspace was located between the 
pine siding boards and the mineral fibre batts. By using 3 mm and 6 mm strapping, consistent air spaces were 
created. 


Three samples were tested in the Test Set 8 series and featured a 6 mm airspace and mineral fibre batts. The 
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normalized rate of moisture removal ranged from 13.5-18.9 g/h/Pa. Adding a 6 mm clear airspace to the 
venting configuration increased the amount of moisture removed by venting compared to when no clear 
airspace was provided. Test Set 13 series involved four samples and featured a 3 mm airspace in the venting 
configuration. The normalized rate of moisture removal ranged from 7.0-14.9 g/h/Pa. Adding a 3 mm clear 
airspace increased the amount of moisture removed by venting as compared to when no clear airspace was 
provided in the venting configuration. As expected, the amount of moisture removed with a 3 mm air space 
was less than when a 6 mm air space was tested.  


Figure 4 shows the mean normalized moisture removal rate for each air space thickness. The average rate of 
moisture removal for the 0 mm air space was 4.6 g/h/Pa with batt compression, and 5.1 g/h/Pa with no 
compression. The mean normalized rate of moisture removal was 10.3 g/h/Pa for the 3 mm tests and 16.0 
g/h/Pa for the 6 mm tests.  


The average rate of venting through the mineral fibre insulation with no clear air space was of 4.9 g/h/Pa.  
This rate was used as a baseline rate as shown in Figure 5. Using this baseline, and considering the 3 mm air 
space tests, it is likely that up to 4.9 g/h/Pa of the total 10.3 g/h/Pa of venting occurred through the batt 
insulation, and the remainder occurred through the air space. It can be inferred that venting through the 
RSI4.2 (R24) mineral fibre insulation is in the order of the venting through a 3 mm clear air space with air 
impermeable boundaries.   


 
Figure 5: Average Normalized Moisture Removal Rate - Mean of Set at Airspace Thickness 


If the same baseline is applied to the 6 mm air space samples, then we find that approximately 11.1 g/h/Pa of 
ventilation drying occurred within the clear air space.  Given that the flow in the air space was likely laminar, 
not surprisingly, the flow in the air space roughly doubled when the thickness of the air space was doubled 
from 3 mm to 6 mm.  
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This leads to the question, was there any other evidence of ventilation drying occurring through the batt 
insulation? Further evidence that venting was occurring through the batt insulation can be found by 
examining the moisture content distribution within the batt insulation following each test. To facilitate 
gravimetric measurements, the batt insulation contained 5 different pieces of insulation stacked upon each 
other. As shown in Figure 6, more moisture was found in the upper most batt than in the lower most batt. 
This moisture distribution is consistent with air rising and passing through the insulation by convection.  As 
the air was warmed it rose, and it gained moisture from the pine siding. Despite the warming of the air, 
eventually the air in the insulation reached its dew point and condensed within cooler areas of the batt 
insulation. This explanation is consistent with the higher moisture contents found in the upper most batt 
compared to the lowest batt. 


 
Figure 6: Moisture Content of Batt Insulation as a Percentage 


Overall, the results of the laboratory testing suggest that airflow is occurring in the mineral fibre insulation. 
Moisture is being removed by ventilation even when no clear airspace is provided. As well, the vertical 
distribution of moisture within the insulation that was found upon test completion provides further evidence 
that convective airflow is transporting moisture within the insulation.  


HYGROTHERMAL MODELING 


The laboratory testing presented above has shown that ventilation drying can be achieved through mineral 
fibre insulation when moist façades which have been internally insulated are solar heated. The amount of 
venting that appears to be occurring through the insulation is in the order of venting through a clear airspace 
with a thickness of up to 3 mm. Considering this finding, hygrothermal model simulations were carried out 
using WUFI Pro 6 modeling software to investigate the potential impact of the ventilation drying on the 
response of an internally insulated wall system over a five year simulation period. Brick masonry was chosen 
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to illustrate the possible assistance that air permeable mineral fibre insulation can provide to the back-drying 
of moist façades. 


In total, four venting conditions were simulated. The first case, was an internally insulated wall with no 
provision for ventilation drying. This case was labelled “No Venting,” and models the case where no 
provisions have been made for back venting of the façade. The second case was a 3 mm air space which was 
used to simulate the venting that could occur in mineral fibre insulation with no clear air space. This step was 
necessary since the modelling program could not simulate flow through the mineral fibre insulation. Thus, a 
3 mm air space was modelled in order to evaluate the potential effects of ventilation drying though the mineral 
fibre insulation with no clear air space.  The third and fourth cases were 6 mm and 9 mm air spaces which 
were used to simulate the venting that could occur in mineral fibre insulation plus a 3 mm and a 6 mm clear 
air space respectively.  


Model Set-Up 


Simulations were carried out over a five-year time-period on the south and east orientations of a low-rise 
building located in Toronto, Ontario. These orientations were chosen because of they are most often exposed 
to driving rain. The simulations were carried out to determine if the wall assemblies were accumulating 
moisture over time or if they could dry out. Interior conditions were based upon operating conditions during 
testing at the Gemini building in Toronto (Tzekova, 2015), which had incorporated ventilated cavities behind 
solid masonry walls. Ventilation always occurred to the exterior during the simulations. 


Table 2: WUFI Common Model Parameters 
Model Parameter Input 
Rain Exposure ASHRAE 160 
Initial Material RH 80% (default WUFI value) 
Simulation Runtime 5 years 
Simulation Time Step 1 hour 
Interior Boundary Conditions 23°C (1°C amplitude) 


39% RH (15% amplitude) 
Exterior Boundary Conditions Toronto Cold Weather Year 


 


 
Figure 7: Wall Assembly for WUFI Simulations 


Brick (old) was chosen because it had similar material properties to solid masonry bricks tested in Toronto 
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(Tzekova, 2015). Roxul ComfortBatt R-24 was chosen because it had been tested in the laboratory study 
reported here.  In walls with a clear air space, the air layer was chosen to have no additional moisture capacity.  


Table 3: Materials Used in Model  
Material WUFI Material Database 


Solid Masonry Brick (old) (3 wythe equivalent) North American 
Mineral Fibre Roxul ComfortBatt ASHRAE 160 
Ventilated Airspace Air Layer 10mm Generic Materials 
Polyethylene PE-Membrane (Poly;0.07 perm) Generic Materials 
Interior Gypsum Gypsum Board (USA) Fraunhofer-IBP 


Constant ventilation rates through the clear air space were simulated for each of the venting configurations 
in which a clear air space was included. 10 ACH, 50 ACH and 100 ACH were simulated. These ventilation 
rates were chosen because similar rates had been observed behind solid masonry construction and reported 
for the Barrymore and Gemini field trials in Toronto, Ontario. At Barrymore, the reported averages were 30 
ACH at the east face and 50 ACH at the south face (Tzekova, 2015). Average ventilation rates recorded at 
the Gemini House were approximately 100 ACH at both the north and south elevations (Tzekova, 2015).  


Simulation Results and Discussion 


The resulting average moisture content in the brick masonry during the five-year simulation period is shown 
in Figure 8 for each simulation at the south and east orientations.  For both orientations, walls with ventilated 
air spaces have a lower average moisture content in the brick masonry when compared to those with no 
ventilation. In addition, as expected, the average moisture content of the brick masonry decreases as the 
ventilation rate increases for a given air space thickness.  


 
Figure 8: Average Moisture Content in Brick Masonry for Various Air Space Thicknesses and Air Change Rates 


The wall assembly simulations with a 3 mm clear air space and 100 ACH ventilation rate has a lower average 
moisture content in its brick masonry than does wall modeled with a 9 mm airspace at 10 ACH at both 
elevations. When the ventilation rate in the wall with the 9 mm air space is increased to 100 ACH, the average 
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moisture content of the brick masonry is reduced to 7.3 kg/m3
 for the south elevation and 13.9 kg/m3


 for the 
east elevation. Given the airspace thicknesses and ventilation rates simulated, varying the ventilation rate has 
a larger impact than does varying the airspace thickness. With a ventilation rate of 100 ACH, a significant 
amount of drying is achieved in the brick masonry when a 3 mm air space is incorporated into the wall 
assembly, for walls in the south and east orientations. 


Relative humidity at the exterior face of the mineral fibre insulation for various venting configurations at the 
ventilation rate of 100 ACH was also simulated. This location represents the interface between brick masonry 
and mineral fibre insulation when no clear air space is incorporated into the wall assembly. The location 
represents the interface between the ventilated air space and the mineral fibre insulation when a clear air 
space is present. The relative humidity at this location was in excess of 95% in the wall assembly when no 
ventilated air space was present during the majority of time in the simulation, at both orientations. By 
contrast, the relative humidity is lower for wall assemblies with a ventilated air space at the exterior portion 
of the mineral fibre insulation over the simulation period, at both orientations. Figure 9 shows the monthly 
average relative humidity over the simulation at the south orientation for each airspace thickness at 100 ACH. 


 
Figure 9: South Orientation: Relative Humidity at Outboard Edge of Mineral Fibre Insulation 


Overall, the simulations have demonstrated the potential for incorporating ventilated air spaces behind solid 
masonry walls in Toronto, Ontario. The simulations have shown that introducing a ventilated air space into 
the wall assembly reduces the average moisture content of brick masonry and reduces the relative humidity 
in walls in the south and east orientations. The average moisture content and relative humidity in the wall 
assembly is lower at the south face than it is at the east face. The east face experiences more driving rain 
events in the simulated climate and has less solar exposure.  


The amount of drying in the wall assemblies increases as the air space thickness increases and as the 
ventilation rate is increased. The simulations have shown that a vented air space as small as 3 mm can reduce 
the average moisture content and the relative humidity in the wall assembly. This reduces the potential for 
freeze-thaw damage to susceptible brick, and rot and corrosion of embedded structural members. 
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The 6 mm venting configuration in the model may be most representative of a venting configuration 
incorporating mineral fibre insulation. If mineral fibre venting is assumed to be in the order of venting 
provided by a 3 mm airspace, then the addition of a 3 mm clear air space to the mineral fibre insulation 
provides significant drying. If the mineral fibre insulation is not compressed against the inside face of the 
masonry when it is installed, voids due to the interior roughness of the brick masonry can add additional 
thickness to the ventilated air space. 


The simulations reveal the drying benefits of ventilation. The amount of drying increases significantly as the 
ventilation rate is increased. There was a relatively small reduction in average moisture content when a 
ventilation rate of 10 ACH was simulated with the different clear air space thicknesses. The most benefit was 
shown when 100 ACH was simulated. The average ventilation rate falling in the range 50 to 100 ACH is a 
reasonable assumption for the south and east faces based upon field data previously obtained in Toronto. 
Rates may be lower at the north face, due to less exposure to solar radiation that drives some of the ventilation 
airflow, although wind would still be acting to assist in ventilating a north façade.   


There are several limitations to the simulations. The materials used were chosen from generic databases. The 
properties of materials in existing buildings in Toronto may not be represented. Properties will vary from 
building to building, even in the same geographic location. Another significant limitation is choosing a 
constant rate of ventilation for the simulations. The ventilation rate would change significantly over both the 
short term and the long term. The ventilation rate is a function of both building characteristics and 
environmental factors and would not be the same across buildings located in Toronto. A constant ventilation 
rate gives us an indication on average of the moisture that can be removed by ventilation behind solid 
masonry in a wall assembly. 


CONCLUSIONS 


The laboratory tests examined the potential for mineral fibre insulation to act as a venting medium in wall 
assemblies. The results of the laboratory experiments reveal that ventilation drying can occur through air 
permeable mineral fibre insulation if appropriate vents are provided. When combined with a vent area ratio 
of 1175 mm2/m2, the drying that occurs through RSI4.2 mineral fibre insulation is roughly equivalent to a 3 
mm clear air space. Further, testing showed that using a combination of mineral fibre insulation with a clear 
air space increases the amount of moisture that can be removed by ventilation. However, this testing occurred 
with a vent area ratio of 1175 mm2/m2. Further testing of a range of vent area ratios will assist in determining 
the optimum vent area ratio.   


The model simulations revealed that in a drying climate like Toronto ON, introducing ventilation into solid 
masonry wall assemblies reduces the average moisture content and relative humidity of the solid masonry 
walls. Ventilation drying through even relatively small air spaces or even through air permeable insulation, 
improves the drying potential.  


Improving the drying potential of solid masonry walls that have been internally thermally retrofitted in 
heating climates means that embedded wood members will be less likely to decay and steel members less 
likely to corrode. Further, the masonry will be less likely to reach its critical saturation point, reducing the 
freeze-thaw risk to susceptible brick as walls become colder when internal insulation is added. To reduce risk 
when internally insulating, designers should consider the durability of wall components when specifying 
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retrofit insulations. Using mineral fibre insulation coupled with appropriate vents can improve the durability 
of internally insulated solid masonry walls.  
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A LABORATORY STUDY: EXAMINING THE USE OF


MINERAL FIBRE INSULATION TO ASSIST THE


VENTILATION DRYING OF INTERNALLY INSULATED


HISTORIC SOLID MASONRY WALLS







Introduction


 Why thermally retrofit?


 Heritage 
considerations


 Thermal insulation at 
the interior causes 
walls to be colder and 
wetter


 Cold and damp walls can cause durability issues


 Ventilation can help solid masonry dry


 Ventilation airflow can occur through air permeable insulation 







Outline


 Background 


 Laboratory investigation


 Hygrothermal modeling


 Discussion







Objective


• To examine the potential for air permeable insulation to promote 
moisture removal in wall assemblies


Approach:


1. Laboratory investigation - quantify moisture removal when air 
permeable insulation is used as a venting medium


2. Hygrothermal modeling – illustration of the impact of the 
ventilation drying on the moisture response of an internally 
insulated wall system 







Masonry Durability


 Solid brick masonry wall construction


 Properties of wall components are variable 


 Risk of freeze-thaw action, corrosion and decay







Ventilation


 Ventilation airflow in wall assemblies


 Pressure differences due to wind and natural 
buoyancy


 Friction with vent edges and airspace boundaries 
resists the airflow


 Moisture capacity of bulk air within cavity


 If there is capacity, moisture can be removed







Ventilated Airspaces and Solid Brick Masonry


Ventilation at the interior of solid brick masonry walls has been 
investigated by researchers at the University of Toronto


 Comparison of internally insulated solid masonry walls with and 
without a clear airspace in field studies


 Investigation of alternative systems to assist drying (including 
the use of air permeable insulation)







Laboratory Investigation


 Moisture was driven into test wall assemblies by heating a water 
reservoir to create a vapour pressure difference


 Moisture removed by ventilation through vent holes at the top 
and bottom of the wall assembly


 Quantity of moisture removed was calculated through a moisture 
mass balance of the test wall assembly components


 RSI4.2 (R24) mineral fibre batts were tested for their venting 
potential with and without clear airspaces


 Controlled variables: vent area ratio and clear airspace thickness


 Main variable of interest: quantity of moisture removed by 
ventilation







Apparatus


 Box constructed of sealed plywood designed to fit within stud cavity of guard 
room separation wall acts as the test wall


 Pine siding boards act as moisture reservoir


 Gap between insulation and pine boards maintained with spacers


 Vent holes are located at the top and bottom of the test box in pine boards


 Polyethylene and construction tape to seal the system







Laboratory Set-up







Method


 Mineral fibre and moist pine siding weighed before 
assembly


 Assembled test box exposed to the light array for 6 
hours driving water vapour into the test box


 Apparatus components reweighed after disassembly


 Moisture mass balance was carried out to determine the 
quantity of moisture removed during the test







Moisture Removal


Base test indicates unaccounted for moisture = 10%


 Difficulty in estimating evaporation 
 Likely unintended air leakage
 How much is removed by ventilation?


Moisture 
Removed via 


Ventilation (g)


Moisture Lost 
from Pine 
Siding (g)


Moisture 
Recovered in Test 


Apparatus (g)


= -







Moisture Removal Rate


Average Normalized Moisture Removal Rate for Various Air Space Thicknesses







Moisture Removal Rate


Average Normalized Moisture Removal Rate – Mean of Set at Airspace Thickness







Evidence of Airflow in Batt


Moisture Content of Batt Insulation as a Percentage







Discussion


 Moisture removed with no clear airspace


 Evidence of airflow within the batt


 R24 insulation roughly equivalent to a 3mm clear airspace


 Masonry wall roughness may contribute to airspace thickness 


 Higher density insulation may be desired for design and 
constructability purposes







Hygrothermal Modeling


 To illustrate moisture removal response of an internally insulated 
wall system


 WUFI 6 Pro modeling software


 4 modeled cases (no venting, 3mm, 6mm, 9mm)


 3mm of modeled clear airspace assumed to be venting in mineral 
fibre


 Constant ventilation rate: ACH 0-100







Model Inputs


Model Parameter Input


Orientation South / East


Rain Exposure ASHRAE 160


Initial Material RH 80% (default WUFI value)


Simulation Runtime 5 years


Simulation Time Step 1 hour


Interior Boundary Conditions 23°C (1°C amplitude)
39% RH (15% amplitude)


Exterior Boundary Conditions Toronto Cold Weather Year


Based upon field studies at the Gemini House in Toronto







Modeled Wall Assembly







Results


 Reduction in average moisture content of brick masonry


 Reduction in relative humidity throughout the wall assembly


 As expected, more benefit as airspace thickness and ventilation 
rate are both increased 


 MC and RH higher at east face due to driving rain events and 
less solar exposure in Toronto


 Limitations include the use of generic materials and a constant 
ventilation rate







Investigation Conclusions


 Ventilation drying can occur through air permeable mineral 
fibre insulation if appropriate vents are provided


 When combined with a vent area ratio of 1175 mm2/m2, RSI 
4.2 mineral fibre insulation can ventilate moisture at a rate 
comparable to a 3mm clear airspace


 In a drying climate like Toronto ON, introducing ventilation 
into solid masonry wall assemblies can help reduce the risk 
when internally insulating walls


 Properties of materials vary so designers should always 
consider the durability of wall components when specifying 
retrofit insulations
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MOISTURE BUFFERING AND VENTILATION STRATEGIES TO 


CONTROL INDOOR HUMIDITY IN A MARINE ENVIRONMENT:              


A FIELD EXPERIMENTAL STUDY 
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ABSTRACT 


Control of the indoor humidity in a marine climate is a challenge, especially under operating conditions 
where high indoor humidity is a norm. Outdated mechanical equipment, inefficient ventilation design, and 
occupants’ life styles are some of the contributing factors to high indoor humidity.  


In this field experimental study, the moisture buffering potential of unfinished drywall in reducing daily 
indoor humidity peaks, coupled with various ventilation strategies are investigated. Two identical test 
buildings exposed to real climatic conditions in Burnaby, BC are monitored under varying ventilation rates 
and schemes.  


The interior of the test building is clad with unfinished drywall, while the control building is covered with 
polyethylene, which has negligible moisture buffering. In this way, the moisture buffering potential of 
drywall under four test cases is isolated. Under the test cases, the indoor air quality in terms of CO2 
concentration, and ventilation heat loss of the two buildings are also evaluated.  


The results show that the moisture buffering potential of drywall effectively regulates indoor humidity peaks, 
and maintains relative humidity levels within acceptable thresholds, when coupled with adequate ventilation 
as recommended by ASHRAE. When coupled with time-controlled and demand-controlled ventilation 
schemes, the moisture buffering effect of drywall shows competing benefits when it comes to managing 
indoor humidity, indoor air quality, and minimizing ventilation heat loss. 


INTRODUCTION 


In the Lower Mainland of BC, many buildings have undergone rehabilitation to prevent water ingress and 
deterioration following widespread poorly constructed leaky condos from the 1980s and 1990s. To prevent 
future rainwater penetration from the exterior, the building enclosures are designed for better water shedding 
and watertightness. Rehabilitation of the building enclosure for preventing water ingress also presents 
opportunities to improve the airtightness. Building retrofits such as those extensively done in the Lower 
Mainland of British Columbia for water ingress prevention or elimination have resulted in significantly more 
airtight buildings. However, in many instances, the enclosures were made more airtight without consideration 
for the need to increase ventilation (Roppel et al., 2007). Adequate ventilation is crucial especially when 
moisture production of occupants may exceed design moisture loading. Without adequate ventilation, tighter 
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building enclosures will generally result in elevated humidity levels and higher humidity peaks, and increase 
the risk of condensation in the building enclosure and on cold surfaces such as window glazing.  


Staying within this range is challenging for buildings located in marine climates such as the Pacific Northwest 
of the United States, and southern West Coast of British Columbia. In these climates, the outdoor air 
temperature is mild and the air is humid. Therefore, ventilation alone may not suffice in managing indoor 
moisture, especially if moisture generation of occupants exceeds the design moisture generation rate. In these 
climates, further passive measures such as the aid of moisture buffering materials, or active measures such 
as dehumidification may be required to manage indoor moisture. Condensation can adversely affect the 
durability of a building. Chronic condensation and moisture accumulation leads to deterioration of the 
building enclosure and structural materials, such as softening of gypsum drywall, wood decay, corrosion of 
steel, peeling of paint finishes, damage to moisture sensitive insulation, and growth of mould, mildew, and 
fungi which can be detrimental to health (HPO, 2006). With rehabilitation resulting in tighter building 
enclosures, sufficient ventilation measures are required to avoid building durability issues. Sufficient 
ventilation can be achieved by means of retrofitting mechanical systems such as installing exhaust fans where 
there are none existing, upgrading existing exhaust fans to a higher flow rate model, implementing make-up 
air supply systems or heat recovery ventilators. Physical constraints of the building or cost limitations may 
render mechanical ventilation retrofits infeasible, in which case opening windows or running exhaust fans 
more frequently or continuously are required to reduce indoor humidity. Opening windows and running 
ventilation fans more frequently may address condensation and durability issues, but since more heating 
energy is required for additional outdoor air intake, they are also measures that compromise energy 
efficiency.  


The intent of ventilation is to promote good indoor air quality by diluting or displacing indoor air ridden with 
pollutants and odours and allowing outdoor air to replace displaced air. In cold climates, it also allows indoor 
moisture-laden air to be exhausted to the exterior and be replaced with dryer outdoor air. Ventilation of indoor 
air also allows for removal of excess indoor moisture and management of indoor humidity.  


The upper and lower relative humidity threshold of indoor spaces is debated. In general, consensus is that 
interior relative humidity should not exceed 60% (70% at a building surface) to avoid mould growth and 
germination. The lower threshold is less concrete, however ASHRAE recommends that indoor relative 
humidity stay above 25% to avoid irritation of the respiratory mucus membrane and the eyes (Lstiburek, 
2002).  


The motivation for this research comes from a low-income housing reference building in Vancouver, BC 
with high indoor humidity and building durability issues brought on by air-tightening the building enclosure 
following rehabilitation. Implementation of new ventilation exhaust fans and operating schemes were not 
sufficient in addressing the building humidity and durability issues. Field experiments were designed to 
mimic the scenario of a suite in the low-income housing reference building and used to develop solutions to 
address the high indoor humidity problem, while also considering heat loss through ventilation and indoor 
air quality. The effect of moisture buffering of interior gypsum board as a passive means to reduce indoor 
humidity was investigated. 


METHODOLOGY 







 


 


Paper 14                                                                                                     Page 3 of 15 
 


Two test building facilities with identical roof and floor assemblies, dimensions, orientation, and location 
were monitored to compare the effects of moisture buffering properties of gypsum wallboard and varying 
ventilation schemes on indoor humidity and air quality conditions (Figure 1). The buildings are located in 
Burnaby, British Columbia, an area characterized by mild climate, warm summers and cool rainy winters. 
All exterior boundary conditions during the monitoring period were recorded by a weather station on site. 
Tariku, et al. (2013) outline the design, construction, systems, and equipment of the buildings in more detail. 


 
Figure 1: Two test building facilities used for the experimental study 


A field experiment is designed to simulate the conditions of a residential suite and measure the response in 
indoor conditions under varying outdoor conditions, and ventilation strategies in the presence of moisture 
buffering and no moisture buffering. Daily indoor moisture and CO2 generation profiles are determined 
based on analysis of real occupants in a ‘Reference Building’ described later in this paper. Indoor moisture 
and CO2 is released in the field experiments based on the predetermined daily profiles using programmable 
occupant simulator units. The ventilation system operates as per pre-defined ventilation schemes for four 
different test cases. For each test case, the performances of hygroscopic versus non-hygroscopic interior 
finished buildings are directly compared for the same outdoor conditions. Performance of the buildings across 
test cases is also compared.    


EXPERIMENTAL SETUP 


Table 1 lists the parameters and variables for each of the buildings for test cases defined. Each test case is 
run for approximately one week. One or more days are dedicated to conditioning the materials for each test 
case, in order to reach quasi-equilibrium. With these field experiment test cases, it will be possible to assess 
the effects of the variable test parameters: the effect of ventilation strategy, and moisture buffering of gypsum 
wallboard on indoor relative humidity, indoor air quality, and ventilation heat loss. 
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Table 1: Test cases and respective parameters and variables in each test and control buildings 
 Test Period  Control Building (North Building) Test Building (South Building) 


Test 
#1 


 Finish Material Polyethylene Unpainted gypsum board 
Apr. 2-4/14 Ventilation Rate 15 CFM 15 CFM 


 Ventilation Scheme Constant Constant 


Test 
#2 


 Finish Material Polyethylene Unpainted gypsum board 


Apr. 12-14/14 Ventilation Rate 
 30 CFM at 8am - 12pm and 7pm - 
11pm,  7.5 CFM all other times 


30 CFM at 8am - 12pm and 7pm - 
11pm,  7.5 CFM all other times 


 Ventilation Scheme Time-controlled Time-controlled 


Test 
#3 


 Finish Material Polyethylene Unpainted gypsum board 


Jun. 22-24/14 Ventilation Rate 


 7.5 CFM at 50% RH or less, 30 
CFM at 60% RH or more, between 
50-60% RH linearly increasing 
CFM between 7.5 and 30 CFM 


7.5 CFM at 50% RH or less, 30 
CFM at 60% RH or more, between 
50-60% RH linearly increasing 
CFM between 7.5 and 30 CFM 


 Ventilation Scheme RH-controlled RH-controlled 


Test 
#4 


 Finish Material Polyethylene Unpainted gypsum board 


Jul.5-7/14 Ventilation Rate 


7.5 CFM at 800ppm or less, 30 
CFM at 1000ppm or more, between 
800-1000ppm linearly increasing 
CFM between 7.5 and 30 CFM 


7.5 CFM at 800ppm or less, 30 
CFM at 1000ppm or more, between 
800-1000ppm linearly increasing 
CFM between 7.5 and 30 CFM 


 Ventilation Scheme CO2-controlled CO2-controlled 


One building is clad with unpainted gypsum board on the interior of the building enclosure, which has 
hygroscopic properties and is designated as the test building (South Building). The non-hygroscopic building 
is covered with 6 mil polyethylene vapour retarder on all interior surfaces and is the designated control 
building (North Building). Both the test and control building are exposed to the same variables for a given 
test case, however, the test building has moisture buffering potential, while the control building has the 
moisture buffering effect eliminated. Other than vertical wall surfaces, all surfaces of the interior of the 
buildings exposed to test conditions were isolated during testing; the concrete floor, footings, and ceiling 
were sealed with 6 mil polyethylene vapour retarder to prevent possible interactions between those materials 
and moisture inside the test space (Figure 1). 


Indoor Moisture and CO2 Load  


Moisture generation is simulated by releasing moisture and CO2 hourly based on occupants’ behaviour in the 
real occupied ‘Reference Building,’ using the automated occupant simulator units. To isolate the moisture 
production of occupants and their activities, indoor conditions of a two-bedroom apartment suite in a 
‘Reference Building’ were analyzed. The suite is occupied by a family of four, two adults and two children 
and covers 643 ft2 (59.7m2) of area, and with a clear height of 8 ft encompasses 5144 ft3 (149 m3) of volume. 
The north-facing wall is the only exterior wall of the suite. This wall has one window in each bedroom, and 
a balcony adjacent to the living room. All other walls are adjacent to other suites or the building corridor. 
The kitchen is enclosed by interior walls on three sides and open to the living room on one side. The bathroom 
is located near the entrance door of the suite. The suite has a bathroom exhaust fan, which is intermittently 
on at 7-11 am and 6-10 pm. The kitchen is equipped with a range hood fan that is turned on manually. Fresh 
air is supplied to the suite through open windows, the balcony door, and the entrance door undercut.  


Figure 2 show daily relative humidity profiles of the interior of the suite for 90 days of monitoring completed 
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between December 1st, 2010 and February 28th, 2011. Ventilation periods are highlighted with blue shading. 
A typical daily moisture generation profile was determined from this data using statistical analysis, which is 
further outlined in Pedram & Tariku, (2015). Typical moisture loading identified by Kunzel, et al. (2004) in 
studies of German homes is about 48g/m3 per day. This corresponds to 1.9 kg of moisture per day for a 
building with a volume of 40.5m3, the size of the ones at the test building facilities used. The total moisture 
production per day of the typical moisture generation profile obtained based on the monitoring data from the 
‘Reference Building’ scaled down to the size of the test building facilities equates to 1.9 kg/day, which is in 
line with the findings from this study. 


 
Figure 2: Daily relative humidity profiles of suite in the ‘Reference Building’ for 90 days of monitoring.  


An image of the occupant simulators’ moisture dispensing unit is shown in Figure 3, which was used to 
release predetermined rates of moisture throughout the day in the field experiment, based on the typical daily 
moisture generation profile obtained from the ‘Reference Building’ data. 


 
Figure 3: Occupant simulator equipped with control box, humidifiers, water reservoirs, pumps, CO2 release valve (not shown), and 
heat generating bulb (not shown) 


Because it is difficult to measure odour intensity in a space, CO2 concentration is typically used as a surrogate 
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indicator to evaluate the indoor air quality and ventilation adequacy of a space. CO2 concentration in a 
building is dictated by the occupants, as well as the CO2 levels in the ambient outdoor air. CO2 production 
rate depends on the occupants’ level of activity and diet. CO2 generation per person can be estimated using 
the oxygen consumption rate, from Equation 1 given in ASTM Standard D6245 (2012).   


 


To determine the rate of CO2 emission of the occupant simulators for the testing, the level of occupants’ 
activity was assumed for a typical day based on results of a questionnaire outlining their presence and typical 
activities in the suite. Figure 4 shows the assumed level of activity for the family of four throughout the day, 
assuming there are two adults, one who works from home with two children. The metabolic activity rates 
were estimated from each occupant’s level of activity as outlined in Figure 4, from Equation 1, and 
corresponding CO2 generation rates were determined based on oxygen consumption rate and RQ. Body 
surface area was assumed to be 1.8 and 1.0 m2 for adults and children respectively. RQ was assumed to be 
0.83. When scaled down by the volumetric ratio of the ‘Reference Building’ to the test buildings, the 
occupants’ normal and peak activity CO2 generation rates are 0.20 and 0.33 L/min respectively. 


 
Figure 4: Typical activities of a family of four throughout the day and their corresponding metabolic activity  


A solenoid valve on the occupant simulator units’ CO2 dispensing system requires voltage input for release 
of predetermined rate of CO2 into the room. The rate of CO2 release varies linearly with the voltage. CO2 
generation profile from Figure 4 was achieved in this way, by providing the resulting voltage for each hour 
of the day in occupant simulator control system program. 
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Figure 5:  Schematic of carbon dioxide dispersion system 


Ventilation Strategies 


Both the test and control buildings are equipped with a supply ventilation system to provide outdoor air under 
continuous, time-controlled, relative humidity-controlled (RH-controlled), and CO2-controlled ventilation 
schemes. For the purposes of the field experiments, 100% non-conditioned fresh air is supplied to the test 
space. This is so that the typically wet and moist marine climate air of coastal British Columbia is used to 
ventilate the building, as is typical of residential housing in the region. The four different ventilation schemes 
are tested as follows: 


1) Constant: The supply ventilation system is run continuously at a constant rate of 15 ft3/min. (CFM). 
The ventilation rate is determined based on ASHRAE recommended rates according to Standard 
62.1, and scaled down for to the size of the test building facilities  


2) Time-controlled: The ventilation system supplies fresh air at a ventilation rate of 30 CFM during 
predetermined on-times  for 4 hour durations twice per day at 8am-12pm and 7pm-11pm, which 
correspond with periods of high moisture generation (typically showering in the morning time, and 
cooking in the evening).  The maximum ventilation rate times are offset from the moisture peak times 
by one hour due to the gradual rise in humidity levels within the first hour of peak moisture 
loading.  At all other times, ventilation rate is run continuously at 7.5 CFM.  


3) RH-controlled: The ventilation system supplies fresh air at 7.5 CFM at relative humidity levels of 
50% or less, and at 30 CFM at relative humidity levels of 60% or more. Between 50 to 60% relative 
humidity, the rate increases linearly between 7.5 and 30 CFM.  


4) CO2-controlled: The ventilation system supplies fresh air at 7.5 CFM at CO2 levels of 800ppm or 
less, and at 30 CFM at CO2 levels of 1000ppm or more. Between 800 to 1000 ppm, the rate increases 
linearly between 7.5 and 30 CFM.  


The ventilation schemes are summarized graphically in Figure 6. 
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Figure 6: Ventilation rates (in ft3/min.) and schemes for constant, time-controlled, RH-controlled, and CO2-controlled ventilation 


RESULTS 


Previous field testing (Pedram & Tariku, 2014) reveals that moisture buffering properties of gypsum 
wallboard in the test building is generally effective in regulating the interior relative humidity levels, 
especially RH peaks, to varying degrees depending on ventilation rate and moisture loading.  


The test cases presented here seek to couple the benefits of passive moisture management from moisture 
buffering, with active moisture management of various ventilation schemes. The effect of constant, time-
controlled, RH-controlled, and CO2-controlled ventilation on indoor humidity, indoor air quality, and 
ventilation heat loss are further analysed. 


Indoor Humidity 


Figure 7 shows the relative humidity levels for the test and control buildings, and their respective ventilation 
flow rates over time for each of the test cases. The effect of the moisture buffering of gypsum board in 
regulating relative humidity amplitudes is apparent between the test building and the control building, as 
demonstrated in Figure 7 for constant ventilation; the relative humidity peaks and lows are dampened. A 
similar effect is seen under the time-controlled ventilation scheme. However, the effect of moisture buffering 
under the demand-controlled ventilation schemes (RH- and CO2-controlled) is not as pronounced. 
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Figure 7: The indoor relative humidity and ventilation rate of the control building (red) and test building (blue) under constant, 
time-controlled, RH-controlled, and CO2-controlled ventilation 
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Upon a closer look at the results, it appears that moisture buffering results in elevated relative humidity levels 
in comparison to the control building under RH-controlled ventilation. When the relative humidity threshold 
is exceeded, maximum ventilation rate causes relative humidity levels to drop more quickly in the control 
building while the test building responds to changes in ventilation rate slowly due to the effect of moisture 
buffering. This phenomenon can also be seen in other test cases during decreasing relative humidity in the 
variation cycles. This is due to residual moisture in unfinished gypsum board gradually undergoing 
desorption back into the air as the relative humidity levels in the test space decrease.  


In general, the moisture levels in the test building are not synergistic with RH-controlled ventilation due to 
slow change in relative humidity response to changing ventilation rates. Maximum ventilation rate is run for 
a longer duration in the test building, which can in fact increase ventilation heat loss, and have negative 
impacts on the building energy demand. In the case of continuous, time-controlled, and CO2-controlled 
ventilation, moisture buffering effectively reduces humidity peaks and dampens the moisture level 
fluctuation cycles. 


The best way to quantify the effectiveness of moisture buffering, is to look at the difference in amplitude of 
the relative humidity levels for each moisture loading cycle. Amplitude can be determined from the difference 
between the maximum relative humidity and minimum relative humidity for each cycle. Figure 8 
demonstrates how to determine relative humidity amplitude. While moisture buffering reduces amplitude, it 
does not reduce the effective mean relative humidity. However, increase in ventilation will reduce mean 
relative humidity levels. 


 
Figure 8: Maximum RH, minimum RH, RH amplitude and mean RH levels in one moisture loading cycle as shown for the control 
building in red 


Figure 9 shows the relative humidity amplitude of Cycles 1 and 2 for each test case. Under time-controlled 
ventilation, the percent difference in relative humidity amplitudes between the control and test building are 
more than double, 157% and 111% for Cycles 1 and 2 respectively (Figure 10). This indicates that time-
controlled ventilation is the ventilation scheme that successfully works best with the relative humidity 
regulating benefit of moisture buffering. Under RH-controlled and CO2-controlled ventilation, the percent 
difference in relative humidity amplitude is much lower between the two buildings, equal to or less than 20%. 
This indicates that the regulating effect of moisture buffering is not effective under these ventilation schemes. 
Under the constant ventilation scheme, the percent difference in relative humidity amplitude between the two 
buildings is greater than 50% for each cycle. Thus, relative humidity is regulated under this scheme, but 
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comparatively to a lesser degree than under time-controlled ventilation. 


 
Figure 9: RH amplitude (Max RH – Min RH) for Cycle 1 & 2 from test cases constant, time-controlled, RH-controlled, and CO2-
controlled ventilation schemes. 


 
Figure 10: Percent difference in RH amplitudes between the control and test building from the test cases 


Based on these results, if RH-controlled ventilation is implemented as a means of controlling indoor 
humidity, the implementation of moisture buffering materials as means to control humidity peaks in tandem 
is not recommended. More exploratory investigations are required in this regards, such as modeling, 
sensitivity analysis, and further field testing. 


Indoor Air Quality: CO2 levels 


In part, CO2 levels are dependent on outdoor CO2 levels which generally range between 350 to 450 PPM 


(Dlugokencky & Pieter, 2016). Locally, the outdoor CO2 levels at the test facilities were measured to be 


within this range during testing. 


Figure 11 shows the maximum, minimum and mean CO2 levels for each cycle in all test cases. Under constant 
and time-controlled ventilation, the mean CO2 levels are above or within 1000 PPM – ASHRAE 
recommended levels for good indoor air quality – and maximum CO2 levels consistently exceed this level. 
Under RH-controlled and CO2-controlled ventilation, the CO2 levels are consistently below 1000 PPM. 
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Figure 11: Minimum, maximum, and mean CO2 for Cycle 1 & 2 for all test cases. The test building is shown in solid and the 
control building is shown in hatched. Optimal interior RH range is highlighted in blue. 


Table 2 shows the total percentage of time CO2 levels exceed 1000 PPM in each building for the total duration 
of the data presented for each test case. According to analysis of CO2 levels, indoor air quality exceeds 
acceptable levels under constant and time-controlled ventilation for nearly half of the testing period. 


Table 2: Percent of time CO2 levels exceed 1000 PPM threshold 


 
Ventilation Scheme Control Building Test Building 
Constant 40% 48% 
Time-controlled 51% 55% 
RH-controlled 0% 0% 
CO2-controlled 0% 0% 


While RH-controlled and CO2-controlled ventilation result in CO2 levels being maintained at desirable levels, 
there are implications for heating energy of the buildings. When the space is over-ventilated, good indoor air 
quality is maintained, but energy consumption may be compromised. Therefore, there may be a tolerance for 
CO2 levels exceeding the threshold for a short period of time, if RH levels and heating energy is optimized. 


Energy: Ventilation Heat Loss 


Heat loss of the buildings can occur through three ways: transmission losses to the exterior through the 
building envelope, radiation heat losses, and ventilation heat losses. Given that the building enclosure 
characteristics, indoor, and outdoor temperatures are similar for each building during each test case, the 
radiation and transmission heat losses can be considered equal. For a given ventilation scheme, if the 
ventilation rates are the same in both buildings, the ventilation heat losses are also considered equal.  


However, ventilation heat loss varies between the buildings where demand-controlled ventilation results in 
different ventilation rates over time. The ventilation heat loss for the test cases is calculated per Equation 2: 
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In order to compare the ventilation heat loss as a result of each ventilation scheme directly, the energy 
required to maintain the interior temperature set points at around 20°C is obtained. The total ventilation heat 
loss energy is determined by calculating the estimated area under each Q curve. 


For consistency, the ventilation heat loss energy for each building is calculated over a 28 hour period as 
shown in Figure 12. Note that cooling energy (area between negative Q values and 0 J/s) was included as an 
absolute value in the summation to include both heating and cooling energy. 


 
Figure 12: Area under each ventilation heat loss (Q) curve used for calculation of heat loss energy each test case constant, time-
controlled, RH-controlled, and CO2-controlled ventilation scheme. 


Figure 13 shows a summary of the total energy due to ventilation heat loss for each building under each test 
case. Energy is calculated in kilojoules, however, values are also converted to and indicated in kilowatt-hours 
above each bar for easy comparison. RH- and CO2-controlled ventilation show improved ventilation energy 
savings in comparison to the latter two test cases. However, since these test cases took place in the months 
of June and July respectively, their comparison to constant and time-controlled ventilation can be misleading, 
given the outdoor temperature dependence of ventilation heat loss. 
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Figure 13: Total energy loss (heating and cooling) due to ventilation for a duration of 28 hours under test cases. Values indicated 
on each bar are energy loss in kilowatt-hours. 


Amongst the active moisture management measures, time-controlled ventilation is most effective in 
maintaining both the test building and the control building’s relative humidity levels below the 65%, close 
to the acceptable range. However, in practice, time-controlled ventilation may not be as successful as in field 
testing due to uncertainty in the duration and frequency of peak moisture loading of occupants.  


Time-controlled ventilation may be a viable solution in spaces where peak moisture loading can be accurately 
predicted, such as a commercial kitchen, gymnasium, theatre, or spa. In a residential setting where moisture 
loading is a function of the occupants’ density, daily habits, presence, and other factors that cannot be 
accurately predicted in design, it may not successfully address moisture issues. This is the case in the 
‘Reference Building’. 


An alternative to time-controlled ventilation in application can be motion detector sensing ventilation 
systems. These systems may can detect the presence of occupants and boost when occupants are active and 
present. They also provide savings benefits in that the ventilation demand can be lowered when occupants 
are not home.  


RH-controlled ventilation is effective at maintaining CO2 levels at acceptable levels for indoor air quality, but 
fails to maintain relative humidity levels below acceptable levels. 


CONCLUSION 


In general, the following conclusions can be drawn from the results: 


1) Based on Figure 13, the time-controlled ventilation scheme results in 20% energy savings in both 
the test and control buildings in comparison to constant ventilation. This energy saving is achieved 
without compromising indoor humidity levels, especially in the test building where moisture 
buffering potential allows regulation of humidity peaks. Conversely, indoor air quality in terms of 
indoor CO2 levels are most adversely affected under time-controlled ventilation, remaining above 
1000 PPM for approximately 50% of the monitoring period.  


2) RH-controlled and CO2-controlled ventilation show improved ventilation energy savings in 
comparison to the latter two test cases. RH-controlled ventilation results in approximately 35% 
ventilation heating and cooling energy savings, and CO2-controlled ventilation results in 
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approximately 70% savings compared to constant ventilation for both buildings. However, it should 
be noted that these figures are based on test data during the warmer months of June and July, which 
can effectively reduce overall ventilation heat loss. RH-demand and CO2-demand ventilation 
schemes produced the best indoor air quality, with CO2 levels never exceeding 1000 PPM during the 
monitoring period. However, indoor humidity levels were generally above acceptable levels for 
thermal comfort.  
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Test # Test Period Ventilation Scheme Ventilation Strategy


1 April 2014 Constant 15 CFM


2 April 2014 Time Controlled 30 CFM at 8am - 12pm and 7pm - 11pm,  
7.5 CFM all other times


3 June 2014 RH Controlled 7.5 CFM at 50% RH or less, 30 CFM at 
60% RH or more, between 50-60% RH 
linearly increasing CFM between 7.5 and 
30 CFM


4 July 2014 CO2 Controlled 7.5 CFM at 800ppm or less, 30 CFM at 
1000ppm or more, between 800-
1000ppm linearly increasing CFM 
between 7.5 and 30 CFM


Constant Ventilation Time-Controlled Ventilation 


 
RH-Controlled Ventilation 


 
CO2-Controlled Ventilation 


Figure 1: Ventilation rates (in ft3/min.) and schemes for constant, time-controlled, RH-controlled, and CO2-controlled ventilation. 
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Figure 1: Ventilation rates (in ft3/min.) and schemes for constant, time-controlled, RH-controlled, and CO2-controlled ventilation. 
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Figure 1: Ventilation rates (in ft3/min.) and schemes for constant, time-controlled, RH-controlled, and CO2-controlled ventilation. 
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Control 
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Relative Humidity Amplitudes 







 in Relative Humidity Amplitudes 







CO2 Levels
Ventilation 
Scheme


Control 
Building


Test 
Building


Constant 40% 48%


Time-controlled 51% 55%


RH-controlled 0% 0%


CO2-controlled 0% 0%







Ventilation Heat Loss







Ventilation Heat Loss


Total ventilation heat energy loss in kJ and kW-hr







Findings of Research


Moisture buffering works!


• Effective in regulating humidity levels as 
a passive measure when coupled with 
adequate ventilation 


• Not a substitute for ventilation 
• Effective under high moisture loading
• Different ventilation schemes provide 


competing interests between moisture 
management and IAQ 


• Moisture buffering can increase 
ventilation demand







Findings of Research


Moisture buffering works!


• Time-controlled ventilation + moisture 
buffering achieved 20% energy savings 
versus constant ventilation + moisture 
buffering without compromising indoor RH 
levels (CO2 levels were comparable)


• Moisture buffering of unpainted gypsum 
board generally helped regulate indoor 
humidity in our climate 







Future Research


• Optimization of ventilation strategy and moisture 
buffering properties


• Alternative finishing materials


• Design criteria for moisture buffering performance


• Seasonal changes in occupants’ loading 


• Optimized ventilation algorithms







Thank you for your attention!
Questions?
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BUILDING ENVELOPE ENERGY OPTIMIZATION FOR MULTI-UNIT 


RESIDENTIAL BUILDINGS 


Robert Beckett and Caroline Hachem 


 


 


ABSTRACT 


This paper investigates the impact of building envelope design on the energy performance of multi-unit 
residential buildings (MURBs). Using calibrated energy models by RDH Building Engineering Ltd. (2012) 
as a guide, a base reference model for multistory residential building envelopes is developed, and 
subsequently altered, to create an array of near-optimal energy performance design options. An exhaustive 
parametric study, employing parallel computing, simulates all possible design combinations for eight 
design parameters. Working from the database of results, correlations are made between energy 
performance and the configuration of envelope components. For this study on Vancouver MURBs, 
simulations are used to explore the effects of various envelope designs on heating, cooling, and solar 
generated energy at the suite level.  In addition, analysis is conducted to delineate trends and identify 
variable interrelatedness that influence the energy consumption and generation potential associated with 
the building envelope.  


By aggregating individually simulated suites together, the energy performance of a floor of a building is 
examined. Results show that by optimizing building envelope parameters, combined heating and cooling 
loads can be reduced by up to 81%, and net energy consumption reduced by up to 49%, compared to the 
base case. 


INTRODUCTION 


Residential buildings in Canada consume about 17% of primary energy  (Energy and Mines Ministers’ 
Conference 2012). The compact geometry of MURBs plays an important role in their energy performance, 
generally requiring up to 50% less heating per square meter compared to a single-family 2-storey house 
(Hachem et al. 2014).  


Building envelope decisions are made during the early stages of the design process, and play an important 
role in the energy performance of buildings (Hemsath 2013). Designers should use their experience, 
together with performance feedback, to find near-optimal solutions for high performance building designs 
(O’Brien et al. 2009). Assuming that there will continue to be diversity in the visual, functional and 
structural aspects of multi-unit residential buildings, it is unlikely that a single optimized envelope design 
will be universally adopted.  It is therefore essential to have efficient and effective support tools for 







 


Paper 15                                                                                                      Page 2 of 16 
 


designers to find near-optimal solutions that balance the various requirements for their specific projects 
(Wang et al. 2005). It is important, when evaluating near-optimal solutions, to understand the sensitivity 
and interrelatedness of input variables with respect to desired outcomes. 


Parametric studies are conducted using various methods, including sequential search, genetic algorithms, 
and exhaustive search methods. In a review of computational optimization methods, Evins (2013) found 
that sequential search and genetic algorithms were the most popular techniques for optimizing energy, cost, 
and comfort for sustainable building design. The sequential search method optimizes each parameter 
individually while holding the other parameters constant. The effectiveness of this method is influenced by 
the order that parameters are optimized, and does not take into account the interrelatedness of variables. 
Genetic algorithms find globally optimized solutions, based on a defined cost function, but do not provide 
flexibility to find near-optimal solutions. Samuelson et al. (2016) found that the exhaustive search method 
was more computationally intensive than other methods, but provided the most flexibility for analysis. It is 
argued in this paper that for the purposes of responding to the iterative, flexible nature of the design process 
to find near-optimal solutions, it is more important to have results for all possible outcomes of a defined 
design space than it is to effectively find single optimized scenarios. 


Building designers are often challenged to integrate energy performance into more traditional architectural 
requirements for aesthetic, function, and structure (Wingate 2012). Previous studies have identified a 
variety of building envelope parameters that affect building energy performance. Christensen et al. (2006) 
identifies geometric design parameters such as thermal resistance for walls/roof/floor, building orientation, 
infiltration rates, thermal mass, window size/type, and photovoltaic (PV) potential. RDH Building 
Engineering Ltd (2012) identified architectural input parameters associated with energy performance, 
including wall RSI, window size/type, and infiltration rates. Others have identified a combination of 
geometric and architectural variables as high-importance parameters including building orientation and 
shape, window size/type, wall/roof RSI, and passive solar shading controls (Attia et al., 2012). 


The objective of this paper is to investigate the impact of building envelope design decisions on the energy 
performance of MURBs. An exhaustive parametric study is conducted to delineate a population of design 
options, based on building envelope parameters that affect energy consumption and renewable energy 
generation potential. An optimized scenario is presented, along with analysis of near-optimal solutions that 
provide insight into designing high energy performance buildings. 


METHODOLOGY AND SIMULATIONS  


The methodology in this paper is subdivided into four sections. First, a description of the base case is 
provided, followed by details of the simulations and parametric study. Then, the definition of the lowest 
net energy (LNE) scenario is provided, followed by a discussion about near-optimal solutions.  


Base Case 


Figure 1 shows the geometry for eight suite types, each with an area of 90m2, making up a single floor plate 
at mid-level height in a MURB. The corner suites (SW, SE, NW, NE) have double the exterior surface area 
compared to the single faced suites (N, S, E, W), with a corresponding doubled window area. The central 
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area, labelled ‘C’, represents the mechanical and corridor space of the building, and is not included in the 
simulations for the sake of simplicity. 


 


Figure 1: Geometry of the eight unique suite types of the base case, and common area ‘C’. 


The base case is built to represent typical MURB construction in the Vancouver area. This base case 
provides the reference against which the optimized cases are compared to quantify improvements in the 
design. Table 1 shows the simulation input parameters that are used in the study, along with the source for 
each value. Infiltration rates are defined with units of air changes per hour (ACH) for the average suite.   


Table 1: Base case parameter values. 
Parameter Value Units Source 


Plug Load 5.6 W/m2 RDH, 2012 
Suite Lighting Load 6.5 W/m2 NRCAN, 2011 
Infiltration Rate 0.572 ACH (5Pa) RDH, 2012 
Ventilation Rate 0.35 ACH (5Pa) ASHRAE, 2003 
Cooling Setpoint 24 C NRCAN, 2011 
Heating Setpoint 18-22 C NRCAN, 2011 
People Load 1.9 Persons per suite CMHC, 2013 
Suite Area 90 m2 RDH, 2012 
Thermal Mass 10cm concrete slab with carpet Athienitis, 1997 
Window to Wall Ratio 40 % NRCAN, 2011 
Overall Wall RSI 3.6 m2K/W NRCAN, 2011 
Overall Window U-value 2.2 W/m2K NRCAN, 2011 
Window SHGC 0.41 dimensionless Carmody and Haglund, 2012 
Storey Height 3 m Modified from RDH, 2012 
Occupancy Schedule  fractional NRCAN, 2011 
Suite Lighting Schedule  fractional NRCAN, 2011 
Plug Load Schedule  fractional NRCAN, 2011 
Weather Data Vancouver .epw file U.S. Department of Energy, 2016 
PV System Efficiency 12 percent Hachem et al., 2013 
Heat Recovery Efficiency 65 percent NRCAN, 2011 
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Energy Type electric   
Heat Pump Efficiency 4.0 average COP NRCAN, 2002 
Domestic Hot Water Efficiency 2.62 KWh/occupant/day Sartori et al., 2010 


Parametric Study 


An exhaustive parametric study is conducted to investigate every combination of eight input variables 
related to the building envelope design for MURBs. Discrete variations are provided for each parameter, 
representing the range of possible design variations related to energy performance. The results from the 
simulations are collected into a database for analysis. The following sections go into greater detail about 
the simulation engine, parametric study, definition of design parameters, response variables, and 
optimization strategy that is used in the analysis. 


Simulations and Parametric Workflow 


EnergyPlus™ v8.5 is selected to evaluate the annual energy performance of building envelope designs, 
using the Vancouver weather file (U.S. DOE 2015). EnergyPlus™ parameter value substitutions for the 
parametric study are conducted following the methodology of jEPlus software (Zhang 2012). This software 
allows the user to define variables in the EnergyPlus™ input file, which are then subsequently substituted 
with alternative values to be simulated individually. In this study, an input data file is created for each 
unique combination of parameters, simulations are completed, and annual results aggregated into a 
database. 


Suites within the building are simulated individually, assuming that the exterior wall interacts with the 
outdoors, and interior walls/ceiling/floor are adiabatic. This assumption is meant to represent the energy 
performance of a floor mid-height in the building, where all interior zones are maintained at the same 
thermostat settings.  


Studied Input Parameters 


The discrete parameter substitutions that are made to the base case scenario are listed in Table 2. Parameters 
include wall RSI, thermal mass represented by a concrete slab, infiltration rate, horizontal shading 
overhangs, vertical window fins, window U-value and solar heat gain coefficient (SHGC), window to wall 
ratio (WWR), and façade orientation. A sufficient number of parameter variations are included to define 
trends, while staying within the computational limitations of the study. 


 Table 2: Envelope parameters and values considered in this research. (* indicates base case values) 
Parameters Units Values 


Wall RSI 
m2K/
W 1.76 3.6* 6.2 8.8     
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Thermal Mass  


10cm 
slab 
with 
carpet
* 


10cm 
slab 


20cm 
slab      


Infiltration Rate (4 Pa) ACH 0.03 0.09 0.27 0.57*     
Overhang: Window 
Ratio % 0* 33 66 100     
Fin: Window Ratio % 0* 16 50 100     


Window U-value/SHGC 
W/m2
K 


0.77 / 
0.41 


1.08 / 
0.18 


1.14 / 
0.41 


2.2* / 
0.41* 


3.57 / 
0.26 


3.63 / 
0.38   


Window:Wall Ratio % 20 40* 60 80     
Façade Orientation  SW S SE W E NW N NE 


The range of wall RSI values is chosen to provide one option below the NECB 2011 prescriptive value, and 
an upper limit based on the analysis by RDH (2012). Thermal mass values are chosen to investigate the 
effects of doubling the typical concrete slab thickness (Athienitis 1997), and adding a layer of carpet. The 
range of infiltration rates is chosen with the Passivhaus requirement of 0.03 ACH (5Pa) (Passivhaus Institut, 
2015) as the lower limit, and the typical MURB infiltration rate of 0.572 (RDH, 2012). Infiltration rates are 
defined for the average suite, and do not take into account the varying external surface area of the corner 
and single-faced suites. The range of horizontal shading overhang depths, measured as the perpendicular 
distance from the wall, is chosen from 0m (no shading) to 100% of the window height, based on analysis 
by Rajput et al. (2014). To facilitate the variable substitution method used in the parametric study, the 
window is subdivided into six sections, each 1.6 m in width, with two bordering vertical fins for each 
section. The range of vertical fin depths, measured as the perpendicular distance from the wall, is chosen 
from 0m (no shading) to 100% of the width of each window section. All combinations of overhang and fin 
depths are included in the study, including the complete removal of each. Four WWR values are selected 
to provide enough sampling points to adequately define a trend. 


The window U-value/SHGC values shown in Table 2 are associated with the window assemblies shown in 
Table 3. The NECB 2011 minimum window is the prescribed U-value under NECB 2011 (NRCAN 2011) 
for Vancouver with SHGC and visible transmittance (VT) based on the triple, low-e, high SHGC, argon 
filled window. 


Table 3: Window assemblies used for the base case and parametric study (*-Carmody and Haglund 2012) 
Assembly Frame U-Value SHGC VT 


Double, low-e, high SHGC, argon filled* Aluminum 3.63 0.38 0.61 
Double, low-e, low-SHGC, argon filled* Aluminum 3.57 0.26 0.49 
NECB 2011 minimum U-value window (NRCAN 
2011) 


 2.2 0.41 0.50 


Triple, low-e, high SHGC, argon filled* Improved non-
metal 


1.14 0.41 0.5 


Triple, low-e, low SHGC, argon filled* Improved non-
metal 


1.08 0.18 0.37 
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Quadruple, low-e, high, SHGC, krypton filled* Improved Non-
metal 


0.77 0.41 0.36 


Response Variables 


The main response variables are heating and cooling loads, heating and cooling energy, electrical loads, 
and PV energy generation. Heating and cooling loads account for heat transfer mechanisms through the 
building envelope, solar heat transfer, and internal heat gain sources (e.g. people, lights and appliances). 
These heating and cooling loads are converted into energy variables with the assumption that mechanical 
heating and cooling are supplied by a heat pump with coefficient of performance (COP) equal to four. PV 
generation is measured by assuming the best case scenario that 100% of the opaque wall and shading 
overhang surfaces are covered with solar cells capable of converting sunlight into electrical energy. 


The simulation results for each design are used to evaluate the energy consumption and energy generation 
outcomes of the combined parameters. It is important to note that heat gain or loss can be either beneficial 
or costly depending on the interior temperature relative to the desired thermostat range. For example, solar 
heat gain is beneficial to offset mechanical heating during colder months, but contributes to overheating of 
the suite during the summer. Similarly, heat gain from internal loads (occupants, lighting, and equipment) 
is either a benefit or a cost depending on the interior temperature scenario. 


Net energy is calculated for each suite based on the heating energy, cooling energy, electrical equipment, 
water heating energy, and PV generation using this formula: 


𝑁𝑒𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 + 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 + 𝐿𝑖𝑔ℎ𝑡𝑖𝑛𝑔 + 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 + 𝑊𝑎𝑡𝑒𝑟 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 − 𝑃𝑉 


Electrical loads are associated with lighting and suite electrical equipment, excluding the heat pump. 
Lighting power density, electrical equipment, and domestic hot water heating requirements are unchanged 
from the base case. Energy requirements for common areas (i.e.: corridor heating and lighting) and 
centralized services (i.e.: elevators, lobby) and the rooftop solar energy generation for the building are not 
included in the calculation. 


Optimization Strategy - Extreme Scenario 


In this paper, an extreme scenario is selected from the parametric study results to illustrate the lowest 
possible net energy consumption based on the available inputs and assumptions. Since the parametric study 
is conducted at the suite level, there are eight extreme scenarios representing the building envelope design 
of the eight suite types (N, S, E, W, NW, NE, SW, SE). Although it is not utilized in this paper, a variation 
on the LNE consumption is also possible where the design parameters for the eight suites are forced to be 
the same. The extreme scenario achieves the objective of minimizing net energy consumption, but is likely 
not truly optimal in a general sense (e.g. cost vs. benefit) due to, in some cases, diminishing returns for 
parameter improvements. 


Near-Optimal Solutions 
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It is important to find a diversity of near-optimal solutions that allows flexibility in design. Geometric 
parameters, such as WWR and added façade elements (e.g. fins, overhangs) are likely to be altered from 
the optimal configuration to respond to design considerations not associated with energy performance. 
Adverse impacts of geometric constraints can be compensated for by selecting complementary parameters, 
such as the thermal resistance of windows and walls, and thermal mass to find a near-optimal solution. 


An important aspect of identifying near-optimal solutions is to allow for an asymmetric envelope design 
for the building. Exploiting the advantages of each façade with tailored parameters can contribute to higher 
energy performance for the entire building, since it removes the need to find a compromise that is adequate 
for all orientations. 


In this paper, analysis is conducted to show the diversity of envelope options that are available when 
targeting near-optimal energy performance designs.  


RESULTS 


The following discussion of results uses the LNE extreme case in the parametric study as the starting point 
to examine various near-optimal solutions. The extreme case identifies the combination of input parameters 
that result in the best possible energy consumption and renewable energy generation outcomes for the 
parametric study. By altering the extreme case, near-optimal solutions are highlighted that offer design 
flexibility without sacrificing energy performance to a significant degree. Input parameters that are 
analyzed include WWR, overhang and fin depth, wall RSI, window type, and infiltration rate. 


The study parameters that make up the LNE case are shown in Table 4. Values for wall RSI and overhang 
depth are consistently set to the highest levels available in the scope of this parametric study, while values 
for infiltration, fin depth, and window size are minimized. Quadruple pane windows are selected for the N, 
SW, S, SE suites, and the remaining suites have triple pane windows with a slightly lower U-value and 
significantly lower SHGC compared to the quadruple pane windows.   


Table 4 Parameters for LNE scenario (*- asymmetric results) 
Parameter Units SW, SE, S, N 


Suite 


E, W Suites NW, NE, Suites 


Wall RSI RSI 8.8 8.8 8.8 
Thermal Mass*  20cm Slab 20cm Slab 10cm Slab 
Infiltration (5 Pa) ACH 0.03 0.03 0.03 
Fin:Window Ratio % 0% 0% 0% 
Overhang:Window 
Ratio 


% 100% 100% 100% 


Window U-value* W/m2K 0.77 1.08 1.08 
Window SHGC*  0.41 0.18 0.18 
WWR % 20% 20% 20% 


Figure 2 shows the heating and cooling energy, PV generation, and electrical loads associated with the base 
case and LNE case for an eight suite floor plate made up of one of each of the suite types. Heating and 







 


 


 


Paper 15                                                                                                     Page 8 of 16 
 


 


cooling energy for the LNE case are reduced, relative to the base case, by 82% and 79% respectively. PV 
generation is increased by 52%, due to the increased opaque wall area and overhang surfaces equipped with 
solar cells. Electrical loads are assumed to be the same in all simulations. 


  
Figure 2: Heating and cooling energy, PV generation, and electrical loads for base case and LNE case. 


Sensitivity and Interrelatedness of Variables 


The LNE case shown in the previous section might not be practically adopted due to the influence of 
requirements not associated with energy consumption and energy generation. It is therefore important to 
understand the impact on the energy performance of varying the input variables from the extreme case. The 
following analysis starts from the extreme case and shows the impact on heating and cooling loads, and PV 
generation of varying selected geometry and quality input parameters for each of the eight suite types. 
Geometry parameters include window size, and overhang and fin depth. Quality parameters include wall 
RSI, thermal mass, infiltration rate, and window type. It is worthwhile noting that in this study, only 
geometry parameters have an effect on PV generation, whereas both geometry and quality parameters affect 
the heating and cooling loads. The impacts of temperature on the solar cell efficiency are not included in 
this study. 


Geometry Parameters 


Figure 3 shows the changes that are observed in the heating and cooling loads and PV generation when 
WWR is increased from the value of 20% found in the LNE case. As the window size increases, there is a 
consistent trend of increasing heating and cooling loads and decreasing PV generation for each of the eight 
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suites, with the exception of the S suite heating load which shows a minor decrease. The trends on the 
corner suites (SW, SE, NW, NE) are steeper than the single façade suites (S, W, E, N) due to the 
compounding effect of the doubled exterior surface. The overall thermal resistance of the exterior facades 
is reduced as window size increases, since the glazed areas of the facades have a relatively lower thermal 
resistance than the opaque areas. It is interesting to note that the heating load trend for the SW, S, SE suites 
are nearly flat, indicating that the benefit of increased passive solar heating has offset the impact of larger 
conductive heat losses. PV generation decreases with increasing window size, since there is less opaque 
area available for the installation of solar cells. Net energy consumption is increased by 57% for the average 
suite when WWR is increased from 20% to 80%. 


 


Figure 3: Heating and cooling load and PV generation for varying WWR for each suite 


The effect of changing shading overhang depth relative to the window height on the heating and cooling 
load and PV generation is shown in Figure 4. Overhangs have a significant effect on cooling loads for the 
suites with a south facing window, as they reduce the unwanted passive solar energy entering the suites 
during the summer months when the angle of the sun is higher. There is also a moderate increase in heating 
load with increasing overhang depth due to the reduction in beneficial passive solar energy that is blocked. 
Since the additional surface area provided by overhangs is utilized for PV energy generation, there is a 
positive correlation between overhang depth and PV generation, especially for suites with a southern facing 
facade. The benefit of collecting solar power from the overhang surfaces outweighs the losses in PV 
generation on the facades due to shading effects. Overall, the incorporation of shading overhangs has a 
positive effect on energy performance. When the shading overhangs are removed from the LNE scenario, 
cooling loads increase by 69%, heating loads decrease by 14%, and net energy consumption increases by 
22% for the average suite.  
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Figure 4: Heating and cooling load and PV generation for varying overhang to window ratios for each suite 


Variations in fin depth are investigated in Figure 5. It is noted that energy performance is less sensitive to 
the depth of fins than it is to the other geometry parameters for the LNE case, shown by the relatively 
shallow slope on the trends. For each of the suites, heating load increases and cooling load decreases due 
to the reduction of passive solar energy, blocked by the shading fins. The combination of small windows, 
long horizontal overhangs, and low SHGC for the E, W suites, combine to reduce the relative impact of fin 
design for the LNE scenario. PV generation is marginally affected, as the fins cast shadows across the 
opaque wall areas during part of the day. The addition of maximum depth fins adds 9% to the net energy 
consumption for the average suite, compared to the LNE case. 


 
Figure 5: Heating and cooling load and PV generation for varying fin to window ratios for each suite 
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In addition to their individual impacts, the geometric parameters also have interrelated effects on the energy 
performance as shown in Figure 6. For each graph, all parameters are held at the LNE scenario except for 
the two that are being investigated. For example, the left graph shows the impact on the average net energy 
consumption for the eight suite types when the WWR and overhang depth is allowed to vary from the LNE 
case. Darker colours on the heat map show a relative improvement in energy performance, and the asterisk 
marks the LNE case. 


 
Figure 6: Interrelated effects of geometry variables on net energy consumption for the average of the eight suite types 


The left graph of Figure 6 shows that, for the average of the eight suites, energy performance improves as 
WWR decreases and overhang depth increases for near-optimal scenarios. The highest performing 
scenarios are associated with a WWR=20%, illustrating that the size of glazed areas is more important to 
consider than the overhang depth. It is also noted that increasing overhang depth is beneficial regardless of 
the window size, but has a greatest effect on larger windows. Adjusting the parameters to their lowest 
performance level, with WWR=80% and no shading overhangs, increases the net energy consumption by 
149% compared to the LNE case. 


The centre graph of Figure 6 illustrates that the interrelated impacts of varying the WWR versus changes 
in shading fin depth. In this comparison, the window size is clearly dominant over the depth of fins when 
considering the net energy consumption. Minimizing the depth of fins is associated with a very moderate 
improvement in performance, regardless of window size. When the WWR is set to 80% and fin to window 
ratio is set to 100%, net energy consumption is 61% higher than the LNE case. 


The right graph of Figure 6 shows a moderate improvement in performance, for the average suite, when 
fins are decreased in depth. However, the trend is negligible when compared to the benefits of increasing 
the overhang depth. The net energy is increased by 32% when overhangs are removed and fins set to their 
maximum depth, compared to the LNE case. 


Overall, the conclusion that can be reached is that higher performing designs tend to have relatively smaller 
window size, with a shading overhang depth equal to the height of the window. Shading fins have a minimal 
effect for this scenario, and can therefore be included or removed without significant concern about 
affecting net energy consumption levels. 
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Quality Parameters 


The following discussion shows the relative variation in energy performance observed when selected 
quality parameters are varied from the LNE case shown in Table 4. Quality parameters in the study include 
wall RSI, thermal mass, infiltration rate, and window type. Changes in the quality parameters do not affect 
the PV generation in this study, since they do not change the amount of solar energy reaching the opaque 
wall or overhang areas. They do, however, have a significant effect on heating and cooling loads, and 
therefore net energy consumption, as shown in Figure 7.  


 
Figure 7: Percentage change in heating and cooling load and net energy due to variations in quality parameters 


The left graph in Figure 7 shows the percentage change in the heating and cooling loads and net energy 
consumption when the wall RSI is reduced from the LNE case. As the wall RSI is reduced, there is a 
marginal improvement in cooling loads, and an increase of 65% in heating loads at the minimum value. 
Suite temperatures drop more quickly with lower wall RSI values, resulting in a minor improvement to 
cooling loads, for Vancouver’s mild climate which seldom exceeds 24C. It is noted that of the three quality 
parameters in Figure 7, changes in the wall RSI have the lowest impact on energy performance, at 13% 
higher than the LNE scenario for an RSI value of 1.76.  


The centre graph of Figure 7 shows the relationship between energy consumption and changing window 
type. In this analysis, both the U-value and SHGC have a significant, interrelated effect on performance. 
As U-value decreases, heating loads decrease due to higher thermal resistance, and cooling loads increase 
due to a reduction of beneficial heat loss through the window assemblies when suite temperatures are at the 
cooling setpoint. As SHGC values increase, heating loads are offset by beneficial solar heat gain, and 
cooling loads increase due to the additional periods of unwanted solar heat gain. The resulting changes to 
net energy consumption are greatest, at 17% above the LNE scenario, for the triple pane windows with U-
values/SHGC 3.57/0.26. Since U-value and SHGC are tied together to represent commercially available 
window construction options, it is not practical to investigate each one separately.   


As shown in the right graph of Figure 7, the infiltration rate has the largest effect on heating and cooling 
loads, and therefore net energy consumption. Although there is a benefit to the cooling effect of infiltration 
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when suite temperatures are at the cooling setpoint and outdoor temperatures are cooler, there is a very 
strong correlation between increasing infiltration rates and heating loads during colder months. When the 
two effects are combined, the net energy consumption can be seen to increase by 53% at the high end of 
infiltration rate values.  


DISCUSSION 


MURB designers must balance many factors, including aesthetic, function, structure, and energy 
performance. It is unlikely that the optimal envelope parameters to achieve high energy performance will 
be adhered to by building designers in the majority of cases. It is therefore critical to have an evidence 
based approach to finding near-optimal solutions to optimize the energy performance of the design, while 
allowing flexibility. Using the simulation results of an exhaustive parametric study, an understanding of the 
variable sensitivities and interrelatedness can be established to support design decisions during the early 
stages. 


In this study, building envelope design parameters are divided into two categories; geometry and quality. 
Parameters from both categories are likely to be varied to achieve overall design goals. In order for the 
designer to maintain a high level of energy performance, while balancing numerous competing 
requirements, the relative energy impacts of design decisions must be evaluated. For example, if a WWR 
of 80 percent is established as a design requirement, changes to the remaining input parameters may be 
required to maintain a standard of energy performance. In the analysis provided, it is shown that reducing 
window size and improving infiltration rate have the highest impact on net energy consumption. 
Alternately, increasingly higher levels of wall RSI and shading fins are shown to have a relatively smaller 
impact on performance. Based on the analysis of sensitivity and interrelatedness of the input variables, it is 
observed that energy performance cannot be achieved by optimizing a single aspect of the building 
envelope. Rather, it is the optimal combination of input parameters that lead to high performing outcomes. 


Greater flexibility in design decisions are afforded by allowing for asymmetric solutions. This parametric 
study, conducted at the suite level, shows that the LNE scenario is made up of varying parameters depending 
on the orientation and geometry of the suite. The amount of passive solar and PV energy that is available 
to the suite is highly asymmetric, with southern aspects capturing the greatest amount. With the exception 
of the window SHGC, impacts due to changes in the quality parameters are not significantly affected by 
the orientation of the external façade. Geometry parameters, on the other hand, are highly affected by the 
orientation, as illustrated by the variations in passive solar energy captured by the eight suite types in the 
LNE case. In order for energy consumption and renewable energy generation capabilities to be optimized, 
asymmetric designs can be proposed to maximize the impact of each decision about geometry and quality. 
Even if the geometric elements of the building must remain consistent for aesthetic, functional, or structural 
reasons, a more balanced energy performance between suites can be achieved by implementing asymmetry 
of quality parameters. 


It is noted, when observing the parameters for the LNE case, that some of the parameters are subject to 
diminishing returns. For example, although shading overhangs are included in the LNE scenario for the N 
suite, the benefits of including solar shading are very minor, and would not justify the expense of 
construction to include them. Also, the decision to invest in quadruple pane windows would not be 
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supported by the small improvement in net energy consumption observed compared to triple pane windows 
(CMHC, 2015). Evaluating near-optimal solutions provides a method to identify, and eliminate parameter 
selections that are subject to diminishing returns. 


Further study into the effects of window blinds is needed to investigate their effectiveness at reducing 
energy consumption. Thermal mass and shading fins are found to have minor impacts on energy 
performance for the LNE case in this study. Further study into these parameters is required to investigate 
alternative modeling strategies. 


The observations in this study are limited to MURBS in the Vancouver area. Although some observations 
are likely to be consistent across the country, the parametric simulations will need to be re-calculated with 
a new weather file for each region for accurate results. 


CONCLUSION 


A parametric study of eight building envelope design parameters is conducted to assemble a database of 
energy performance options for MURBs in Vancouver, BC. Simulation results show that combined heating 
and cooling loads can be reduced by up to 81% compared to the base case. Assuming that opaque façade 
areas and shading overhangs are used to generate electricity using PV, optimization of the building envelope 
parameters can result in as much as a 49% reduction in net energy consumption compared to the base case. 
If PV capability is removed from the base case, net energy consumption of the optimized case is reduced 
by up to 68% relative to the base case. 


The sensitivity of changing individual input parameters, relative to the net energy consumption, is 
investigated for a selection of geometry and quality parameters in the parametric study. Geometry 
parameters analyzed include WWR, and shading overhang/fin depth, and quality parameters analyzed 
include wall RSI, window type, and infiltration rate. Results show that net energy consumption is most 
sensitive to changes in the WWR and infiltration rate. The lowest impact variable changes are associated 
with increased wall RSI (above the base case value), and shading fin depth. 


Variable interrelatedness is discussed for geometric parameters, highlighting that for variations to the LNE 
case, increasing shading overhangs and reducing shading fins is beneficial, regardless of the WWR. 
Reducing WWR decreases net energy consumption regardless of whether shading overhangs or fins are 
included in the design. 


Building envelope design is influenced by numerous requirements and many are not related to energy 
performance. Finding near-optimal energy performance solutions provides an evidence-based approach to 
balancing the consideration for aesthetic, functional, structural, and energy performance related parameters 
for MURB envelope design. 
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Problem: Energy and MURBs


• 45% 


• Residential buildings in 
Canada consume 17% of 
primary energy


• MURBs in Canada:
– 9% of housing units (2006 


Census)
– 45% of housing unit starts 


(2012)


CMHC 2013. CANADIAN HOUSING OBSERVER. Available from http://www.cmhc-
schl.gc.ca/odpub/pdf/67989.pdf [accessed 20 April 2016].
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How to Influence Design Decisions


• Fast iteration speed


• Flexibility of design scenario


• Focussed on decisions







Work Outline


• Phase 1.  Build it (dataset)


–E+ model


–Parametric study


• Phase 2.  Drive it (analytics)


–Ludicrous mode


–Near-optimal mode







EnergyPlus Model


Images by Author







Parametric Study
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Parametric Study Workflow
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Multivariate Optimization
Exhaustive Search
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Ludicrous Mode
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Ludicrous Mode







Sensitivity of WWR







Interrelatedness of Geometry Variables


*- Ludicrous Case







Sensitivity of Quality Parameters







Influencing the Design Process


Image modified from: Wingate, C. 2012. Energy Modeling Methodology. 
Available from 
http://rp.design.umn.edu/resources/documents/Arch5993-
Wingate2012.pdf.







Summary


• Balance energy performance with overall 
design goals to find near-optimal solutions


–Use exhaustive search to simulate the entire 
design space


–Consider sensitivity and interrelatedness of 
variables to find near-optimal solutions


– Fast, Flexible, and Focussed on decisions
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On-site Moisture Management?


 Identify potential moisture-related issues during the 
construction phase
▫ A building isn’t protected against weather until the envelope is fully 


protected


 Provide appropriate measures to mitigate the 
moisture risk
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On-site Moisture Management


 “Standard” wood-frame construction in N.A.
▫ Open and exposed construction


 Basic protection is commonly seen
▫ Wood products wrapped for shipping or coated with water repellent
▫ Covering with tarp is quite common at site
▫ Prefabrication becomes increasingly common 


 Emergence of using temporary roofs for protection
▫ Fixed, or liftable
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What is this Paper about?


 Provide relevant basic data 
▫ MC in light wood-frame construction (field studies)
▫ Wetting and drying of simulated roof (lab test)
▫ Wetting and drying of nail-laminated timber (NLT) (lab test)
▫ Wetting of cross-laminated timber (CLT) in construction of UBC Brock 


Commons (field study)
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Wood MC in Wood-Frame Construction


 Measuring lumber MC in light wood-frame 
construction
▫ MC is an important parameter for predicting vertical movement
▫ MC data collected is a baseline for on-site moisture management
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Lumber MC Change: 4-Storey Building


 Framed over the winter
 Studs on 1st floor, chest height


▫ Average MC below 20% before space heating, large variation
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Lumber MC Change: 4-Storey Building


 Sill plates
▫ Average MC higher than 20% before space heating, large variation
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Lumber MC Change: 5-Storey Building
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Lumber MC Change: 6-Storey Building
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Lumber MC Change: Summary


 Framing in a wet season
▫ 20% on average before space heating provided
▫ Within a wide range
▫ It is challenging to maintain MC below 19% before enclosure
▫ Forced drying becomes necessary to improve construction efficiency


 Framing in a dry season
▫ 15% on average 
▫ Within a narrow range







Wetting and Drying of Simulated Roof


 Plywood, OSB, LVL, or CLT as the roof panel
 Pre-wetted wood, built into different assemblies


▫ Covered with impermeable membrane, or felt + asphalt shingle
▫ With and without 3’’ closed-cell spray foam underneath


 Drying under different environmental conditions
▫ In an open shed, no heating
▫ Heating underneath to assess effect of temperature differential
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Wetting and Drying of Simulated Roof


 Materials have different wetting potential
▫ Reduced water absorption from plywood, OSB, LVL, to CLT
▫ CLT and LVL wet up slowly
▫ Factors: wood species, end grain exposure, gap/void, glue, water 


repellent…
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Wetting and Drying of Simulated Roof


 Factors affecting drying rates
▫ Drying rates reduced from plywood, OSB, LVL, to CLT with the same 


impermeable membrane on top
▫ Plywood with membrane and felt+shingle showed similar rates
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Wet plywood, sandwiched between impermeable membrane 
and closed-cell spray foam, did not dry
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Wetting and Drying of Simulated Roof







Double-layer plywood deck, sometimes specified for structural 
performance, reduced drying
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Wetting and Drying of Roof: Summary


 Drying takes a long time, once wetting occurs
▫ Weeks/months required under natural drying condition


 Drying greatly affected by membrane or insulation
▫ Large effect caused by closed-cell foam insulation
▫ Little difference between two types of membrane


- Felt + shingle confirmed not more permeable to allow drying 


 Space heating confirmed to be effective for drying
▫ Even under reversed temperature differential, for plywood
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Wetting and Drying of NLT


17


 Wetting
▫ Exterior, natural exposure
▫ Hourly spray of water in lab


 Drying
▫ Exterior, natural exposure
▫ In shed


- With/without space heating underneath


 Potential protection method
▫ Sheathing (plywood)
▫ Protective membrane


- Building paper
- Permeable plastic sheet
- Impermeable self-adhesive membrane
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Wetting and Drying of NLT


18


Bare NLT without sheathing or membrane on top, wetted in lab 
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Wetting and Drying of NLT
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NLT covered with plywood sheathing on top, wetted in lab and 
left for drying in shed, no heating
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Wetting and Drying of NLT
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NLT covered with plywood and building paper on top, wetted in 
lab and left for drying in shed, no heating
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Wetting and Drying of NLT
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Wetted NLT and plywood, then covered with impermeable 
membrane on top, left for drying in shed, no heating
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Wetting and Drying of NLT
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Wetted NLT and plywood, then covered with membrane on 
top, left for drying in shed, with heating below NLT
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Wetting and Drying of NLT: Summary


 Without protection, water penetrates and gets 
trapped in NLT easily


 Membrane and sheathing may provide some 
protection to NLT below, provided gaps sealed 
immediately upon installation


 Wet NLT should always be dried prior to further 
assembly or enclosure


 Heating shown to be less effective in drying NLT, 
i.e., large built-up members


23







© 2014 FPInnovations. All rights reserved. Copying and redistribution prohibited. ® FPInnovations, its marks and logos are trademarks of FPInnovations. 


Wetting of CLT at Site


Comprehensive on-site protection 
provided in this 18-storey timber 
building
 Good coordination and sequencing


▫ A high level of prefabrication to reduce 
time of exposure at site


▫ Materials delivered for just-in-time 
installation


▫ Timbers installed in relatively warm and 
dry season (June-August 2016)


▫ Exterior walls/roof installed quickly to 
protect timber structure
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On-site Moisture Protection


 Additional on-site protection applied
▫ Second water repellent applied at site
▫ Joints/holes in CLT floor sealed with self-adhesive tape immediately 


after installation
▫ Sink-style drains created on each floor
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On-site Moisture Protection 


 Site measurements showed wetting was overall 
slow in CLT (S-P-F) floors
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On-site Moisture Protection 
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Design to Promote Drying Important


 Drying potential varies with product/treatment
 Design has a large impact on drying, e.g.,


▫ Use of built-up members
▫ Using low-permeance products (e.g., low-permeance insulation, 


impermeable membrane)
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Design to Promote Drying Important


 Design for drying is particularly important for mass 
timber assembly
▫ Slow drying once wetted
▫ e.g., interior ventilation cavity in mass timber roof
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Plywood furring used to create an 
air space between plywood roof 
sheathing and CLT panels


Wood Innovation and Design 
Centre, Prince George, Canada


Courtesy: Michael Green Architecture
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Conclusions/Messages


 MC of dimension lumber remained 20% on average in wet 
season, 15% in dry season in light wood-frame construction


 Preventing wetting is a high priority over accelerating drying
▫ Drying is slow once severe wetting occurs
▫ On-site protection important


 Materials/assemblies, susceptible to wetting and poor drying, 
require better on-site protection 


 Some levels of protection may be provided by sheathing or 
membrane, if a temporary roof is not possible


 Always design assemblies with good drying capacity, since 
protection against wetting cannot be perfect
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Wood and Water


 In freshly cut wood (green wood):
▫ Liquid water in cell cavity (“free water” or 


“capillary water”), evaporates first during drying
▫ Water in cell walls (“bound water” or 


“hygroscopic water”), more difficult to dry
 Fibre saturation point


▫ Cells walls are fully saturated with water
but no liquid water in cell cavity


▫ Moisture content around 30%
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Wood and Water


 Wood moisture content (MC)
▫ The amount of moisture in wood, expressed as a 


percentage of the mass of the wood (after oven drying 


at 103°C)


▫ MC measured with a portable moisture meter or 
sensors during construction


34







© 2014 FPInnovations. All rights reserved. Copying and redistribution prohibited. ® FPInnovations, its marks and logos are trademarks of FPInnovations. 


Wood and Water


 Measuring MC with a moisture meter
▫ Typical measurement range for solid wood: 6-25%
▫ Measurement less accurate beyond this range; on 


composites or treated wood
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capacitance-based meter
(e.g., Wagner)


resistance-based meter
(e.g., Delmhorst)
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Wood and Water


 Wetting?
▫ Exposure to a moisture source, wood reaches a 


risky MC, typically close to or above 30%
 Liquid water is a major cause of wetting


▫ Rain, ground water, melting snow, condensation
▫ Water once absorbed quickly increases local MC


 Risk of construction moisture is high in a 
coastal climate
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Wood and Water


Pathways of liquid water into wood: 
 Most rapidly through end grain


▫ Exposed by end cuts, notching etc.
 Much slowly through other surfaces
 Checking may create water traps
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End grain


Beam
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Wood and Water


38


Wood products have different wetting potential:
 Dimension lumber/solid-sawn timber


▫ Wood species, amount of sapwood vs. heartwood
▫ Overall Canadian softwoods not permeable


 Engineered wood
▫ Solid wood-based, or composites
▫ Voids, end grain exposure, adhesive, wax…


 Build-up assemblies
▫ e.g., nail-laminated timber, with small gaps inside


 Finishing/wrapping: water repellant, tarp…
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Wood and Water


 In addition to liquid water, wood interacts with 
vapour in the air (i.e., sorption)
▫ Wood gains moisture in high humidity 


environment
- Also a source of wetting, but a slower process


▫ Wood loses moisture in low humidity environment
- It is the means of drying (evaporation)
- An important aspect of keeping wood dry


39







© 2014 FPInnovations. All rights reserved. Copying and redistribution prohibited. ® FPInnovations, its marks and logos are trademarks of FPInnovations. 


Wood and Water


 Sorption curve: equilibrium moisture content 
at given RH and temperature
▫ RH is a major factor for EMC
▫ Material matters
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Wood and Water


Typical MC ranges at manufacture (Introduction to Wood Design)


41


Material/assembly MC range


Dimension lumber, “S-Dry” (including “KD”) 15-19%


Solid-sawn timbers


Subject to supply agreement, typically above 


30% (fibre saturation point) for green timber 


posts


Glued-laminated solid wood products, such as 


glulam, cross-laminated timber (CLT)
11-15%


Sheathing panels, such as plywood, OSB, fiberboard 6-12%


Structural composite products, such as parallel 


strand lumber, laminated strand lumber, oriented 


strand lumber, laminated veneer lumber (LVL)


6-12%


Large built-up members: Nail-laminated timber (NLT) 6-19%
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Wood and Water


Equilibrium moisture content in different climates (CWC)
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Location in Canada
Average 


EMC (%)


Winter EMC 


(%)


Summer 


EMC (%)


West coast
indoors 10 – 11 8 12


sheltered 
outdoors


15 – 16 18 13


Prairies (e.g., 
Alberta)


indoors 6 – 7 5 8
sheltered 
outdoors


11 – 12 12 10


Central (e.g., 
Ontario, 
Quebec)


indoors 7 – 8 5 10
sheltered 
outdoors


13 – 14 17 10


East coast
indoors 8 – 9 7 10


sheltered 
outdoors


14 – 15 19 12
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WETTING AND DRYING PERFORMANCE OF WOOD-BASED 
ASSEMBLIES RELATED TO ON-SITE MOISTURE MANAGEMENT 


Jieying Wang 


 


 


ABSTRACT 


On-site moisture management has become increasingly important for modern wood buildings with the 
increase in height and area, which potentially prolongs the exposure to inclement weather. There is also 
overall reduced drying ability in modern building assemblies, resulting from increased insulation levels, 
use of membrane and insulation with low vapour permeance, and use of wood members having high wetting 
but low drying potential. 


This paper covers four different studies related to on-site moisture management. It first presents baseline 
moisture content (MC) measured from softwood dimensional lumber during construction of light wood-
frame buildings in the coastal climate of British Columbia. When a building was framed in the winter, i.e., 
a wet season, the average MC was about 20%, with a wide range resulting from different degrees of 
exposure, before it was sheltered and heated for drying. By comparison, the average MC was lower, about 
15%, with a much narrower range when framed in a warm and dry season. 


It then covers laboratory testing to assess the wetting and drying potential of a range of wood-based roof / 
floor decks, including light wood frame (plywood and oriented strand board (OSB)), cross-laminated timber 
(CLT), and nail-laminated timber (NLT) assemblies for purposes of identifying needs for on-site protection 
and design for durability. For example, it was found that wet plywood, when sandwiched between low-
permeance roofing membrane on the top and closed-cell spray foam underneath, could barely dry. For NLT, 
moisture got trapped between boards easily; the subsequent drying was slow even under space heating. In 
terms of potential protection measures, two types of vapour-permeable membranes showed limited moisture 
protection for NLT in horizontal applications. 


A case study is last presented about MC measurements in the 18-storey mass timber building (Brock 
Commons) recently built at the University of British Columbia in the context of on-site moisture 
management. The CLT floors wet up slowly, and on-site measures should aim to reduce the time of 
exposure to rain. 


INTRODUCTION 


It is important to protect wood from water during the transport, storage, construction, and in-service stages 
to prevent potential issues, such as staining, mould, excessive dimensional changes, and fastener corrosion 
and decay with prolonged wetting. Among these stages, the construction stage is likely the most challenging 
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given the range of possible moisture exposure conditions and the inevitable site and cost constraints of a 
construction project. Practices and regulations related to on-site moisture protection have been advanced in 
countries, such as Finland (Finnish Standards Association, 2012). The National Building Code of Canada 
(Part 9) requires that the MC of wood shall not be more than 19% at the time of installation (NRC, 2015). 
This is typically interpreted by practitioners to be the MC limit before enclosure. There is no other specific 
requirement for on-site moisture management1. This paper aims to assemble data to identify the needs for 
on-site moisture management for a range of wood-based assemblies and to shed light on effective and 
practical moisture protection measures based on related studies conducted by FPInnovations in the past 
years. Relevant to this paper, development of guidelines on on-site moisture protection of wood 
construction is also underway (Wang, 2016a). 


MOISTURE CONTENT DURING CONSTRUCTION OF LIGHT WOOD-FRAME BUILDINGS 


Moisture Content Measurement 


The MC of wood, primarily dimensional lumber, was measured during the construction of three light wood-
frame buildings in the coastal climate of British Columbia, covering both the winter (cold and damp) and 
the summer (warm and dry) seasons (Wang et al., 2013; Wang and Ni, 2014; Wang, 2016b). They were all 
built without measures purposely applied to reduce wetting of the framing. Building No. 1, a 4-storey 
building used local Spruce-Pine-Fir (S-P-F) dimensional lumber for all wall plates, studs, and floor joists. 
It was framed in a typical winter in this area and the wood was exposed to an excessive amount of rain. 
Building No. 2, a 5-storey building used S-P-F dimensional lumber for wall studs and Douglas-fir for wall 
plates. It was built in two phases, with Phase A framed in a wet season and Phase B framed under much 
warmer and drier weather conditions. Building No. 3, a 6-storey building was mostly framed over the 
summer of 2014 but its last framing stage was exposed to wet weather. Both Building No. 2 and No. 3 used 
similar materials including engineered wood floor joists. 


The MC measurement in these three buildings aimed to provide baseline moisture information for assessing 
vertical movement (Wang, 2017) and also to identify on-site moisture protection needs. MC was measured 
during framing on random site visits using a hand-held capacitance-based moisture meter (Wagner Digital 
Recording Moisture Meter, Model L 610) to show general trends of MC changes during framing. The 
device measures average MC close to wood surface and has good accuracy for MC ranging from 6% to 
25%. Occasionally the moisture meter showed readings around 34%, indicating that the MC was beyond 
the capacity of measurement. The measurements were randomly conducted on sill plates, bottom plates and 
studs of walls on each floor, with over 20 measurements for each category (e.g., the bottom plates on the 
2nd floor). Wood-based composite elements including plywood, OSB, and structural composite lumber were 
not measured since calibration coefficients were not available. In addition, resistance-based moisture 
sensors were installed in a few locations in Buildings No. 2 and No. 3 to measure MC from construction to 
service. 


                                                      


 
1 An ASHRAE guideline on construction moisture management is being developed.  
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Results and Discussion 


When the buildings including Building No. 1 and Phase A of Building No. 2 were framed in wet weather, 
the MC readings measured from dimensional lumber elements did not exceed 30% often, without many 
intentional protection measures (Figure 1). There was a wide range in the readings resulting from varying 
degrees of exposure to rain. In general the upper floors had shorter time of exposure compared to the lower 
floors in each building. The wood members on the lower levels were reasonably protected by the upper 
floors / roofs, once installed. However, standing water on the concrete slabs greatly increased the exposure 
of sill plates and the bottom part of each stud to moisture. It was found that the average MC remained 
around 20% during framing under wet weather conditions before the roofs and exterior walls provided 
protection against rain penetration. It was therefore necessary to use forced drying, with space heating 
provided in these two buildings to dry wood quickly to achieve a MC below 19% before enclosure. By 
comparison, the need for moisture protection or forced drying greatly diminishes when the buildings 
including Phase B of Building No. 2 and Building No. 3 were framed in dry weather. The MC of most 
dimensional lumber stayed considerably below 19%, with an average MC of about 15% (Figure 2). 


 
Figure 1: Changes of moisture content during construction, measured at chest height of wall studs on the 1st floor of Building No. 
1, framed in wet weather 


 


Heating provided 
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Figure 2: Changes in moisture content measured at chest height of wall studs on the 4th Floor during construction of Phase B of 
Building No. 2, framed in relatively dry weather 


Related to this, the resistance-based moisture pins installed in Building No. 2 and No. 3 indicated that the 
MC of wood diminished slowly from construction into service. Using Building No. 3 as an example, the 
MC of the dimensional lumber members (sill plates, wall studs) on the first floor decreased from a range 
between 15% and 20% when the roof sheathing was installed, to a range from 8% to 15% half a year into 
service (Figure 3). The MC readings from the exterior wall were overall higher than those measured from 
the interior wall, and those measured from the sill plates were higher than those from chest height of the 
studs at each location. The measurement confirms that the final MC of dimensional lumber in service was 
around 8-9% in the heating season in this climate. 


The MC of wood is partially reflected by the environmental conditions it is exposed to. Based on the 
measurements of relative humidity (RH) and temperature in Building No. 3, the service environments were 
similar between the exterior wall and the interior party wall in the summer (June-August, 2015, Figure 
4Error! Reference source not found.). In the colder months of occupancy the interior wall was warmer 
and had greatly reduced RH due to space heating, compared to the exterior wall; in the same exterior wall, 
the RH on the exterior sheathing side was much higher than that on the interior drywall side. The RH 
adjacent to the plywood sheathing occasionally approached 80% in the winter of 2015, resulting from heavy 
influence of the exterior damp weather, typical of this climate. Wood would achieve an equilibrium 
moisture content of approximately 16% under constant environmental conditions at a RH of 80% and a 
temperature of 20°C (FPL, 2010). 
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Figure 3: Moisture content measurements based on resistance-based sensors installed in the party wall and the exterior wall on 
the 1st floor of Building No. 3 for 15 months from construction to service 


(Chart legends: “MC means “moisture content”, “ex” means “exterior wall”, “in” means “interior party wall”, “concrete” 
means “being adjacent to the concrete curb”, “center” means “in central sill plate”, and “chest” means “at chest height of wall 
studs”) 


 


 
Figure 4: Temperature and relative humidity measured from the party wall and the exterior wall on the 1st floor of Building No. 3 
for 24 months from construction to service 


(Chart legends: “T” means “temperature”, “RH” means “relative humidity”, “ex” means “exterior wall”, “in” means “interior 
party wall”, “sheathing” means “adjacent to exterior plywood sheathing”, “drywall” means “adjacent to interior drywall”, and 
“chest” means “at chest height of wall studs”) 
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LABORATORY ASSESSMENT FOR WETTING AND DRYING PERFORMANCE OF WOOD-


BASED ASSEMBLIES 


Roof Decks Based on Plywood, OSB, CLT, and LVL 


Laboratory Assessment 


Thin panels, such as plywood and OSB, are conventionally used in roofs or floor decks in North America. 
Mass timber systems based on CLT and laminated veneer lumber (LVL) etc. have been increasingly used, 
particularly in non-residential construction. Roof decks are typically subjected to a high moisture risk due 
to a high potential of wetting during installation and in service. Good drying capacity is therefore critically 
important as it may not always be practical to construct during dry weather. 


In this study a range of small-scale roof assemblies were built using plywood, OSB,  CLT, or LVL as the 
deck to assess differences in wetting and drying potentials (Wang, 2014). The plywood and OSB specimens 
used were roof sheathing products commonly used in larger buildings, both 19 mm in thickness. The CLT 
panels were made with 3-ply lumber and about 100 mm in thickness. The LVL was made with 13-ply 
veneer and about 40 mm thick. The major species was S-P-F except for OSB, which is typically made with 
aspen in North America. Most of the deck specimens were cut into dimensions of 300 mm × 300 mm, 
referred to as “small roof assemblies”; and some had dimensions of 900 mm × 1200 mm, referred to as 
“large roof assemblies”. Each test panel was edge-sealed with epoxy and each test condition had 3 
replicates. 


Each deck specimen, edges sealed with epoxy, was wetted using controlled spray of water to simulate a 
severe wetting incident caused by rain on construction sites. The specimens were horizontally placed on 
shelves under spray nozzles in the laboratory. The environmental RH was controlled at 90% with a 
temperature of 20°C. The top surface of each deck was hourly sprayed with water for about 2 weeks, with 
each spray lasting 5 seconds. This wetting scheme was intended to simulate the frequent small rain events 
in the coastal climate of British Columbia, with an estimated precipitation of about 300 mm in total. Each 
deck specimen was then built into a roof assembly to test the drying rates. Most test assemblies had a single 
layer of deck, except for a few built with 2-layer plywood. Double layers of sheathing could be specified 
for structural requirements in building projects. 


A self-adhered impermeable membrane, or standard 15-pound roofing felt plus asphalt shingles, simulating 
different roofing systems, was used to cover the wetted top surface of each deck specimen (Figure 5). 
Closed-cell spray foam insulation was applied underneath in several assemblies, simulating an interior 
insulation with low vapour permeance. Open-cell spray foam was applied in a few specimens as a reference 
of a more vapour-permeable interior insulation product. The assemblies with built-in moisture were 
subsequently exposed horizontally under different conditions to assess their drying rates. A larger group of 
test assemblies was exposed in a shed, which was covered but open to outside on one side, without solar 
exposure, mechanical ventilation, or space heating. This was used to simulate the condition of a newly built 
roof in this climate, when the roof deck was severely wetted during construction and subsequently covered 
with membranes, before space heating could be applied. The drying rates of most decks were assessed by 
periodically weighing each roof assembly, followed by calculating the average MC of each wood deck. A 
smaller group of large plywood specimens, covered with an impermeable membrane on the top, was each 
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installed above a plywood box, measuring 900 mm × 1200 mm × 1200 mm (height) located in the same 
shed. A small heater was placed in each box to maintain a temperature of around 20ºC, thereby creating a 
temperature differential across the roof assembly. This was used to assess the effect of a purposely created 
drying force, but under reversed temperature differential conditions. It was assumed by many practitioners 
that the impermeable roofing membrane above the plywood would prevent drying driven by such 
temperature gradients. Resistance-based moisture sensors were installed in each layer of the plywood 
sheathing to better assess drying performance. The moisture pins were insulated (coated) except at the tips 
with calibration based on lodgepole pine. In addition, reference specimens of plywood, OSB, CLT, and 
LVL without any covering material were exposed in the exterior to assess wetting and drying behaviour 
under exterior conditions in the winter. 


 


   
Figure 5: Left: Drying of small roof assemblies (covered with a self-adhered impermeable membrane or felt and asphalt shingles) 
on the shelves in the shed; Right: Drying of larger roof assemblies (covered with a self-adhered impermeable membrane or felt 
and asphalt shingles) in the same shed 


Results and Discussion 


Wetting Potential 


Figure 6 shows the average MC of different deck materials before and after the laboratory wetting, and 
when appropriate, after 2 months of exposure in the exterior. The composite specimens including plywood, 
OSB, and LVL, all started with an initial MC of about 6% before wetting, and the CLT specimens started 
with an initial MC of about 12%. After the laboratory wetting for about 2 weeks, the small plywood 
specimens achieved the highest average MC among the materials tested, around 70%. It was followed by 
the small OSB specimens, with an average MC of about 60%. The large plywood specimens had a lower 
MC of about 54% possibly because the number of nozzles was not large enough to cover the entire surface 
during the wetting procedure. By comparison, the LVL specimens achieved an average MC of about 32% 
and the CLT specimens had the lowest average MC, about 25%. Note these MC values were all based on 
gravimetric measurements, without accounting for variations in moisture distribution in each panel 
specimen. 


The controlled laboratory wetting scheme was partially justified by the comparable MC achieved by the 
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same deck materials after 2 months of natural exposure in a wet season in this climate. There were about 
36 days with precipitation above 0.2 mm, in a total precipitation amount of 190 mm during the period of 
natural exposure. The amount of moisture absorbed and kept for a given material depends on external 
factors, such as the frequency of wetting (e.g., rainy days), amount of water (e.g., precipitation), humidity 
levels, solar radiations, and other environmental conditions. The period of wetting is usually believed to be 
more important than the total amount of water falling on a wood surface to increase the MC. 


 
Figure 6: Average moisture content before and after laboratory wetting and after 2 months’ outdoor exposure from January to 
March in Vancouver 


The wetting potential of a material may dictate the level of on-site protection needed. The wetting tests 
showed that these different materials had very different levels of water absorption, or conversely, different 
levels of resistance to water absorption and internal distribution, when exposed to liquid water sources. 
These material properties are affected by internal factors such as wood species, manufacturing methods, 
sizes (e.g., panel thickness), adhesive contents of composite materials, and surface treatment, if present. 
Most Canadian softwood species, such as S-P-F, Douglas-fir, and hemlock, are known to have high 
resistance to water absorption and penetration. This was reflected by the low wetting potential of the CLT 
specimens. Compared to solid wood products, the micro-voids and increased exposure of wood end grains 
introduced during manufacturing are the main reasons why most composites have higher wetting potentials. 
However, these same features may facilitate drying under favourable conditions. In general the easier it is 
for moisture to get in; the easier it would be for moisture to evaporate from a material. However, as further 
discussed below, drying takes time and reducing wetting is therefore always a higher priority than taking 
measures to dry wetted wood in terms of moisture management. 


Effects of Membrane, Insulation, and Space Heating 


Figure 7 shows the large impacts of low vapour permeance materials on the drying rates. When a roof deck, 
regardless of whether it was plywood, OSB, CLT, or LVL, covered with an impermeable membrane on the 
top and closed-cell foam underneath, the MC of the wood barely changed during the entire test period of 
over 6 months. Moisture could not evaporate from the top surface because it was stopped by the 
impermeable membrane, and could not readily escape from the bottom surface, either, if it was able to 
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transmit across the thickness of the panel, due to low vapour permeance of the closed-cell spray foam. 
Inspection following this drying test found dampness in the wood surfaces, even liquid water on the 
impermeable membrane in some assemblies, and mould growth on several specimens. This confirms that 
wood should never be closed in with materials with low vapour permeance since they eliminate the drying 
ability. 


When the top surface of a deck specimen was covered with the same impermeable membrane but the bottom 
surface was not covered with closed-cell spray foam, the drying performance significantly improved for 
plywood, followed by OSB, and then the LVL specimens. However, the MC stayed flat for the CLT 
specimens, with and without closed-cell foam underneath the decks. Thick wood panels, such as CLT, do 
not allow quick moisture transmission across the thickness (McClung et al., 2014). Therefore for thick roof 
/ floor decks in a building, drying towards the interior is expected to be very slow even under favourable 
conditions and should not be relied on as a practical solution to drying construction moisture or rain leaks 
in service. More robust design measures, such as integrating an interior ventilation cavity as used in the 
Wood Innovation and Design Centre should be provided (Finch 2016; Wang et al., 2016). 


 
Figure 7: Average moisture content of four types of decks, covered with an impermeable membrane on the top, with and without 
closed-cell foam underneath during drying in shed 


Regarding different roofing materials, it is perceived by some practitioners that compared with 
impermeable synthetic roofing membranes, standard roofing felt and asphalt shingles should have better 
“breathability” and therefore would allow wood to dry out. However, this perception did not appear to be 
borne out by this test. Comparing the two curves in Figure 8 for plywood, with the initially wetted top 
surface covered with an impermeable membrane or felt + shingles, with and without closed-cell spray foam 
underneath, the use of felt + shingles showed slightly higher drying rates, but the advantage appeared to be 
only marginal. Figure 8 also shows that the assemblies built with 2 layers of plywood were much slower in 
drying, compared with the single layer counterparts, when both were covered with an impermeable 
membrane on the top. 
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This test suggested that drying would take a long time once wood panels get severely wet. Figure 8 shows 
that it took about 30 days for the most permeable assembly in this test, i.e., the plywood covered only with 
open-cell foam underneath, to dry from 70%, the initial MC after wetting, to 30%. It took 50 days for the 
plywood covered with felt + shingles on the wetted surface, and 70 days for the plywood covered with 
impermeable membrane on the wetted surface, to reach a MC below 30%. For the assemblies built with 2-
layer plywood, the MC stayed above 40% for about 100 days, and above 30% for about 160 days. Research 
has shown that at a temperature of about 20°C, decay fungi can colonise kiln-dried wood products when 
the MC rises to a threshold of 26%, which can be considered the low end of fibre saturation point (typically 
26% to 30%) (Wang et al., 2010). Under such marginal moisture conditions, it takes several months or 
longer for structural damage to occur when all other conditions are favourable for decay; higher MC can 
speed up decay dramatically (e.g., in weeks). Apparently the risk for the most impermeable assemblies, i.e., 
with both impermeable membrane and closed-cell foam, would be the highest from the perspective of the 
wood moisture conditions conducive to decay. 


 
Figure 8: Average moisture content of plywood decks in various roof assemblies during drying in shed 


Figure 9 shows the effect of reversed temperature gradients on the drying performance of plywood covered 
with an impermeable membrane on the top. Forced drying methods, typically space heating can be used to 
accelerate drying during construction in a relatively convenient and cost-effective way, when necessary. It 
appeared that space heating provided in the plywood box below dried this large plywood reference 
specimen relatively quickly. The surface measuring spots in the top layer of plywood right below the 
membrane, i.e., a location with the highest moisture risk reached a MC of about 20% after about 40 days 
in a heating season (April, May). Apparently moisture was able to dissipate from underneath, in the 
direction opposite to the temperature gradients. Increasing temperature in the wet wood increased the 
internal vapour pressure and the increased vapour pressure gradients must have driven the moisture towards 
the heated box below. This drying ability under reversed temperature differentials may not be anticipated 
by all practitioners. The test overall demonstrated the effectiveness of space heating in drying light wood-
frame construction before closing-in in a wet climate. However, heating will not be highly effective for 
drying mass timber construction, as shown below for NLT assemblies. 
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Figure 9: Moisture content readings from sensors installed in different layers of plywood covered with an impermeable 
membrane on the top and with space heating provided below 


(B1, specimen number; P—plywood; number after “P”: 1, 2—top layer; 3, 4, 5—middle layer; 6, 7—bottom layer of plywood) 


 


Nail-Laminated Timber 


Laboratory Assessment 


Built-up assemblies, such as NLT, have been increasingly used, particularly in commercial and industrial 
construction. They offer many advantages, particularly where large spans are required, compared to 
traditional light-frame systems built with dimensional lumber and sheathing panels. However, built-up 
assemblies (including the 2-ply plywood roof assembly tested above) tend to have high wetting but low 
drying potential, primarily due to the small gaps introduced by mechanical lamination. In typical Canadian 
practice, the nail lamination of boards is pre-fabricated in a factory, with the sheathing on the top, typically 
plywood, pre-installed in the factory or installed at the site. The areas where plywood connects the adjacent 
NLT modules can only be installed at the site to meet structural requirements. Prefabricators also try to pre-
install a protective membrane to reduce the risk of wetting during construction (StructureCraft, 2015; 
Binational Softwood Lumber Council, 2017). This test aimed to assess the wetting and drying performance 
of a range of NLT assemblies in order to identify practical solutions to on-site moisture management in the 
North American context (Wang, 2016c). 


NLT (called “a beam” when there was no plywood sheathing on the top) was built to simulate a floor or 
roof deck. Each beam consisted of 6 boards of nominal 2 in. × 8 in. (38 mm × 180 mm) Douglas-fir 
dimensional lumber, being 900 mm long. In addition to reference beams without any covering material, a 
few NLT beams were covered with plywood sheathing, with or without a gap in the middle to simulate a 
joint between plywood sheets in field. In a few test specimens, a type of membrane was installed above the 
sheathing or between the beam and the sheathing as a potential protection mechanism for the NLT below. 
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Three types of membranes including Grade D asphalt-impregnated building paper, a vapour-permeable 
synthetic membrane, and a vapour-impermeable self-adhesive membrane were assessed for their potential 
protection function against water penetration. 


   
Figure 10: Left: Nail-laminated timber test assemblies under outdoor exposure at FPInnovations’ Vancouver laboratory; Right: 
Nail-laminated timber assemblies undergoing drying above plywood boxes in the shed 


In further detail, three groups of assemblies were tested under different wetting and drying conditions. One 
group consisted of test assemblies, which were pre-built (with a NLT beam only, or together with plywood 
sheathing and building paper on the top) and subjected to laboratory wetting through spray of water for 
approximately 18 days, with each spray lasting 5 seconds. It was estimated that about 80 litres of water in 
total was sprayed on each specimen, roughly equivalent to a rainfall of about 350 mm. The specimens were 
subsequently set up in the shed for assessing the level of moisture protection that had been provided by the 
sheathing or the building paper during the wetting procedure and the drying rates afterwards. The second 
group was subjected to the same scheme of laboratory wetting; but the NLT beam and the plywood 
sheathing of each assembly were separately wetted by spray of water to simulate the worst scenario of 
wetting that could occur at a site. They were then assembled into test specimens and installed above the 
plywood boxes located in the shed for assessing drying performance, with or without an impermeable 
membrane covering the wetted top surface, and with or without purposely created temperature differentials 
simulating space heating. In addition, a group of specimens were installed outdoors for assessing their 
wetting and drying behaviour, including the potential protection provided by each type of membrane 
products (Figure 10). In each assembly several moisture sensors were installed at various locations to 
measure the changes in local MC. 


Results and Discussion 


Moisture Protection Provided by Sheathing or Building Paper during Laboratory Wetting 


Overall the wetting scheme used in the laboratory through controlled spray of water was more intense than 
the natural wetting occurred during the outdoor exposure. For an unprotected NLT beam, the sensors 
installed in the surface of NLT showed MC of over 40%, indicating that these locations were very wet with 
MC beyond the upper measurement limit, when the drying test started in the shed (Figure 11). But the 
surface locations dried relatively quickly under sheltered conditions in the shed, with the MC reaching 20% 
after about 2 months. However, the central measurement locations showed MC close to 30% at the 
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beginning; moreover, the MC stayed high for a long period of time. They slowly dropped to 20% at the end 
of August, 5 months into the drying test after a drier than normal summer. This might have led to decay but 
the assembly was not opened for inspection. 


When there was plywood sheathing on the top (Figure 12), the NLT beam stayed relatively dry. Not 
surprisingly the plywood showed very high MC, exceeding the upper limit of 45% of the MC measurement 
system after the laboratory wetting procedure. But it also dried relatively quickly, with the MC falling 
below 20% in mid-June, after about 2.5 months in the shed. However, when there was a gap in the sheathing, 
not only the plywood itself but also the NLT beam below showed considerable wetness (Figure 13). This 
implies that all joints in sheathing should be immediately sealed after installation in field to avoid trapping 
moisture in the NLT below. When building paper was used for protection, either being installed between 
the sheathing and the NLT or directly above the sheathing, some moisture was able to pass the sheathing 
and reach the NLT below (Figure 14). The NLT appeared to be slightly damp with a surface (below 
plywood) MC of around 20%. This test demonstrated the risk of moisture entrapment in NLT when exposed 
to rain and a moderate level of protection that may be provided by sheathing or building paper installed 
above NLT. 


 
Figure 11: Moisture content in nail-laminated timber without covering sheathing, when drying in a shed after laboratory wetting 


(S1—specimen number; L—boards of NLT; number after “L”: 1, 2—top surface; 3, 4, 5, 6—central; R—bottom) 
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Figure 12: Moisture content readings from sensors installed in S2 beam and plywood sheathing, when drying in a shed after 
laboratory wetting 


(S2—specimen number; L—boards of NLT; number after “L”: 1, 2—top surface; 3, 4—central; R—bottom; P—plywood; P1, 
P2—middle layer of plywood) 


 


 
Figure 13: Moisture content in nail-laminated timber with covering plywood sheathing, without gap in the sheathing, when 
drying in a shed after laboratory wetting 


(S3—specimen number; L—boards of NLT; number after “L”: 1, 2—top surface; 3, 4—central; R—bottom; P—plywood; P1, 
P2—middle layer of plywood) 


M
oisture content (%


) 
M


oisture content (%
) 







 


 


Paper 16                                                                                                     Page 15 of 22 
 


 


 
Figure 14: Moisture content in nail-laminated timber with building paper installed for protection during laboratory wetting, when 
drying in a shed 


(S4/S5— specimen number; L—boards of NLT; number after “L”: 1—top surface; 3—central) 


Effect of Space Heating on Drying 


When a wetted test assembly which included both NLT beam and plywood without any covering membrane 
was installed above a plywood box without heating provided below, both plywood and NLT beam dried 
slowly in the shed (Figure 15). Most measurement spots in the NLT beam stayed above a MC of 20% 
during the entire test of 7 months, except for the bottom surface, where the MC reduced below 20% in 
about 2 months. The plywood also stayed wet, with the MC above 20% throughout the entire test period. 
When the same assembly was set on a plywood box with heating provided inside, the drying of both 
plywood and NLT beam appeared to slightly speed up, with the MC in plywood reduced to around 20% 
after about 2 months. But the central areas of NLT did not reach 20% until the end of August, after about 5 
months into the drying test. 


The worst scenario occurred when the assembly was covered with a vapour-impermeable membrane and 
no heating was provided in the plywood box underneath. The MC readings from most measuring locations 
in both of the plywood and the NLT beam stayed flat throughout the entire drying test after the laboratory 
wetting procedure. Providing heat appeared to slightly speed up drying of the portion of the NLT beam 
right above the heated space; the heating did not improve drying of the plywood sheathing on the top (Figure 
16). The MC readings from the top and the middle layer of the plywood increased in the summer likely due 
to moisture redistribution resulting from the outward vapour gradient; however, moisture dissipation to the 
exterior was completely stopped by the impermeable membrane installed on the top. 


The test indicates that when materials are wet, they should be dried prior to assembly or enclosure. An 
assembled system will have greatly reduced drying ability, even when there is no impermeable material 
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(e.g., vapour-impermeable membrane, plastic foam) to stop moisture evaporation, and even under forced 
drying conditions. The water and vapour permeability of a material has a large effect on the drying ability. 
Most wood products are not permeable enough to allow quick dissipation of moisture; the internal resistance 
to moisture movement also greatly increases with increase in dimensions. Space heating is effective in 
accelerating drying of thin or small elements (e.g., plywood). But its effectiveness greatly diminishes with 
increase in the depth of products / assemblies, since wood is a good insulator with poor heat conduction 
inside. For NLT, some level of air flow between boards may improve heat transfer and consequently the 
drying rates. But the boards are closely laminated and fastened to meet structural requirements; moreover, 
any gap between boards further reduces in wet assemblies resulting from wood swelling. However, when 
NLT becomes wet during construction, heating plus ventilation, such as in a means of blowing hot air, 
remains probably the most practical solution to accelerating drying, especially in a cold and damp climate. 
Ideally the hot air should be directly blown to the NLT surface, i.e., removing any sheathing or membrane 
on the top, when present in order to accelerate evaporation from the surface. Impermeable membranes, 
when present should always be removed prior to use of forced drying since they inhibit drying. 


 
Figure 15: Moisture content readings from sensors installed in nail-laminated timber, covered with plywood sheathing, without 
membrane on the top or space heating below 


(B4—specimen number; L—boards of NLT; number after “L”: 1, 2—top surface; 3, 4, 5, 6—central; R—bottom) 
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Figure 16: Moisture content readings from sensors installed in plywood sheathing covering nail-laminated timber, with 
membrane on the top and space heating below the NLT 


(B5—specimen number; P—plywood; number after “P”: 1, 2—top layer; 3, 4, 5—middle layer; 6, 7—bottom layer of plywood) 


Protection Provided by Membrane during Natural Exposure 


During the outdoor exposure the reference NLT specimen (without plywood or membrane on the top) 
showed high MC, not only in the top surface but also in the central areas, due to intense rain after the test 
was set up in December. Regarding moisture protection provided by a membrane product, it appeared that 
the impermeable membrane provided the best protection to the plywood and NLT below. By comparison, 
neither the building paper nor the vapour-permeable synthetic membrane was able to completely stop 
moisture penetration, even when there was no small hole caused by staples as in field; the MC readings 
from the top surface of plywood remained around 35% and those from the NLT roughly below 25% 
throughout the test. The building paper appeared to be slightly more water-resistant than the synthetic 
membrane tested. Integrating either of them between the beam and the plywood provided slightly better 
protection to the NLT compared to installing it above the sheathing. Note that installing a synthetic 
membrane on a horizontal structure, such as a floor or a roof, may make the surface slippery and become a 
safety hazard for construction. 


In terms of implications on practical on-site protection measures, heavy-duty roofing membranes are much 
more water-resistant and can provide better protection than the commonly used vapour-permeable 
membranes used for exterior walls. Pre-installing a roofing membrane on a sheathed NLT can work well 
for a roof structure, when the protection work is coordinated with the roofer and other parties involved. 
Note that the roof areas that are to be connected with adjacent NLT or plywood sheathing and cannot be 
pre-assembled due to structural reasons should be kept to a minimum. Those areas will require immediate 
protection once assembled at the site to prevent moisture ingress and entrapment from the joints. 
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However, for other NLT applications such as floors and elevator shafts, where installing a roofing 
membrane or other impermeable membrane becomes not practical, a light-duty membrane may be pre-
installed as a temporary protection measure. Note some moisture may pass through the membrane, 
particularly when used on a horizontal surface. The assemblies should therefore be sheltered by other parts 
of the building (e.g., roof) for more reliable protection as soon as the construction allows. Space heating 
may become necessary to speed up drying if rainwater is found to have penetrated the protective membrane 
during construction. If the selected membrane is vapour-permeable, the membrane may be installed right 
above a NLT deck if the sheathing has to be installed at the site. This will provide slightly better protection 
to the NLT and the sheathing installed at the site also avoids potential damage to the membrane from wear 
and tear during construction. It should be pointed out that compared to relying on a protective membrane, 
the most effective and reliable on-site protection can be provided by a temporary roof / shelter (Wang, 
2016a). In a wet climate, planning the work around a temporary roof may become cost-effective as it brings 
certainty to protecting products / assemblies that are highly susceptible to entrapping moisture and tend to 
dry slowly after wetting incidents. 


WETTING AND DRYING OF CLT FLOORS IN BROCK COMMONS BUILDING 


Field Measurement 


Exposure of small panels can be useful for assessing moisture uptake, but there is no substitute for field 
performance data. The moisture levels in the 18-storey Brock Commons building on the campus of the 
University of British Columbia were assessed during the construction (Wang and Thomas, 2016). The 
building is 53 m high with 17 stories of mass timber construction sitting on a concrete podium. The five 
ply (169 mm thick) CLT floors were point supported by multiple columns, mostly composed of glue-
laminated timber, but with parallel strand lumber (PSL) columns on the lower floors. Related to this work, 
there was another monitoring study of wood MC and building movement in this building (Mustapha et al., 
2017). 


Erection of mass timbers started in early June and was completed in mid-August 2016. An average of two 
floors was erected every week by nine workers. Comprehensive on-site moisture protection measures were 
applied, ranging from reducing exposure time to rain through a high level of prefabrication, good 
construction sequencing and quick installation, immediately sealing joints upon installation of CLT floors, 
to applying water repellent on CLT floors (Wang and Thomas, 2016). Wood MC was measured on periodic 
site visits (roughly every two weeks), covering both dry weather and conditions after rain events. For 
example, MC readings were taken on newly installed floors and then 1, 4 and 14 days after heavy rain to 
assess the impact of exposure to rain. There were a total of 31 rainy days and 124 mm of precipitation over 
the period of 71 days for timber installation. When it was not raining, the weather was overall warm and 
windy, creating favorable conditions for drying wood. 


The MC measurements focused on CLT floor panels using a hand-held Delmhorst RDM3 resistance-based 
moisture meter. The measurements covered “normal” wood (i.e., no visible defect, away from end grain), 
end grain close to finger-joints, and blue-stained sapwood of beetle-killed lodgepole pine. About 20 
readings were taken 5 mm inward from the surface at random locations on CLT panels located in the 
southeastern part of each floor. Deeper measurements were not conducted because of concern about 
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potential damage to the floor. No measurement was made once a floor was covered with concrete topping. 


Results and Discussion 


The measurements showed that the MC readings from the CLT panels during the entire period of installation 
did not change greatly (Figure 17). The average MC ranged from 12% to 18%, with a standard deviation 
within 2.5%. It was found that the rain events, including the heavy showers on June 23 with a daily 
precipitation of 13 mm, did not have a large impact on MC of the CLT panels on the 5th floor, which was 
directly exposed to rain after installation (Figure 18). This was again confirmed later on the top floor (Level 
18), after the mass timbers were installed and a few rain events occurred before the roof was installed. 
Overall the wetting was not severe enough for us to evaluate drying performance of CLT. However, 
dripping of water through joints of CLT panels and gaps within panels, despite taping at joints, was found 
to cause wetting to the underneath ceiling and columns, PSL columns in particular. The risk of moisture 
will likely increase under wetter and less favourable weather conditions for drying (e.g., in the winter in 
this climate), which may require more effective protection methods. 


It was noticed that the MC readings were higher, typically by a few percentage points, when measured on 
CLT panels with water present after rain. End grain generally showed higher readings after rain events. 
Measurement at end grain of CLT panels was not emphasized in this study since end grain typically gets 
wet easily but also dries out quickly, when conditions allow. Blue-stained wood was confirmed to retain a 
higher amount of moisture than non-blue-stained wood. Minimizing the time of exposure to rain remains 
the most critical to reduce built-in moisture and its potential consequences in such mass timber construction. 


 
Figure 17: Moisture levels in CLT panels on different floors during the construction of the 18-storey Brock Commons building 


 
Figure 18: Moisture levels in CLT immediately after installation, and 1, 4 and 14 days after heavy rain on level 5 in the 18-storey 
Brock Commons building 
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CONCLUSIONS 


The major conclusions and implications that can be drawn from these studies include: 


 Without purposely provided on-site protection, the MC of “S-Dry” S-P-F and Douglas-fir 
dimensional lumber remains around 20% on average before a light wood-frame building is 
sheltered and heated in the wet season in the coastal climate of British Columbia. The MC level is 
considerably lower, around 15%, during framing in relatively dry weather. As expected on-site 
moisture protection remains important in a wet season. 


 Different wood materials have different wetting and drying potentials and may require different 
levels of on-site moisture protection. In general thin composite panels including plywood and OSB 
have high water absorption, when exposed to water; but may also dry relatively quickly under 
favourable weather conditions. CLT, a type of glue-laminated solid wood panel, shows a relatively 
low wetting potential, especially in the central areas of boards. However, those areas also dry very 
slowly once wetted. As an example of built-up assemblies, NLT floor panels have a high potential 
to trap moisture between boards; the subsequent drying can be very slow. Assemblies that have 
poor drying performance after wetting require more attention to reducing the wetting potential 
through on-site protection and also to increasing the drying capacity through robust design 
measures. 


 Wet wood members should always be dried prior to further assembly or enclosure. Drying is much 
slower in thicker or built-up members / assemblies, such as 2-layer plywood, LVL, CLT, and NLT. 
Any roof / floor deck should be avoided to be enclosed in materials with low vapour permeance 
(e.g., impermeable membrane on the top and closed-cell spray foam underneath) to avoid 
eliminating the drying ability. 


 For NLT, a small degree of protection can be provided by the sheathing on the top, such as plywood 
when it is installed prior to exposure. The gaps in the sheathing, when pre-installed, should be 
immediately sealed upon installation to prevent trapping moisture in the NLT. However, the 
sheathing, typically being absorptive of water, should also be pre-protected, if possible. 


 On-site moisture protection may be provided by a membrane product. The protection provided by 
the building paper appeared to be slightly better than that by the vapour-permeable synthetic 
membrane assessed in this test; but neither of them showed adequate protection during the outdoor 
exposure. In field these products are only recommended for use as a temporary protection measure 
when more advanced methods are not possible. The building paper or synthetic membrane may be 
pre-installed above a NLT in a factory if the structural sheathing has to be installed at the site. Note 
a synthetic membrane may make a horizontal surface slippery and cause a safety hazard in 
construction. 


 Space heating is most effective in drying relatively thin products / assemblies, such as plywood, 
even under reversed temperature differential conditions (, when the panel is covered with an 
impermeable membrane on the top with no insulation underneath) . However, heating is much less 
effective in drying thick and large built-up members, such as NLT, particularly when it is covered 
by an impermeable membrane. 
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 Field measurements during the 18-storey Brock Commons project confirmed that CLT panels made 
with Canadian S-P-F wet up slowly. On-site protection should be focused on measures to reducing 
the time of exposure to rain and also protection of interior finishing and fire protective measures 
(e.g., gypsum) below. 
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ABSTRACT 


Vertical movement in buildings due to changes in environmental conditions and loads must be considered 
at the design stage to ensure structural safety, serviceability, and building envelope durability. For a wood 
or wood-hybrid building, considerations for differential movement occurring between wood and rigid 
components (e.g., concrete / masonry elevator shaft, masonry cladding), between different environments 
(e.g., interior and exterior walls), and between different materials (e.g., solid-sawn, engineered wood) 
becomes particularly important for mid-rise and taller buildings due to its cumulative effect. Vertical 
movement in a wood structure is primarily caused by shrinkage resulting from wood drying and load-
induced deformation, with the former typically being dominant and loads contributing only a small 
amount. For purposes of assessing the impact of various factors involved and improving the prediction of 
vertical movement in design, field measurement of vertical movement in four buildings, including 4-, 5-, 
6-storey light wood-frame buildings in Metro Vancouver, and a 6-storey mass timber building (Wood 
Innovation and Design Centre) in Prince George were carried out using sensors installed after topping out 
of the structure. It was found that the amount of vertical movement was affected by the type of structure 
(e.g., light platform-frame, mass timber), materials (e.g., dimension lumber, engineered wood products), 
construction season and MC, and loads. For example, the movement amount reached 45 mm (i.e., about 
11 mm/floor or 0.41%) at an interior partition wall of the 4-storey building, framed under wet weather 
conditions. In the 6-storey wood-frame building built with engineered wood floor joists, the shortening of 
interior walls was about 6 mm/floor (0.21%). In the 6-storey mass timber building using glulam columns 
and cross-laminated timber walls for bearing loads, two glulam columns each showed vertical movement 
below 3 mm (i.e., 0.04%) with a height of over 5 m and 6 m, respectively. The cumulative shortening of 
the six glulam columns along the height of the building is expected to be approximately 11 mm (i.e., 2 
mm/floor). 


INTRODUCTION 


Vertical movement in buildings must be considered at the design stage to ensure structural safety, 
serviceability, and building envelope durability. Almost all building materials move slightly resulting 
from changes in environmental conditions and loads. The vertical movement of wood in a gravity load 
path of a building is caused by shrinkage or swelling due to moisture content (MC) changes, and load-
induced deformation including instant compression and time-dependent deformation, i.e., creep (Wang 
and Ni, 2012). In addition, vertical movement over the height of a wood-frame building is caused by 
closing of the gaps between elements arising from manufacturing and construction tolerances under loads. 
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The relative contributions of MC change and loads were assessed by measuring vertical movement under 
changing MC conditions using two simulated loaded platform frame structures in laboratory, and it 
confirmed that wood shrinkage was a major cause and loads had a smaller effect (Wang and King, 2015). 
Related to the design and construction of a wood or wood-hybrid building, differential movement is the 
concern and it can occur between wood and rigid components (e.g., concrete / masonry elevator shaft, 
masonry cladding), between different environments (e.g., interior and exterior walls), and between 
different materials (e.g., solid-sawn, engineered wood). Taking into account differential movement in 
design becomes particularly important for mid-rise and taller buildings due to its cumulative effect. It was 
identified to be one of the major concerns of design when the building code was changed in British 
Columbia in 2009 to allow 5- and 6-storey wood-frame residential construction (Professional Engineers 
and Geoscientists of BC and Architectural Institute of BC, 2009). 


FPInnovations started a vertical movement monitoring project in 2010 to assess the impacts of climate, 
structural type, material use, and construction methods on vertical movement, and help validate 
movement estimation methods; very little data were available at that time (Wang and Ni, 2012). This 
paper provides an overview about field measurement in four buildings, including 4-, 5-, 6-storey light 
wood-frame buildings in Metro Vancouver and a 6-storey mass timber building, i.e., the Wood 
Innovation and Design Centre (WIDC) in Prince George and comparisons between measured building 
shortening and calculated wood shrinkage to help improve the prediction of vertical movement in design. 


MATERIALS AND METHODS 


 


Construction Information 


4-, 5-, and 6-Storey Wood-Frame Buildings 


The three light wood-frame residential buildings, 4, 5, and 6 storeys tall, respectively were built with 
similar platform-frame structure by the same company in the same coastal climate of British Columbia 
(Wang et al., 2013; Wang and Ni, 2014; Wang, 2016). The buildings used similar materials of “S-Dry” 
dimension lumber, mostly with nominal 2 in. by 6 in. (in actual dimensions of 38 mm by 140 mm) for 
wall plates and studs. The major difference in material use was dimension lumber floor joists (nominal 2 
in. by10 in. with actual dimensions of 38 mm by 235 mm) were used in the 4-storey building as a 
common practice in low-rise wood-frame construction in Canada, but engineered wood floor joists 
including laminated strand lumber rim joists and I-joists (with OSB as the web and laminated veneer 
lumber as the flange, with an actual depth of 235 mm) were used in the 5- and 6-storey buildings to 
reduce vertical movement. “S-Dry” is a lumber designation in North America indicating that the MC is 
19% or below when it is planed or surfaced to the standard lumber dimensions. The Canadian building 
code requires that the MC of lumber shall be not more than 19% at installation (NRC, 2010). This is 
usually interpreted in practice that the MC of wood shall be not more than 19% at enclosure. Being 
similar among these three buildings, double-stud party walls were built between suites and staggered-stud 
walls were built for hallways. The buildings all had double layers of top and bottom plates except on the 
first floor. Movement of sill plates was not measured nor discussed in this paper1. Plywood was used for 


                                                      


 
1 It is estimated that a single layer of wall plate has vertical movement of about 0.8 mm (Table 3). 
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subflooring. Table 1 summarizes the major wood members used in these three buildings that could 
contribute to vertical movement, together with their dimensions. In addition to material use, construction 
seasons, which affect the MC of wood during construction (Wang, 2017), varied. The 4-storey building 
was framed from September to December, 2010 and the wood was exposed to excessively wet weather 
before it was sheltered by the roof and exterior walls. The 5-storey building had two phases, with Phase A 
framed from February to June, 2011 under wet weather conditions and Phase B, framed from June to 
October, 2012, in much drier weather. The 6-storey building was mostly framed over the summer of 2014 
but with the last framing stage exposed to wet weather. The MC of dimension lumber remained on 
average about 20% when exposed to the wet weather in the winter in the coastal climate, and about 15% 
under warmer and drier conditions in the summer (Wang et al., 2013; Wang and Ni, 2014; Wang, 2016). 


 
Figure 1: Light wood platform-frame construction 


Table 1: Major wood elements and their dimensions in three light wood-frame buildings 


Building Element 4-Storey Building 5-Storey Building 6-Storey Building 


Bottom/top plates 
Dimension lumber, 2-layers at 
each location, 38 × 14 = 532 


mm 
38 × 18 = 684 mm 38 × 22 = 836 mm 


Floor joists Dimension lumber, 235 × 3 = 
705 mm 


Engineered wood, 235 × 4 
= 940 mm 


Engineered wood, 235 × 5 
= 1175 mm 


Wall studs Dimension lumber, 2440 × 4 = 
9760 mm 2440 × 5 = 12200 mm 2440 × 6 = 14640 mm 


Subflooring Plywood, 15.8 × 3 = 47.4 mm 15.8 × 4 = 63.2 mm 15.8 × 5 = 79 mm 


Total height 11,044 mm 13,887 mm 16,730 mm 


6-Storey Mass Timber Building 


Vertical movement was measured in the WIDC building, a 6-storey mass timber building located in 
Prince George (Wang et al., 2016). The building has a height of 24.5 m for its main six floors, with a total 
height of 29.5 metres including the roof-top mechanical room. This building showcases the applications 
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and capacities of various wood products, including cross-laminated timber (CLT) core structure of an 
elevator shaft and staircases, glued-laminated timber (glulam) columns, CLT floors and roof structure, 
parallel strand lumber transfer beams, and laminated veneer lumber columns and structurally insulated 
panels (SIPs) in the exterior walls. Related to vertical movement, this building primarily uses glulam 
columns, which are connected using metal connectors along the height for bearing gravity loads, and CLT 
shear walls in the core of the building for bearing lateral loads. 


 
Figure 2: Glulam columns and beams, and CLT panels in the roof structure of the WIDC building (courtesy of Michael Green 
Architecture) 


Field Measurements 


Similar instruments were installed in these four buildings to measure vertical movement. A type of draw 
wire displacement sensors, with a measurement range of 50 mm (Model WPS-50-MK30-P50) was used. 
Most sensors were installed after the roof sheathing was installed and the building was sheltered from rain 
in order to protect the sensors from water damage. The monitoring locations and the number of sensors 
installed in each building are summarized in Table 2. In the three light wood-frame buildings, a 
displacement sensor was installed for each floor to measure vertical movement at selected monitoring 
locations (Figure 3). The sensors for measuring the bottom floors each covered wood members including 
two bottom plates, wall studs, one floor joist, subflooring, and two top plates. The sensors for the top 
floor in each building only covered wall studs and top plates between the roof trusses and the wall studs 
below. 
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Figure 3: Illustration of installed displacement sensors on each floor in the 6-storey light wood-frame building 


In the WIDC building built with mass timber, it was not possible to have a continuous measurement of 
vertical movement throughout the height of the building. There was a challenge of aesthetically 
concealing instruments using existing building elements. Unlike light wood frame construction, many 
members in the WIDC building, such as glulam columns, were designed to be fully exposed to the 
interior. Given the limited space available, measuring vertical movement was focused on glulam columns, 
with the displacement sensor covering the CLT floor above in a few cases at three locations (i.e., 
Locations 1, 3, 4 in Table 7; Figure 4). These measurements were focused on the three lower floors of the 
building. The major reason was that the top three floors were built to be tenanted spaces without interior 
finishes provided upon building completion; therefore concealing instruments within these unfinished 
areas became almost impossible. Design theory and previous research also supports that the vertical 
movement at lower floors will generally be greater than the upper floors due to the effect of gravity loads 
(Wang et al., 2013; Wang and Ni, 2014; Wang, 2016). In addition to glulam columns, the CLT wall of the 
core structure (Location 5, Table 7) was measured for vertical movement on the top five floors, where the 
CLT wall was to be covered with drywall after the instrumentation. A displacement sensor was installed 
from the CLT floor up to the ceiling, or up to the ledger below the ceiling on these floors. The CLT wall 
on the first mezzanine floor was not measured since the double high CLT wall was designed to be fully 
exposed to the interior. The original distance (gauge length) covered by each displacement sensor was 
measured to estimate the ratio between vertical movement and gauge length, and consequently the 
movement of the entire CLT wall. All sensors were connected to data loggers with data collected and 
transmitted hourly through a laptop installed inside each building. 
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Figure 4: Displacement sensors installed in the WIDC building to measure vertical movement of glulam columns and CLT floors 


Table 2: Measurements of vertical movement using displacement sensors in four buildings 
Instrumentation 


Information 
4-StoreyBuilding 5-Storey Building 6-Storey Building 6-Storey WIDC 


Measurement 
locations 


An interior hallway 
wall, an interior 
partition wall, an 


exterior wall 


An interior hallway 
wall, an interior 
partition wall, an 


exterior wall in both 
Phases A and B  


An interior party wall, a 
hallway wall, and a 
partition wall, plus 


bottom two floors of an 
exterior wall 


Two glulam columns, 
glulam column together 
with CLT floor at three 
locations, and CLT wall 
on each floor from 2nd to 


6th floor 
Number of 


displacement 
sensors  


One sensor for each 
floor, 12 sensors in total 


One sensor for each 
floor, 30 sensors in 


total 


One sensor for each 
floor, 20 sensors in total 14 sensors in total 


Period of 
monitoring 


17 months 
21 months for Phase 
A and 17 months for 


Phase B 
24 months 14 months 


RESULTS AND DISCUSSION 


Vertical Movement in Three Light Wood-Frame Buildings 


A displacement sensor records any movement (i.e., vibration, shrinkage / swelling, load-induced closing 
of gaps and deformation, etc.) in the direction measured. Its readings in a long term, however, show 
downward movement, i.e., shortening resulting from wood shrinkage and load-induced movement in the 
building (Wang et al., 2013; Wang and Ni, 2014; Wang, 2016). Overall the displacement readings tend to 
have high fluctuations during the construction, resulting from vibration due to various construction 
activities adjacent to sensors (Figures 5-7). The downward movement, i.e., building shortening at this 
stage was primarily caused by the increase in loads resulting from installation of drywall and other 
interior and exterior finishing materials, before the wood could dry. Increased loads accelerate closing of 


Displacement sensors 
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gaps between elements in the gravity load path, together with a small amount of deformation (i.e., 
compression). The displacement readings became more consistent, with reduced fluctuations after the 
major construction stages. The mechanisms for shortening gradually shifted towards wood shrinkage 
under warmer and drier service environments, for example, after the building was occupied, particularly 
when space heating was provided. In general the vertical displacement amounts levelled off after over one 
year in service, typically after the first heating season. The movement amounts of the bottom floors were 
generally higher than those of the upper floors at each line of measurement (Figures 5-6), and the interior 
walls had higher amounts of movement than the exterior wall (Figure 7). These differences are believed 
to be caused by differences in wood MC and loads. For example, exterior walls typically have higher MC 
than interior walls (Wang, 2016) and lower floors bear higher gravity loads than upper floors. The 
movement readings also showed seasonal changes, e.g., slight swelling due to higher indoor humidity in 
the summer. It appears that such changes were most obvious in the interior walls and on lower floors 
(Figures 6-7). 


Both shrinkage and creep of wood in normal building service are slow movements and do not cause 
sudden changes and large fluctuations in vertical movement measurements. The readings from a number 
of displacement sensors installed in these three buildings started drifting with high fluctuations after the 
sensors were in service for over one year, probably due to loosening of the wire inside the sensor. For 
calculation purposes an estimate of vertical movement was provided to replace the displacement readings 
based on trend of the curve for each of those sensors. Summing up the measured movement amount of 
each floor, it was found that from top of sill plates to underside of roof trusses, the building shortening in 
the 4-storey wood-frame building reached about 43 mm at the interior hallway wall, 45 mm at the interior 
partition wall, and 34 mm at the exterior wall after a monitoring period of 17 months. In the 5-storey 
building, the downward vertical movement in two interior walls reached about 39 mm when it was 
framed in a wet construction season, and about 21 mm when it was framed under warmer and drier 
conditions. In the 6-storey building, the building shortening reached approximately 34 mm at the party 
wall, 35 mm at the hallway wall, and 37 mm at the interior partition wall, with an average of 35 mm for 
these three interior walls after a monitoring period of 24 months. The movement amounts of interior walls 
in these three buildings were assembled in Tables 4-6, together with calculated average building 
shortening per floor and the percentage of shortening relative to the total height of wood members (listed 
in Table 1). 


The average building shortening per floor was the highest, reaching about 11 mm / floor in the 4-storey 
building, likely resulting from a combination of wet construction season and use of dimension lumber 
floor joists. The importance of construction season, i.e., wood MC during construction to building 
movement was clearly revealed by monitoring the two phases of the 5-storey building. The 
shortening/floor reached about 7.8 mm when it was framed in wet weather (Phase A) but only 4.2 mm 
when it was framed in warm and dry weather (Phase B), with engineered wood floor joists used in both 
phases. The shortening was about 5.8 mm / floor in the 6-storey building, i.e., between those measured 
from the two phases of the 5-storey building, when the same engineered wood floor joists were used but 
the construction season transitioned from dry to wet conditions. This work confirms that use of 
engineered wood floor joints and framing in dry weather are both important solutions to reducing building 
movement in light wood-frame construction. Related to this study, a modified balloon-frame structure 
was used in Sweden to reduce the amount of horizontal wood members in the load path of a 5-storey 
wood-frame building in order to reduce vertical movement, with measured shortening of about 4 mm / 
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floor based on five months’ measurements (Thelandersson and Martensson, 2006). A similar amount of 
building shortening was reported for the 6-story platform-frame building built with specially dried lumber 
with an initial MC below 12% under sheltered conditions in the TF 2000 Project conducted in the United 
Kingdom (Grantham and Enjily, 2000). 


 
Figure 5: Vertical movement measured on each floor of the hallway wall of the 4-storey wood-frame building for 17 months 


(Negative readings indicate building shortening) 
 


  


  
Figure 6:  Vertical movement measurements at the party wall of the 6-storey wood-frame building for 24 months 
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(Chart legends: “PF” means “party wall” and the number in each label means the floor level. Negative readings indicate building 
shortening) 
 


 


Figure 7: Vertical movement measured on the first floor of three interior walls and one exterior wall of the 6-storey wood-frame 
building for 24 months 


(Chart legends: “HF” means “hallway wall”, “IF” means “interior partition wall”, “PF” means “party wall”, and “EF” means 
exterior wall. Negative readings indicate building shortening) 


The major purpose of this paper is to compare measured vertical movement and calculated shrinkage 
based on a calculation method commonly used in design. The effect of loads on vertical movement is 
required to be considered in engineering calculation in Europe (CEN 2004); however, it is not yet 
required based on relevant standards and design books commonly used in North America (CWC, 2011; 
Breyer et al., 2006; CSA, 2014). When predicting vertical movement of a wood-frame building, a 
designer typically calculates only the shrinkage of horizontal dimension lumber members (e.g., wall 
plates, floor joists). The contribution of engineered wood products, such as engineered wood floor joists, 
is typically ignored since those products have reduced dimensional changes compared with dimension 
lumber and solid-sawn timber. Moreover, little information is available for design use about their 
shrinkage coefficients or changes in MC during construction2. The contribution of vertical wall elements, 
such as wall studs, is also usually ignored in design of low-rise buildings due to wood’s high dimensional 
stability in the longitudinal direction. However, the shrinkage of wall studs is often taken into account for 
a mid-rise building due to the accumulative effect over the increased building height (CSA, 2014). 
 
Wood shrinkage was therefore predicted in this paper as the vertical movement in these three light wood-
                                                      


 
2 FPInnovations has a project underway to assess physical properties including sorption and dimensional changes of 
wood-based composite materials. 
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frame buildings, without taking into account load-induced movement or other factors (Table 3). The 
calculation accounted for only wall plates and studs, both dimension lumber elements, by using the 
following equation. 
 


S = D × C × M 


 
Where S is the shrinkage amount (mm), D is the actual dimension of wood members in the load path 
(mm), C is the shrinkage coefficient (percentage per 1% change in MC), and M is the percentage of MC 
change (%), i.e., the difference between the MC during construction and the MC in service. A shrinkage 
coefficient of 0.2% per 1% change in MC was used to calculate the shrinkage of horizontal dimension 
lumber elements based on design recommendations (CWC, 2011; Breyer et al., 2006; CSA, 2014) and a 
coefficient of 0.005% per 1% change in MC was used for wall studs (FPL, 2010). The calculation used an 
initial MC of 19% given the use of “S-Dry” lumber and a service MC of 8% based on field measurements 
and design recommendations for this climate (CWC, 2011; Wang and Ni, 2014). The contribution of 
engineered wood floor joists was ignored. As another common practice in design, the contribution of 
plywood subflooring was also ignored because of its small dimension in the load path and the expected 
overall small contribution to vertical movement. There was also a lack of information for predicting the 
shrinkage and compression of subflooring materials. 
 
Comparing the measured movement amounts and the predicted shrinkage showed that the measured 
building shortening exceeded the predicted shrinkage in all these three buildings, except for Phase B of 
the 5-storey building. The percentage points of underestimation ranged from 24% for the 6-storey 
building, 26% for the 4-storey building, to 44% for Phase A of the 5-storey building. For Phase B of the 
5-storey building, which was framed under warm and dry weather conditions, the measured movement 
and the predicted shrinkage were very close. One reason should be that a higher initial MC, i.e., 19% was 
used for the prediction, instead of the lower actual MC (about 15%) during construction. This validation 
exercise suggests that the shrinkage calculation method used in this paper may severely underestimate 
building shortening that could occur in platform-frame construction, mid-rise buildings in particular. 
Given the contributions of loads and engineered wood members to vertical movement, a good margin of 
safety is therefore recommended for the design of mid-rise wood-frame buildings in order to avoid 
underestimation of vertical movement and to prevent potential consequences of differential movement. 
This was strongly recommended in the APEGBC Technical and Practice Bulletin on mid-rise wood-frame 
construction (Professional Engineers and Geoscientists of BC, 2011). 


Table 3: Prediction of wood shrinkage for each wood member in a gravity load path of three light wood-frame buildings 


Wood members covered by each 


displacement sensor 


Dimension in 


load path (mm) 


Shrinkage 


coefficient 


Initial MC 


(%) 


Service MC 


(%) 


Calculated 


shrinkage (mm) 


Wall plate 38 0.002 19 8 0.8 


Wall stud 2440 0.00005 19 8 1.3 


Dimension lumber floor joist 235 0.002 19 8 5.2 


Engineered wood floor joist 235 - - - 0 


Plywood subflooring 15.8 - - - 0 
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Table 4: Comparison between the measured vertical movement from two interior walls and the calculated shrinkage for the 4-
storey wood-frame building 


4-Storey 
Hallway 


wall 


Interior 


partition 


wall 


Average 


measured 


movement (mm) 


Calculated 


shrinkage 


(mm) 


Difference 


(mm) 


Underestimation 


(%) 


1 15.9 14.2 15.1 9.9 5.2 34.2 
2 11.7 17.1 14.4 9.9 4.5 31.3 
3 10.5 11.3 10.9 9.9 1.0 9.2 
4 4.5 2.6 3.6 3.0 0.6 15.5 


Entire building 42.6 45.2 43.9 32.7 11.2 25.5 


/Floor (mm) 10.7 11.3 11.0 8.2 2.8 - 
Shortening ratio 


(%)  0.39 0.41 0.40 0.30 - - 


Table 5: Comparison between the average vertical movement amounts measured from two interior walls and the calculated 
shrinkage for the 5-storey wood-frame building 


5-Storey 


Phase A 


(wet 


season) 


Phase B 


(dry 


season) 


Calculated 


shrinkage 


(mm) 


Phase A, 


difference 


(mm) 


Phase B, 


difference 


(mm) 


Phase A, 


underestimation 


(%) 


Phase B, 


underestimation 


(%) 


1 11.0 8.0 4.7 6.3 3.3 57.3 41.3 
2 9.0 7.0 4.7 4.3 2.3 47.8 32.9 
3 7.0 5.0 4.7 2.3 0.3 32.9 6.0 
4 9.0 1.0 4.7 4.3 -3.7 47.8 - 
5 3.0 0.0 3.0 0.0 -3.0 0.0 - 


Entire building 39.0 21.0 21.8 17.2 -0.8 44.1 


Prediction close 
to measured 
movement 


/Floor (mm) 7.8 4.2 4.4 3.4 -0.2 - - 
Shortening ratio 


(%) 0.28 0.15 0.16 - - - - 


Table 6: Comparison between the vertical movement amounts measured from three interior walls and the calculated shrinkage for 
6-storey wood-frame building 


6-Storey 
Average measured 


movement (mm) 


Calculated shrinkage 


(mm) 
Difference (mm) Underestimation (%) 


1 8.1 4.7 3.4 42.0 
2 6.7 4.7 2.0 30.2 
3 6.4 4.7 1.7 26.6 
4 5.7 4.7 1.0 17.1 
5 5.5 4.7 0.8 14.5 
6 2.5 3.0 -0.5 - 


Entire building 34.9 26.5 8.4 24.1 


/Floor (mm) 5.8 4.4 1.4 - 
Shortening ratio (%) 0.21 0.16 - - 


Measured Vertical Movement in Mass Timber Building 


The WIDC building was located in Prince George, a cold climate (Climate Zone 6 based on the 2011 
National Energy Code of Canada for Buildings (NRC 2011); climate Dfb according to the Köppen-Geiger 
climate classification). Similar to a light wood-frame building, the vertical movement amount primarily 
depends on MC changes and the consequent drying in such a mass timber building. It was estimated that 
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the average MC of the CLT panels and the glulam columns installed in the building was about 13% when 
the timber was installed from fall to spring. After occupation the indoor environment tends to be very dry, 
without humidification under the heated conditions in this climate. The monitoring of temperature and 
relative humidity indicated that the wood inside this building could reach a MC close to 4% in the winter 
(Wang et al., 2015). 
 
Glulam columns are known to be dimensionally stable in the longitudinal direction. The structural design 
of this building utilized this attribute of wood by connecting glulam columns end-to-end with metal 
connectors along the height of the building, without cross-section members in the gravity load path 
(Figure 9). The field measurements confirmed that the glulam columns were extremely stable under 
compression parallel to grain. The two glulam columns (with about 5 m and 6 m in height, respectively) 
directly measured by sensors (at Locations 1 and 4, Figure 8) each showed vertical movement of less than 
3 mm (i.e., less than 0.04%) during the period of monitoring for 14 months. Neither MC changes nor 
sustained loads led to considerable downward movement. Therefore the total shortening of the building 
would be approximately 11 mm, accounting for a total height of 24.5 m for the connected glulam 
columns, without taking into account the rooftop mechanical penthouse. This movement amount does not 
take into consideration any potential settlement or deformation at connections between glulam columns, 
or effects of reduced loads on the top two unoccupied floors. Such a shortening amount is apparently 
much lower than that measured in light wood-frame buildings, but comparable with the measured 
movement from a similar 6-storey mass timber building in Quebec City (Munoz et al., 2012). 
 


 
Figure 8: Vertical movement of glulam column at Locations 1 (green) and 4 (orange) 
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Figure 9: Support of CLT floor slab with glulam column and beam (courtesy of Equilibrium Consulting) 


 


The addition of a horizontal CLT floor in the displacement measurement for glulam columns greatly 
increased the vertical movement, as originally expected. The floors of this building were built with two 
vertically staggered CLT slabs, which were structurally supported by glulam beams at each end. The 
glulam beams were then supported by glulam columns using concealed dovetail connections (Figure 9). It 
is believed that the beam should have a minor contribution to the vertical movement measurement since 
its vertical movement (including shrinkage) is restrained by the column and the connection. Being 5-ply 
and 169 mm thick, the bottom CLT panel was included in the measurements with a displacement sensor 
box installed to sit on this panel (i.e., in the space created by the staggered CLT floor slabs). The CLT 
floor slabs are not major members for bearing gravity loads and there should be no cumulative 
deformation resulting from compression. Shrinkage of the CLT panel (in thickness) resulting from drying 
must therefore be a major reason for the measured movement at each location. The measurement 
indicated that the average shrinkage of the CLT slabs was approximately 5 mm in the thickness of 169 
mm (i.e., 3%) (Figure 10; Table 7). 
 
Not relevant to the movement monitoring in this study, the upper 3-ply CLT panels (99 mm thick) of the 
floors would have incurred shrinkage of another 3 mm under the same environmental conditions. 
Therefore the total shrinkage amount would exceed 8 mm when these two slabs are stacked. This 
magnitude of movement could be significant if the floor was, for example, supporting equipment that had 
rigid service connections attached to the walls or columns, or directly connected to other building 
components, such as the curtain wall in this building. This expected vertical movement along with 
building deflection was accounted for in the design of the curtainwall connections by using a vertical 
slotted connection at the SIPs infill wall panels and curtainwall system (Figure 11). The amount of 
movement designed for this interface was slightly more than the amount that would be expected for a 
steel or concrete building with similar details. 
 


CLT floor slab 
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Figure 10: Vertical movement of glulam column (purple) and of column and CLT floor (from Level 1 to Level 3) at Locations 3 
(blue) and 4 (orange/red) in the WIDC building 


 


 
Figure 11: Joint provided between floor and wall to accommodate shrinkage of CLT floor slab (courtesy of RDH Building 
Science Inc.) 


The CLT shear wall located at the core of this building also has a total height of 24.5 m, with two 
horizontal step joints along the height. As described above, the vertical movement of the CLT wall 
(location 5) was only partially monitored from Level 2 to Level 6, without covering the portions of the 
wall concealed by the CLT floors or the ledgers below the ceilings. The displacement sensor on each floor 
covers approximately 3 m in height of the CLT wall (Table 7). Similar to the measurements of the two 
glulam columns at Locations 1 and 4, the measurements confirmed that CLT was also highly 
dimensionally stable in its plane direction (with combined longitudinal and transverse grain). The 
downward movement amounts measured from the CLT wall ranged from 1.5 mm (i.e., 0.05%) to 2.7 mm 
(i.e., 0.09%) on each floor after two years in service (Figure 12). The building shortening in general 
increased over time; however, there was a clear recovery (i.e., swelling) in an amount of over 0.5 mm for 
each floor in the summer of 2015, the first summer after occupation, when the humidity in the building 
increased to seasonal summertime levels. For a CLT wall, not all boards inside are bearing gravity loads 
in the longitudinal direction due to cross lamination of boards. Similarly the increased humidification 


-10


-8


-6


-4


-2


0


2


Mar '14 Sep '14 Mar '15 Sep '15


V
er


tic
al


 M
ov


em
en


t (
m


m
)


 Location-3, 2nd Floor, Column+CLT 2-3
 Location-3, 3rd Floor, Column+CLT 3-4
 Location-4, 1st Floor, Column
 Location-4, 1st Floor, Column+CLT 1-2
 Location-4, 2nd Floor, Column+CLT 2-3
 Location-4, 3rd Floor, Column+CLT 3-4


Joint to accommodate shrinkage 
of CLT floor slab   







 


 


Paper 17                                                                                                    Page 15 of 18 
 


levels caused movement in the CLT floor panel thickness (Figure 10) but had less effect on the 
longitudinal glulam columns (Figure 8). Assuming that wood shrinkage and load-induced deformation 
were uniform along the height on each floor and the movement amount was proportional to the height of 
the wall, the measurements showed that the total shortening of this CLT wall, from Levels 1 to 6, would 
be about 19 mm (i.e., about 0.07%). This appears to be slightly larger than the vertical movement of a 
glulam line under the same indoor environment; however, this level of differential movement is quite 
small for such a tall building. 


 
Figure 12: Vertical movement of CLT wall on floors 2-6 in the WIDC building 


Table 7: Vertical movement measured from the WIDC building and the potential contributions 


Location Wood members 
Vertical distance 


(mm) 


Estimated 


shrinkage* 


(mm) 


Measured 


movement 


(mm) 


Shortening 


ratio (%) 


Location 1 Column 5005 2.3 2.2 0.044 
Location 3 


 
Column+CLT floor 3290 4.5 7.6 0.23 
 Column+CLT floor 3190 4.5 6.0 0.19 


Location 4 
 


Column 6160 2.8 2.8 0.045 
Column+CLT floor 6480 6.0 8.0 0.12 
Column+CLT floor 3290 4.5 7.5 0.23 
Column+CLT floor 3190 4.5 8.1 0.25 


Location 5, CLT 
wall 


F2 CLT 2870 1.3 2.1 0.073 
F3 CLT 2860 1.3 2.4 0.084 
F4 CLT 3010 1.4 1.5 0.050 
F5 CLT 2890 1.3 2.6 0.090 
F6 CLT 3000 1.4 2.7 0.090 


CLT total 14630 6.6 11.3 0.077 
*An assumed composite shrinkage coefficient of 0.005% per 1% change in MC for longitudinal glulam and CLT, of 0.2% per 
1% change in MC for out-of-plane CLT, and 9% in MC reduction for estimating shrinkage 


CONCLUSIONS 
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 From top of sill plates to underside of roof trusses, the building movement in the 4-storey wood-
frame building, built with dimension lumber floor joists in wet weather was about 43 mm (0.39%) 
at the interior hallway wall, 45 mm (0.41%) at the interior partition wall, and 34 mm (0.31%) at 
the exterior wall based on monitoring for 17 months. 


 In the 5-storey building built with engineered wood floor joists, the vertical movement in two 
interior walls reached about 39 mm (0.28%) when it was framed in a wet season, and about 21 
mm (0.15%) when it was framed under warm and dry weather conditions.  


 In the 6-storey building built with engineered wood floor joists in relatively dry weather, the 
building shortening reached approximately 34 mm at the party wall, 35 mm at the hallway wall, 
and 37 mm at the interior partition wall, with an average of 35 mm (0.21%) for these three 
interior walls after a monitoring period of 24 months. 


 The measured building shortening amounts exceeded the predicted shrinkage in all three light 
wood-frame buildings (except for Phase B of the 5-storey building) by percentage points ranging 
from 24% to 44%. A good margin of safety should therefore be provided in design of mid-rise 
wood-frame buildings to compensate for contributions of loads, engineered wood members, and 
other factors towards vertical movement. 


 Lower initial MC of wood resulting from framing under warm and dry weather condition (instead 
of exposing wood to excessive rain) and use of engineered wood floor joists (instead of 
dimension lumber floor joists) appear to be effective measures to reducing vertical movement in 
platform-frame construction.  


 In the 6-storey WIDC building built with mass timber, the two glulam columns measured showed 
very small amounts of vertical movement, each below 3 mm (i.e., 0.04%), for a height of over 5 
m and 6 m, respectively. The cumulative shortening of the six glulam columns along the height of 
the building is estimated to be 11 mm (0.045%), not taking into account deformation at 
connections. 


 The CLT shear wall was found to be also dimensionally stable along the height of the WIDC 
building. The measurements suggested that the entire CLT wall, from Level 1 to Level 6 with a 
height of 24.5 m, would shorten about 19 mm (i.e., 0.07%). 


 The CLT floor slabs had expected shrinkage in the thickness direction. It was estimated that the 
bottom CLT slab of the floor structure, 5-ply and 169 mm in thickness, had a shrinkage amount of 
about 5 mm (i.e., approximately 3%). This resulted in differential shrinkage at the curtainwall and 
infill SIPs panels on each floor, which was accommodated by a vertical movement joint. 
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Background


 Differential movement is the concern
▫ Occurring between wood frame and rigid components


 For building envelope design, key is to maintain a 
good slope for drainage
▫ Flashing, balconies, roof decks


Image source: HPO 2011Masonry cladding Balcony
Masonry fire wall







Causes of Vertical Movement


 Wood shrinkage (routinely considered)
▫ Major cause of vertical movement


- Primarily contributed by horizontal solid wood members
- Contribution from studs (longitudinal direction) very small
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Causes of Vertical Movement


 Wood shrinkage (cont’d)
▫ Shrinkage amount depends on shrinkage coefficient, moisture content 


change, and dimension in gravity load path
▫ Horizontal dimension lumber components (e.g., wall plate, floor joist)


- 0.2% per 1% MC change (CWC 2011; CSA 2014)
- Initial and in-service MC be measured, estimated or predicted


▫ Engineered wood products typically have reduced shrinkage
- Lower initial moisture content
- May have lower shrinkage coefficient
- Less well documented







Causes of Vertical Movement


Wood Materials MC Range (%)


“S-Dry” lumber 15-19


Structural composites, such as plywood, 
OSB, LSL, LVL, OSL, PSL 6-12


Glulam, CLT 11-15


Table 1 Typical MC ranges at manufacture


 Wood shrinkage (cont’d)







Causes of Vertical Movement


Location Average EMC (%) Winter EMC (%) Summer EMC (%)


West coast 10 – 11 8 12
Prairies 6 – 7 5 8
Central 
Canada 7 – 8 5 10


East coast 8 – 9 7 10


Table 1 Typical MC ranges in indoor service (CWC 2005)


 Wood shrinkage (cont’d)







Causes of Vertical Movement


 Load (not typically considered in NA)
▫ A smaller contributor to vertical movement


- Closing of gaps between members (settlement or bedding-in)
- Elastic compression
- Time-dependent deformation (creep)


▫ Influenced by load and wood MC


 Validation particularly important for taller wood-
frame/mass timber buildings







Laboratory Assessment 


 Assess impact of MC and load on movement 
 Collaborated with BCIT, Luke King/Dr. Rodrigo Mora


▫ Two identical wood-frame structures used
▫ Built with dimension lumber wall and floor joists
▫ Structures pre-conditioned to achieve an initial MC of 20%
▫ No. 1 was loaded at a MC of 20%, followed by drying
▫ No. 2 was loaded after drying, at a MC about 10%
▫ Load simulating dead load for bottom floor of 6-storey wood-frame
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Laboratory Assessment


 Loads important for movement to “show up”
 No. 1: total movement reached 19 mm


▫ Wood shrinkage accounted for 70%
▫ Settlement and elastic compression about 20%


 No. 2: reduced movement due to drier wood
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Field Measurement


 Measuring vertical movement and wood MC
 Conducted in three wood-frame buildings


▫ 4, 5, 6 storey residential buildings


 Different floor joists
▫ Dimension lumber and engineered wood


 Framed in different seasons
▫ Wet and dry season







4-Storey Wood-Frame Building


 Major materials
▫ “S-Dry” SPF top/bottom plates (double) and studs 
▫ Dimension lumber floor joists (2×10)


 Framed in winter (wet climate)
 Three lines of measurement


▫ Hallway wall, interior partition wall, exterior wall
▫ 12 displacement sensors
▫ Together with moisture and RH/T sensors







5-Storey Wood-Frame Building


 Major materials
▫ “S-Dry” top/bottom plates (double) and studs
▫ Engineered wood rim joists and I-joists


 Construction in two phases
▫ A: framed in winter (wet season)
▫ B: framed in summer (dry season)


 Three lines of measurement
▫ Hallway wall, interior partition, exterior wall
▫ 30 displacement sensors
▫ Together with moisture and RH/T sensors







6-Storey Wood-Frame Building


 Major materials
▫ “S-Dry” top/bottom plates (double) and studs
▫ Engineered wood rim joists and I-joists


 Framed in a relatively dry season 
 Four lines of measurement


▫ Hallway wall, party wall, interior partition, exterior wall
▫ 20 displacement sensors
▫ Together with moisture and RH/T sensors







4-Storey Wood-Frame Building


 Higher movement amount on lower floors
 Higher movement amount in interior walls


Hallway wall


Movement 43 mm from slab to roof
Exterior wall


Movement 34 mm from slab to roof
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5-storey, engineered floor joists


Wet season start (Phase A)
Initial MC about 20%
Movement 28 mm from slab to roof


4-storey, lumber floor joists


Wet season start
Initial MC about 20%
Movement 34 mm from slab to roof


Comparison: 4-Storey and 5-Storey


 Lumber joists result in higher movement
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6-Storey Wood-Frame Building 


 Higher movement amount on lower floors
 Higher movement amount in interior walls
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4-Storey: Measurement and Prediction


4-storey,
wet season


Average measured 
movement 


(mm)


Calculated 
shrinkage 


(mm)


Difference 
(mm)


Underestimation 
(%)


1 15.1 9.9 5.2 34.2


2 14.4 9.9 4.5 31.3


3 10.9 9.9 1.0 9.2


4 3.6 3.0 0.6 15.5


Entire building 44 33 11 26


/Floor (mm) 11 8 3 -
Shortening ratio 


(%) 0.40 0.30 - -







5-Storey: Measurement and Prediction


5-storey A, wet 
season


B, dry 
season


Calculate
d 


shrinkage 
(mm)


A, 
differen
ce (mm)


B, 
differen


ce 
(mm)


Phase A, 
underestim
ation (%)


Phase B,
underestima


tion (%)


1 11.0 8.0 4.7 6.3 3.3 57.3 41.3


2 9.0 7.0 4.7 4.3 2.3 47.8 32.9


3 7.0 5.0 4.7 2.3 0.3 32.9 6.0


4 9.0 1.0 4.7 4.3 -3.7 47.8 -


5 3.0 0.0 3.0 0.0 -3.0 0.0 -


Entire 
building 39 21 22 17 -1 44 0


/Floor (mm) 8 4 4.4 3.4 -0.2 - -


Shortening 
ratio (%) 0.28 0.15 0.16 - - - -







6-Storey: Measurement and Prediction


6-storey,


relatively dry 
season


Average 
measured 


movement (mm)
Calculated 


shrinkage (mm)
Difference 


(mm)
Underestimation 


(%)


1 8.1 4.7 3.4 42.0


2 6.7 4.7 2.0 30.2


3 6.4 4.7 1.7 26.6


4 5.7 4.7 1.0 17.1


5 5.5 4.7 0.8 14.5


6 2.5 3.0 -0.5 -


Entire building 34.9 26.5 8.4 24


/Floor (mm) 6 4.4 1.4 -
Shortening ratio 


(%) 0.21 0.16 - -







6-Storey Mass Timber Building


 Wood Innovation Design Centre (WIDC), Prince 
George
▫ Sensors installed during construction to measure vertical movement
▫ Glulam columns, CLT floor, CLT wall measured
▫ MGA, Equilibrium Consulting, RDH, and PCL


20







6-Storey Mass Timber Building


 Glulam columns showed very small vertical 
movement, below 3 mm/floor (0.05%)
▫ Cumulative shortening of 6 columns along building height estimated 


to be 12 mm (0.05%)
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6-Storey Mass Timber Building


 CLT shear wall was also dimensionally stable along 
height
▫ Entire CLT wall, from Level 1 to Level 6 with a height of 24.5 m, 


would shorten about 19 mm (i.e., 0.08%)
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6-Storey Mass Timber Building


 PSL transfer beam (1.2 m deep) had expected 
shrinkage + deformation
▫ With a vertical movement close to 12 mm (i.e., 1%)
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6-Storey Mass Timber Building


 CLT floor slabs had expected shrinkage in 
thickness direction 
▫ It was estimated the CLT slab, 5-ply and 169 mm, had a vertical 


movement amount of about 5 mm (i.e., 3%)
▫ Joints at curtain wall etc. important
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Messages: Prediction in Design


 Prediction of vertical movement should account for 
both wood shrinkage and load-induced deformation
▫ Cross section (floor, plate etc.) greatly increase vertical movement
▫ Wood with high moisture content greatly increase vertical movement


 Margin of safety should be added to the predicted 
wood shrinkage amount







Messages: How to Reduce Movement


 Reduce amount of cross section in load path
 Use engineered wood (e.g., floor joists) if possible


▫ Rain protection may be more important than for solid wood
▫ A Guide for On-site Moisture Management of Wood Construction 


recently developed


Courtesy: Equilibrium







Message: How to Reduce Movement


 Use and maintain drier wood in construction
▫ Improve on-site moisture protection
▫ Use space heating etc. to accelerate drying







Message: How to Reduce Movement


 Good sequencing reduces/accommodates 
differential movement
▫ Install roof/wall membrane as quickly as possible
▫ Remove water pools after rain events
▫ Pour concrete topping as early as possible 
▫ Install rigid services (horizontal hard pipes, rigid cladding) as late as 


construction allows
▫ Allow time to dry and settle before close-in
▫ Start interior finishing from top floor
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INSULATED METAL PANELS:  


DESIGN AND CONSTRUCTION CHALLENGES 
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ABSTRACT 


Exterior insulated assemblies are growing in popularity due to changing code requirements with regards to 
thermal resistance for opaque wall assemblies. Simply installing batt insulation inside the stud cavity is not 
sufficient any more. Moving forward, the now obvious thermal benefits of continuous insulation combined 
with improvements in technology and manufacturing over the last 10-15 years have propelled exterior 
insulation assemblies to the forefront of envelope solutions.  Insulated Metal Panels (IMP’s) are one of the 
exterior insulation options that Owners, Architects and Engineers now consider an attractive, cost effective, 
all-in-one building envelope solution.  IMP’s are being used on a growing number of projects as the air, 
vapour, moisture barrier, cladding and insulation, or a combination thereof.  Designing and constructing wall 
assemblies with IMP’s can be a simple and effective method of enclosing a building, but it may pose 
challenges, especially on complex geometric buildings.  Challenges could include integrating the IMP’s with 
other building envelope assemblies or achieving the desired airtight and thermally efficient building envelope 
from an installation perspective.  


The learning outcomes of this presentation include the following: 


1) Understand the basic building science principles behind various IMP systems on the market today. 
Compare the different panel types including the metal skins, paint coatings, and the various insulation 
cores (e.g. polyurethane, polyisocyanurate, semi-rigid mineral fibre and expanded polystyrene 
insulation).  Discuss the impact that insulation core choice has on the thermal performance and the 
impact on life safety like NFPA 285.   


2) Understand the various types of projects where IMP systems have been used (warehouses, cold 
storage facilities, food processing plants, commercial buildings, shopping malls, prisons, office 
buildings, community centers and swimming pools).   


3) Familiarize oneself with typical building envelope and architectural detailing for IMP systems, 
including several details showing typical construction of IMP systems and installation methods 
including cut joints, interlocking shaped joints, termination and transition details. We will also 
discuss the impact of horizontal and vertical panel orientations. 


4) Understand the implications of structural backup wall material selection. Typical backup walls for 
IMP’s include cast-in-place concrete, steel stud, and concrete block walls. The presenter will review 
and discuss the limitations of the panel systems with each structural backup wall assemble with 
regards to site tolerances and the impact on the whole system.   
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5) Learn about some challenges of maintaining the system’s excellent thermal performance in the field 
around typical building conditions at penetrations, terminations, and openings. We will review the 
thermal performance of the assembly and how to detail at openings, wall terminations and 
penetrations and we will explore what can be done to minimize the effects of thermal bridging 
through this assembly at these locations. 


6) Review several project case studies and discuss the challenges and successes of using an IMP system. 
We will focus on construction sequencing and general contractor’s understanding of the system. We 
will learn how to educate the contractor before construction begins so they can coordinate and 
properly sequence the installation of membrane pre-stripping around openings, penetrations and 
various other tie-ins. 


7) Learn what general design considerations to look out for relating to architecture, aesthetics and 
function.   Functional considerations include location, elevation and proximity to the public.  We 
will discuss how to provide an effective and beneficial building envelope. 


8) Learn about common post construction problems, including impact damage, inadvertent structural 
loading, inter-storey drift and panel replacement.  Review repair options and methods and overall 
maintenance of these assemblies. 


CONCLUSION  


What is easily drawn on paper can pose challenges in the field. Attendees will learn about the IMP system 
from a building envelope consultant's first-hand experience. IMP’s problems will be presented and discussed.  
Attendees will be equipped with practical solutions to take into the pre-construction stages of a project to 
avoid unforeseen challenges in the field and to avoid potential delays.  
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Insulated Metal Panels
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w/ coating
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Control


Weather Control


Air/Weather seal
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PIR - Polyiso Insulation  
~R-6.5 per inch


PUR - Polyurethane 
Insulation  
~R-5.5 per inch


EPS Insulation ~ R-4 per 
inch


Mineral Fiber Insulation 
~R4.3 per inch
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Butyl Sealant


Mending Plate
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Panel Orientation 
and Joint Design
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Horizontal Panel -
Vertical Joint Design
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Horizontal and 
Vertical Panel -
Vertical Joint Design
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Horizontal and Vertical Panel - Vertical Joint Design
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Why use IMP
vs.


Other Envelope Systems?


1)One envelope sub-trade
2)Quick installation
3)Price compared to alternative 


assemblies
4)Excellent thermal performance
5)Easy to maintain
6)Design Flexibility
7)Strength and Durability
8)Environmentally Friendly
9)Longevity/LifeCycle
10)Fire resistant solutions
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Design and Construction 
Consideration #1: 


Education - You and Other 
Stakeholders
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Design and 
Construction 
Consideration #2: 
Substrate Issues / 
Construction Tolerances
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Design and 
Construction 


Consideration #03: 
Sequencing
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IMP Panel







Roof assembly vs IMP sequencing
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IMP Panel
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IMP Panel
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What about all the 
other missing tie in 
and transition 
details?







IMP Panel – Roof Parapet to wall 
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How do we detail 
this?







IMP Panel
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Design and Construction 
Consideration #04: 
Thermal Bridging
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IMP – effectively continuous insulation 
but…
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Image from 2011 MH Report on Thermal 
Performance of IMP Details to the Metal Contractors 


Association (MCA)


• Even with nominal R-21, 
panel assembly is only 
effective R-8 because of 
thermally inefficient 
details
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Images from 2011 MH Report on Thermal Performance of 
IMP Details to the Metal Contractors Association (MCA)


• Potentially 40% (plus) heat flow 
attributed to window transition
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2)IMP as a System
3)Why use IMP vs other systems
4)Uses/ Project Types
5)Design and Construction 


Considerations
6)Post Construction Repair and 


Maintenance
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In Summary:


1)Great system, many benefits
2)Education, Communication + 


Planning
3)Good design practice
4)Monitoring during Construction
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Thank you!


Harold Louwerse, BTech, RRO 
Principal, Morrison Hershfield


Hlouwerse@morrisonhershfield.com
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INTRODUCTION: 
• Overheating is a big issue for building comfort and energy 


consumption


• Change or exchange many parts in our life with changing the 
seasons


• Finding a proper window and IGU isn’t so easy


• Windsor, Ontario has been selected as a city with warm 
summers and cold winters
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Outlines:


1. CLIMATE CHANGE AND ITS EFFECT ON WINDOW SELECTION


2. IMPROVEMENT OF SHGC& U-VALUE
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Outlines:


1. CLIMATE CHANGE AND ITS EFFECT ON WINDOW SELECTION
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• The temperature in Canada has increased almost 1.3°C since 1948
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• Regional distribution of linear temperature trends (°C) observed across Canada between 1948 and 
2003, by season. The "X" symbols indicate areas where the trends are statistically significant
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• Number of days with temperatures exceeding 30ºC, during observed 
(1961-1990) and future (2020-2040; 2041-2069; and 2080-2100) time 
periods
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• The summer season in Windsor has been warmer


8







• The heating demand to increase the daily balance-point temperature 
up to 18ºC (65°F) is decreasing
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• Different window products were compared to find an energy-
consumption trend line affected by U-value and SHGC
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window ID Window name U-value 
(W/m2-°C) SHGC Heating (kWh) Cooling (kWh) Total (kWh)


241 ATB 2 SS Low-E 0.47 0.333 16544 880
17424


351 W/V 3 HT Super 0.285 0.382 14424 1028
15452


451 INS 3 HT Super 0.182 0.402 13175 1134
14309


211 ATB 2 Clear 0.634 0.62 16501 1488
17989


201 ATB 1 Clr 1.00 0.696 19316 1549
20865


101 AL 1 Clr 1.159 0.756 20226 1652
21878


413 INS 2 SS Tint 0.444 0.405 15755 1058
16813


412 INS 2 Bronze 0.444 0.492 15366 1232
16598


411 INS 2 Clear 0.444 0.596 14813 1503
16316







• When SHGC increases, the cooling energy consumption increases 
accordingly


• U-value is not constant
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• SHGC changing from 0.405 to 0.596.


• The cooling energy changes from 1058 kWh to 1503 kWh, an 
increase of 445kWh


• U-value is held constant 
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• A list of windows with a range of U-values and SHGCs, along with heating and cooling 
and total costs Efficient (Efficient Window Collaborative)


• 240-m2 (2600-ft2) two-storey building in Windsor /Equal wall / Window areas on all 
sides/The window area is more than 20% in each orientation/Window have no canopies 
or overhangs
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window ID Window name U-value 
(W/m2-°C)


SHGC Heating cost Cooling cost Total cost


1-6 2 pan LSG Low-E Metal
0.56-0.70 ≤0.25 $590 $135 $725 


2-11 2 pan LSG Low-E Metal, 
Improved 0.41-0.55 ≤0.25 $534 $132 $665 


3-18 3 pan HSG Low-E Non-
metal, Improved ≤0.22 0.41-0.60 $372 $222 $594 


4-19 3 pan MSG Low-E Non-
metal, Improved ≤0.22 0.26-0.40 $422 $156 $578 


5-20 3 pan LSG Low-E Non-
metal, Improved ≤0.22 ≤0.25 $454 $122 $575 


6-23 2 pan LSG Low-E Non-
metal, Improved 0.23-0.30 ≤0.25 $461 $129 $590 







• Four windows with SHGC ≤ 0.25 and U-values ranging from 1.25 to 3.97 
W/m2-°C (0.22 to 0.70 Btu/h-ft2-°F)


• The best window will decrease total cost to $575 per year
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• With a constant U-value ≤ 1.25 W/m2-°C (0.22 BTU/hr-ft2-°F) and changing the 
SHGC, the cooling energy cost increases more than the heating energy cost


• Therefore annual energy costs with the best window in this study would be $575 
($454 is for heating and $122 for cooling)
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Outlines:


2. IMPROVEMENT OF SHGC& U-VALUE
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IMPROVEMENT OF SHGC AND U-VALUE 


• Using removable shading systems


• Window design


• Window orientation


• Dynamic facades and systems


• Operable shading layers 


• Double-skin façades


• External shading devices


17







Using removable shading systems
• The total energy cost for this system would be $122 + $372= $ 494


$81 lower than a window with U-factor ≤ 1.25 W/m2-°C (0.22 BTU/hr-
ft2-°F) and SHGC ≤ 0.25


SHGC from SHGC ≤ 0.25 in summer to SHGC = 0.41-0.50 in winter
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Window 
ID


U-Factor 
(W/m2-°C) SHGC VT Total Cost


Heating 
Cost


Cooling 
Cost


5-20 ≤0.22 ≤0.25 ≤0.40 $575 $454 $122 


3-18 ≤0.22 0.41-0.60 0.41-0.50 $594 $372 $222 







Window design
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Window design
• Different geometry and design with the same window area 
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Window figure 


 


 


Dimension 


 


 


 


Operation 


 


Area 


(m2) 


U-value SHGC VT 


 


1500x1500 Fixed vinyl 
window 


2.25 1.603 W/m2-°C 0.232 0.540 


 


2500X900 Fixed vinyl 
window 


2.25 1.637 W/m2-°C 0.226 0.524 


 


1500x1500 Fixed vinyl 
window 


2.25 1.733 W/m2-°C 0.208 0.471 


 







Window orientation
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Window orientation


• Different SHGC and U-values that have the best performance based 
on the wall orientation
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Window facing For cold climate, choose: For warm climate, choose:


North Lowest U-factor Low U-factor


South Highest SHGC, Lowest U-factor Low SHGC and shading


East Low SHGC or shaded Low SHGC, Low U-factor


West Low SHGC or shaded Low SHGC, Low U-factor







Storm windows
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Storm windows
• In the worst case, storm windows improve U-value by 25-35%, and 


decrease SHGC by 8-20%
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Base Window Storm Type 
U-factor, W/m2-°C 


(Btu/h-ft2-°F) 
SHGC VT 


Aluminum double hung, single glazed  None 6.36 (1.12) 0.61 0.65 


Worst case mounting Clear, Exterior 3.81 (0.67) 0.56 0.58 


Thermally broken mounting Low-e, Exterior 2.50 (0.44) 0.48 0.54 


Aluminum double hung, double glazed  None 4.26 (0.75) 0.58 0.6 


Worst case mounting Clear, Exterior 3.12 (0.55) 0.51 0.54 


Thermally broken mounting Low-e, Exterior 2.04 (0.36) 0.44 0.5 


Aluminum fixed, single glazed None 6.02 (1.06) 0.72 0.77 


Worst case mounting Clear, Exterior 3.52 (0.62) 0.59 0.62 


Thermally broken mounting Low-e, Exterior 2.38 (0.42) 0.52 0.59 


Aluminum fixed, double glazed None 3.52 (0.62) 0.67 0.71 


Worst case mounting Clear, Exterior 2.67 (0.47) 0.54 0.58 


Thermally broken mounting Low-e, Exterior 1.87 (0.33) 0.48 0.55 


 







Dynamic facades and systems
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Dynamic facades and systems
• Difference in energy consumption between Low-e and Dynamic glass based on various 


end uses


• Atlanta, Miami, Phoenix, New York, and San Francisco
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Average
Low-emissivity glass Dynamic glazing


End use (Mbtu) (Mbtu)


Space cooling 575 494


Vent fans 98 78


Pumps 15 14


Miscellaneous Equip 666 666


Area lights 670 518


Space heating 133 163


Hot water 89 90


Total 2246 2021







Operable shading layers 


• Shading layers or blinds between glazing layers or in front of the 
window


• While these layers decrease cooling energy, electricity consumption 
increases as natural light is replaced with artificial electric lights


• Efficient for privacy and personal security, but not an efficient 
option for reducing cooling-energy costs
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Double-skin façades
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Double-skin façades
• Typically either motorized or manual blinds between the skins is used 


to reduce SHGC, and venting the air cavity


• Significant reduction of the cooling load
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Annual cooling load for double-skin façade 


Orientation East South West North
Double-skin façade 
(kWh/m²) 42.16 40.51 63.73 32.86
Single-skin façade 
(kWh/m²) 51.19 49.2 77.19 39.98


Energy saving (kWh/m²) 9.03 8.69 13.46 7.12
Energy saving 
percentage % 17.6 17.7 17.4 17.8







External shading devices
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External shading devices


• Installation cost and safety considerations


• Not able to block sunlight from all angles, especially at low angles at the 
beginning and end of the day


• A new methodology(Concordia University) Uw=
∑𝑈𝑔𝐴𝑔+∑𝑈𝑓𝐴𝑓+∑𝐼𝜓𝛹


𝐴𝑡


• 𝐼𝜓 is the vision area perimeter and Ψ is linear thermal transmittance in this 
equation


• Exterior shades can improve the glazing U-value by 25%
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CONCLUSION
• There are many tools and methods to select the best SHGC and U-value 


for a window


• To optimize for the best performance (i.e., reduced energy consumption 
and increased occupant comfort


• The study shows that U-factor ≤ 1.25 W/m2-°C (0.22 BTU/hr-ft2-°F) and 
SHGC ≤ 0.25 is the best choice for Windsor, Ontario


• In terms of U-value and SHGC improvement, many methods have been 
considered
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Thank you


mjafari@laytonconsulting.com


WWW.Laytonconsulting.com
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SELECTION AND IMPROVEMENT OF SOLAR HEAT GAIN 
COEFFICIENT AND U-VALUE IN LOCATIONS WITH  


COLD WINTERS AND WARM SUMMERS 


Mahmoud Jafari, MBA, LEED® Green Associate, NFRC Simulator 


 


 


ABSTRACT 


The climate is changing in Canada.  This change is affecting homes and buildings, making it hard to 
decide how to select a proper solar heat gain coefficient (SHGC) for new windows or improve current 
windows. For example, for a city like Windsor, ON, we now expect more than 30 days above 35°C 
(95°F) in the summer, and winter to get as cold as -20°C (-4°F). 


Higher solar heat gain can provide free winter heating in colder climates, but can lead to overheating and 
occupant discomfort in warm seasons and afternoons. Overheating is an important issue in buildings, 
because it has a direct effect on energy consumption, indoor comfort, and the aesthetic of the facade. 


This paper considers several kinds of windows and glazing systems, different designs, orientation, 
shading conditions, and other ways of finding an effective method to achieve an optimum solar heat gain 
for climates with a high temperature in summer and low temperature in winter. 


The widely recognized NFRC 200 procedure (SHGC rating method) is used to determine the solar heat 
gain coefficient (SHGC) and visible transmittance of curtain-wall systems. THERM 7.4 2D, WINDOW 
7.4, Resfen5, and EnergyGaugeUSA5 software were used to model the windows. 


INTRODUCTION 


Most new projects in Canada use double- or even triple-glazed windows with one or two layers of low-
emissivity coating. However, overheating is still a big concern for occupant comfort and building energy 
consumption. Finding a proper window and insulating glass units (IGU) is not easy when designers 
should consider so many parameters in their decisions.  


On the other hand, building facades and enclosures don’t change in response to the changing seasons. 
Although we change our car tires, windshield washer fluid, clothes, shoes, and ventilation systems, we 
don’t change anything in our building facades, which are often the part of a building with the highest rate 
of energy use. 
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In this paper, Windsor, ON, was chosen for its warm summers and cold winters. It is Ontario’s warmest 
city, although the winters are still severe. Snow depth in this city is greater than one cm for about 53 days 
each year, compared with 10 days per year in Vancouver, B.C. The research reviewed windows, glazing 
options, and other solutions for improvement to find the best options for Windsor. 


 
CLIMATE CHANGE AND ITS EFFECT ON WINDOW SELECTION 


Canada, like the rest of the world, is seeing significant climate change, and projections show that this will 
continue in the future. These changes affect human and natural systems, as well as buildings and the 
construction industry, including building designers and their design methods. Figure 1 shows that the 
temperature in Canada has increased by almost 1.3°C (2.3°F) since 1948, a high rate that is almost twice 
the global average warming trend. 


 


 
Figure 1: Annual national temperature excursions and long-term trend, 1948 to 2006 (Environment Canada, 2006) 


All regions of Canada have warmed in recent years, with some seeing a reversal in the trend from cooling 
to warming starting in the 1990s. Figure 2 shows seasonal temperatures in Canadian regions. Summer 
warming is more consistent in all regions. 
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Figure 2: Regional distribution of linear temperature trends (°C) observed across Canada between 1948 and 2003, by season. The 
"X" symbols indicate areas where the trends are statistically significant (Hengeveld et al 2005). 


The frequency of extremely warm summers is increasing, and heatwaves are projected to become more 
frequent in Canada. The number of days with temperature above 30°C (86°F) exceeds 30 days in some 
cities and is expected to exceed 60 days in the future, according to Figure 3. This chart shows the 
projected temperature in the years 2020 to 2100. The number of hot days will triple in most Canadian 
cities. 


 
Figure 3: Number of days with temperatures exceeding 30ºC (86°F), during observed (1961-1990) and future (2020-2040; 2041-
2069; and 2080-2100) time periods. (Hengeveld et al 2005). 


Twenty-five years of data for cooling degree-days (CDD) and heating degree-days (HDD) have been 
gathered for Windsor. July was chosen to represent cooling degree-days, and the trend lines show a 







 
 


Paper 2                                                                                                     Page 4 of 13 
 


significant increase in CDD, whereas HDD decreased slightly. Figure 4 shows HDD for Windsor from 
July 1992 to July 2016. This data shows that the summer season in Windsor has been increasingly 
warmer, and shows how much cooling is needed to reach the balance-point temperature of 18ºC (65°F). 


 
Figure 4: Annual Cooling Degree-Days for Windsor (25 years). Source: http://weatherstats.ca 


On other hand, heating degree-days have been gently trending downward for 25 years (Figure 5), which 
means that heating demand to raise the daily balance-point temperature up to 18ºC (65°F) is decreasing. 


 
Figure 5: Heating Degree Days- Annual data for Windsor (25 years). Source: http://weatherstats.ca 


In this study, different window products were compared to find an energy-consumption trend line affected 
by U-value and SHGC. Windows were selected from the Resfen5 database with U-values between 1.03 
W/m2-°C (0.182 Btu/h-ft²-°F) and 6.58 W/m2-°C (1.159 Btu/h-ft²-°F), and SHGC between 0.333 and 
0.756. The house is a two-storey, 280-m2 (3000-ft2) residence in Windsor. All elevations have 9.3 m2 
(100 ft2) of window area, and a 2.3-m2 (25-ft2) skylight has been considered. 
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Table 1 : Windows selected from the Resfen5 database 


When SHGC increases, the cooling energy consumption increases accordingly (Figure 6). It is important 
to note that the U-value is not constant in Figure 6, and part of the energy consumption relates to U-value.  


 
Figure 6: Cooling energy  vs  SHGC/U-value (Btu/h-ft2-°F)  


In Figure 7, the U-value is held constant, and with SHGC changing from 0.405 to 0.596, the cooling 
energy changes from 1058 kWh to 1503 kWh, an increase of 445kWh. 
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Window 
ID Window name U-Value 


(W/m2-°C) SHGC Heating (kWh) Cooling (kWh) Total (kWh) 


241 ATB 2 SS Low-E 0.47 0.333 16544 880 17424 


351 W/V 3 HT Super 0.285 0.382 14424 1028 15452 


451 INS 3 HT Super 0.182 0.402 13175 1134 14309 


211 ATB 2 Clear 0.634 0.62 16501 1488 17989 


201 ATB 1 Clr 1.00 0.696 19316 1549 20865 


101 AL 1 Clr 1.159 0.756 20226 1652 21878 


413 INS 2 SS Tint 0.444 0.405 15755 1058 16813 


412 INS 2 Bronze 0.444 0.492 15366 1232 16598 


411 INS 2 Clear 0.444 0.596 14813 1503 16316 







 
 


Paper 2                                                                                                     Page 6 of 13 
 


 
Figure 7: Cooling energy VS. SHGC (U-value= 0.444 Btu/h-ft2-°F) 


Overall, Figures 6 and 7 show that the lower U-value and SHGC yields greater energy efficiency for the 
Windsor climate. For a more refined comparison, a greater variety of windows was selected from 
window-selection tools provided by the Efficient Window Collaborative website. Table 2 shows a list of 
windows with a range of U-values and SHGCs, along with heating and cooling and total costs. In this 
case, the house is a new 240-m2 (2600-ft2) two-storey building in Windsor with equal wall and window 
areas on all sides.  The window area is more than 20 percent in each orientation, and windows have no 
canopies or overhangs. 


Table 2: Windows selected from the Efficient Window Collaborative window-selection tool 


Window ID Window name U-Value 
(W/m2-°C) 


SHGC Heating cost Cooling Cost Total Cost 


1-6 2 pan LSG Low-E 
Metal 0.56-0.70 ≤0.25 $590  $135  $725  


2-11 2 pan LSG Low-E 
Metal, Improved 0.41-0.55 ≤0.25 $534  $132  $665  


3-18 3 pan HSG Low-E 
Non-metal, Improved ≤0.22 0.41-0.60 $372  $222  $594  


4-19 3 pan MSG Low-E 
Non-metal, Improved ≤0.22 0.26-0.40 $422  $156  $578  


5-20 3 pan LSG Low-E Non-
metal, Improved ≤0.22 ≤0.25 $454  $122  $575  


6-23 2 pan LSG Low-E Non-
metal, Improved 0.23-0.30 ≤0.25 $461  $129  $590  
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Figure 8 shows four windows with SHGC ≤ 0.25 and U-values ranging from 1.25 to 3.97 W/m2-°C (0.22 
to 0.70 Btu/h-ft2-°F). The annual cost for both heating and cooling increases as U-value increases, 
although cooling energy does not show a huge difference. The best window will decrease total cost to 
$575 per year. 


 
Figure 8: U-value V.S. Annual heating and cooling energy (SHGC constant ≤ 0.25) 


With a constant U-value ≤ 1.25 W/m2-°C (0.22 BTU/hr-ft2-°F) and changing the SHGC, the cooling 
energy cost increases more than the heating energy cost (see Figure 9). 
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Figure 9: SHGC V.S. Annual heating and cooling energy (U-value constant ≤ 0.22) 


The annual energy costs with the best window in this study would be $575 ($454 is for heating and $122 
for cooling). Some improvement methods, such as simple design changes, were considered to decrease 
this cost even further.  


IMPROVING SHGC 


Using Removable Shading Systems 


A shading system that can be removed in winter and installed in summer decreases energy cost: 


Table 3: List of windows with lowest and highest SHGC from window selection tool 
Window 


ID  
U-Factor 


(W/m2-°C) SHGC VT Total Cost Heating Cost Cooling Cost 


5-20 ≤0.22 ≤0.25 ≤0.40 $575  $454  $122  


3-18 ≤0.22 0.41-0.60 0.41-0.50 $594  $372  $222  
 


The total energy cost for this system would be $122 + $372= $494, which is $81 lower than a window 
with U-factor ≤ 1.25 W/m2-°C (0.22 BTU/hr-ft2-°F) and SHGC ≤ 0.25.  Here, we only need to change 
window SHGC from SHGC ≤ 0.25 in summer to SHGC = 0.41-0.50 in winter. 
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Using a different geometry with the same window area can produce a different performance in windows. 
This design change does not necessarily affect the window’s cost of the window, but it can optimize 
annual energy cost. In table 4, three windows with the same IGU and profiles were modelled in 
WINDOW software. The window area is constant at 2.25 m2 (24.2 ft²) but the shape and design changes. 
The results show square windows have a better thermal performance than rectangular ones. Even in a 
square shape, using the divider will increase the U-value dramatically. SHGC and VT differences depend 
on the profile sections and system properties. 


Table 4: List of windows with the same area and different geometry 


Window Figure Dimension 
 
 
 


Operation 
 


Area 
(m2) 


U-Value SHGC VT 


 


1500x1500 Fixed vinyl 
window 


2.25 1.603 W/m2-°C 0.232 0.540 


 


2500X900 Fixed vinyl 
window 


2.25 1.637 W/m2-°C 0.226 0.524 


 


1500x1500 Fixed vinyl 
window 


2.25 1.733 W/m2-°C 0.208 0.471 


Window Orientation 


Selecting a proper SHGC and U-value based on the orientation of the window is also important. Table 5 
shows different SHGC and U-values that have the best performance based on the wall orientation. 


Table 5: SHGC and U-value based on building elevation 


Window Facing For Cold Climate, Choose: For Warm Climate, Choose: 


North  Lowest U-factor  Low U-factor 


South Highest SHGC, Lowest U-factor  Low SHGC and shading 


East Low SHGC or shaded Low SHGC, Low U-factor 


West Low SHGC or shaded Low SHGC, Low U-factor 
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Storm Windows 


Storm windows greatly affect SHGC and U-value for existing windows. Table 6 shows different kinds of 
windows with attached storm windows. In the worst case, storm windows improve U-value by 25-35 
percent, and decrease SHGC by 8-20 percent.  Locations with cold winters and warm summers require U-
values ≤ 1.25 W/m2-°C (0.22 BTU/hr-ft2-°F) and SHGC ≤ 0.25 so that storm windows can help improve 
window performance. 


Table 6: Effect of storm windows on metal-framed windows (KA Cort, Pacific North West national laboratory, 2015) 


Base Window Storm Type U-factor, W/m2-°C 
(Btu/h-ft2-°F) SHGC VT 


Aluminum double hung, single 
glazed  None 6.36 (1.12) 0.61 0.65 


Worst case mounting Clear, Exterior 3.81 (0.67) 0.56 0.58 


Thermally broken mounting Low-e, Exterior 2.50 (0.44) 0.48 0.54 


Aluminum double hung, double 
glazed  None 4.26 (0.75) 0.58 0.6 


Worst case mounting Clear, Exterior 3.12 (0.55) 0.51 0.54 


Thermally broken mounting Low-e, Exterior 2.04 (0.36) 0.44 0.5 


Aluminum fixed, single glazed None 6.02 (1.06) 0.72 0.77 


Worst case mounting Clear, Exterior 3.52 (0.62) 0.59 0.62 


Thermally broken mounting Low-e, Exterior 2.38 (0.42) 0.52 0.59 


Aluminum fixed, double glazed None 3.52 (0.62) 0.67 0.71 


Worst case mounting Clear, Exterior 2.67 (0.47) 0.54 0.58 


Thermally broken mounting Low-e, Exterior 1.87 (0.33) 0.48 0.55 


Dynamic Facades and Systems 


These systems work based on weather conditions and adjust visible transmittance and solar heat gain for 
occupant comfort, as well as heating and cooling energy consumption, in different seasons. Table 7 shows 
the results of a study by View Dynamic Glass, conducted for workplaces in five U.S. locations with 
different climates: Atlanta, Miami, Phoenix, New York, and San Francisco. This table shows the 
difference in energy consumption between Low-e and Dynamic glass based on various end uses.  


Table 7: Energy benefits on Dynamic glass in workplace (View Dynamic Glass)  


  
Average 


Low-Emissivity Glass Dynamic Glazing 
End Use (Mbtu) (Mbtu) 


Space 
cooling 


575 494 


Vent fans 98 78 


Pumps 15 14 
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Miscellaneous Equipment 666 666 


Area lights 670 518 


Space heating 133 163 


Hot water 89 90 


Total 2,246 2,021 
 


Although these systems are effective, they require more design consideration for controls, interaction with 
other systems, and operating costs. More savings could be achieved if the electric lighting is controlled.  


Operable Shading Layers  


These shading layers or blinds are installed between glazing layers or in front of the window. Although 
they prevent overheating, they do decrease occupant comfort.  While these layers decrease cooling 
energy, electricity consumption increases as natural light is replaced with artificial electric lights. 
Horizontal blinds or louvers can transmit daylight and provide more view to the exterior. These blinds are 
efficient for privacy and personal security, but not an efficient option for reducing cooling-energy costs. 


Double-Skin Façade  


Control of solar heat gain through shading systems between two layers of the building enclosure is one of 
the most advanced design improvements. Typically, either motorized or manual blinds between the skins 
are used to reduce SHGC, while venting the air cavity can reduce solar overheating. Based on a study at 
Zhejiang University, double-skin facades can provide significant reduction of the cooling load. The 
cooling load was calculated for both double- and single-skin facades for different orientations of a 
building and detailed CFD simulation was used to find the energy savings from using a double-skin 
facade. 


Table 8: Annual cooling load saving (Shu, He, Zhang and Bai, 2011) 


  Annual Cooling Load for Double-Skin Façade  
Orientation East South West North 
Double-skin façade (kWh/m²) 42.16 40.51 63.73 32.86 
Single-skin façade (kWh/m²) 51.19 49.2 77.19 39.98 
Energy saving (kWh/m²) 9.03 8.69 13.46 7.12 
Energy saving percentage % 17.6 17.7 17.4 17.8 


External Shading Devices 


Shading devices can reduce solar gains in glazed buildings. Installation cost and safety considerations can 
be a concern, but external shading devices can reduce overheating by preventing solar gains from entering 
the conditioned space. These devices are usually fixed and cannot block sunlight from all angles, 
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especially at low angles at the beginning and end of the day. 


According to a study conducted by Diane Bastien and Andreas K. Athienitis in 2015 on different exterior 
devices under National Fenestration Rating Council (NFRC) conditions, exterior shades can improve the 
glazing U-value by 25%. In this study a new methodology was used for window U-value calculation: 


Uw=  
∑UgAg+∑UfAf+∑IψΨ


𝐴𝑡
, where Iψ is the vision area perimeter and Ψ is linear thermal transmittance in this 


equation.  


CONCLUSION 


In this paper, we considered many tools and methods to select the best SHGC and U-value for a window 
and optimize for the best performance (such as reduced energy consumption and increased occupant 
comfort). 


Windsor, ON, was used as an example of a location with warm summers and cold winters. The study 
showed that U-factor ≤ 1.25 W/m2-°C (0.22 BTU/hr-ft2-°F) and SHGC ≤ 0.25 is the best choice for this 
city, but in case further improvements are needed, we reviewed other possible design choices. 


In terms of U-value and SHGC improvement, many methods have been considered: removable shading 
systems, window configuration, storm windows, dynamic facades and systems, operable shading layers, 
double-skin facades, and external shading devices. Each method was considered individually, and 
advantages and disadvantages are shown for each option. 
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Construction has failed to modernize











Persistent challenges


• Inertia to change resulting from the familiarity with 
established contractual structures 


• Fractious and adversarial relationships


• Perception that innovation is likely to cost more and time 
consuming


• Reluctance to engage in a process which may lead to loss of 
control


• Misaligned risk / reward structure


• Short term thinking / first cost driven 


• Lack of adequate education and training 


• Existing insurance and bonding models do not comfortably 
accommodate collaboration







About the study


• Overview of models, processes and 
practices drawn from local and 
international actions 


• Highlight the role of procurement in driving 
innovation in construction


• Applicability to BC (and elsewhere)


• Applicability to wood projects (and others)


• Aimed at public and private owners, 
consultants and contractors
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Why mass 
timber?


• Timber technologies 
represent the leading 
edge of innovation in 
construction today 


• “Proxy” for broader 
application







Research methodology


• Literature review of best practices in BC 
and elsewhere


• Assessment of common procurement 
methods for their ability to achieve the 
best environment for innovation and 
best value for key stakeholders.


• In-depth review of traditional and 
innovative procurement approaches. 


• Interviews with 10 industry experts


Workshop with 32 industry professionals







GROUP 1: PBC,  SFU, City 
of Coquitlam, Translink


Student residence, library 
and station upgrade


• Location: Lower 
Mainland


GROUP 2: UBC 


Urban agriculture building 
and indoor farm


• Location: Vancouver


GROUP 3: City of 
Vancouver


Zero emissions fire hall, 
community room and 
social housing


• Location: False Creek 
Flats, Vancouver


GROUP 4: BC Housing 


30 unit seniors resident, 
cafe and school room


• Location: ocean front 
site, remote community


Hands-on industry engagement with innovative 
project procurement







Defining 
“procurement”


• Includes sourcing, purchasing, and all activities related to 
providing knowledge, manpower, construction 
equipment, materials, supplies, supervision, and 
management services necessary to accomplish the 
project objectives. 


• May include ongoing management of the asset, to the 
extent that building operation and maintenance 
procedures are affected by the original work.







The project delivery process involves many players







Application of 
innovation in 


construction is 
challenging


• Every project is unique 


• Formatting the procurement 
process to enable 
construction companies to 
manage, measure and control 
the development and 
application of new ideas 
systematically is an important 
first step towards the 
standardization of innovation. 







Benefits of standardized 
innovation management


A construction company could see significant improvements 
in the following areas:


• Organization of activities


• Competitiveness in the medium and long- term


• Integration of corporate management processes within 
the company's overall strategy


• Efficient exploitation of the organization’s knowledge


• Systematization of new process and product knowledge 







Special considerations when working 
with innovative wood technologies


• Wood is not a homogenous material


• Contract documents need to make special provision for 
weather and moisture protection, constructability (e.g. 
lifting, storage, etc.) and fire protection during 
construction. 


• Testing is required to ascertain the performance of a 
material, product or assembly for many characteristics, 
such as structural, moisture resistance, fire, durability 
and toxicity. 


• Research and testing takes time and can be expensive 
so it needs to be identified early and factored into the 
design and construction process and budget.







The role of the Owner


Creating a procurement process that is conducive to 
innovation starts with an owner who can: 


• Identify a project with the potential to incorporate 
innovative solutions


• Clearly, accurately and completely describe the 
project requirements


• Establish a fair, open and transparent project team 
selection process by which to evaluate responses


• Select a delivery model that, for the entire 
duration of the project, fosters full team 
collaboration, manages risk appropriately and 
ensures accountability of all parties (i.e. puts the 
best interests of the project first)







“It is unwise to pay too much, 
but it is worse to pay too little.”


“When you pay too much you lose a little money. When you 
pay too little, you sometimes lose everything, because the 
thing you bought was incapable of doing the thing it was 
bought to do. 


The common law of business balance prohibits paying a 
little and getting a lot - it can’t be done.


If you deal with the lowest bidder, it’s well to add something 
for the risk you run, and if you do that, you will have enough 
to pay for something better.”


John Ruskin (1819 - 1900), English art critic and social thinker


DEFINING VALUE







$1 extra spent on design = $20 savings in construction 


and $60 savings in operation







Capital Cost v Life Cycle Cost


IF


The initial 
construction cost 


of a building is


THEN 


Its O&M costs 
over the years are 


AND


Business 
operating costs in 
that building are


Royal Academy of Engineers 1:5:200 “rule of thumb” 


• Initial capital cost may only account for around 20% of the total costs that the building 
owner will incur during the period of ownership – particularly when energy bills and 
maintenance costs are taken into account. 


• If the costs of staff using buildings are included then this is reduced to just 0.5%. 


1 5 2005 200







Measurable performance targets
Category Example of performance target


Schedule Construction completion date


Cost


 Capital cost


 Life cycle cost


Achieve budget cost


Achieve budget cost (measured after start-up period)


Quality Owner satisfaction (measured by survey of end users)


Defects & call-backs


Environmental performance Energy = Steady indoor temperature of (e.g. 20- 22°C)


GHG emissions in kgC02/m2


Acoustics = STC ratings


Waste in tonnes of waste generated (total or per m2)


Indoor Air Quality = presence of mould spores, VOCs (ppm) 


Safety Accident rate







Tools for creating an integrated, 
collaborative team


Early market 
engagement


Sanctioned design 
competitions


Competitive dialogue


Performance incentives 







Early market engagement


EME can 
cover a 
wide 
range of 
issues


Feasibility: whether what is sought is possible, or has ever been done.


Capability: the ability of the market to achieve what is required.


Maturity: whether there is an established market for the requirement and 
whether there are enough suppliers in existence for competitive procurement.


Capacity: whether the market can achieve what is required quickly enough, or 
on a large enough scale.


Cost: whether the desired material or technology can be procured and 
incorporated into the client’s project at reasonable cost. 







Performance incentives


• Performance penalties tend to 
foster defensive, risk-averse 
behaviour.


• Incentives help to protect against 
the team entrenching into silos at 
the first sign of a challenge.


• Profit pools and integrated project 
delivery (IPD) put everyone on the 
same side.







Incorporating innovation 
into bids and tenders


• A clearly defined scoring system 
that allocates points and weighting 
for specific project outcomes is 
recommended where performance-
based outcomes are required 


• A definition of what innovation 
means to the owner (and the 
project) and how it will be 
evaluated.







Balancing risk without 
stifling innovation


• Key lies in the Owner’s approach to project 
definition and the team culture. 


• A greater focus on how the ultimate end-user 
will work in the building once it is complete 
leads to more ‘output-based’ definitions. 


• Requires a major culture shift from the 
traditional ‘silo’ mentality, where who does 
what was precisely defined. 







Considerations 
when defining 


“Quality”


• Available funding and time


• Existing corporate policies 
(such as environmental 
policies)


• Key requirements of the 
business


• Key requirements of 
stakeholders


• The views of external 
organizations such as the local 
governments and community 
groups







FAIR


OPEN


TRANSPARENT 







Summary of models in the context of innovation


Design-


Bid-Build
CM


Design-


Build
P3 IPD


Time predictability ✔ ✔ ✔


Cost certainty ✔ ✔ ✔ ✔


Requires an experienced owner ✔ ✔


Requires an experienced 


construction company
✔ ✔ ✔


Suitable for a market experiencing 


rapid price escalation 
✔ ✔ ✔


Suitable for small projects ✔ ✔


Suitable for complex projects ✔ ✔ ✔ ✔


Suitable for fast track projects ✔ ✔ ✔ ✔


Suitable for an uncertain or 


developing brief
✔ ✔







CM at Risk


P3


Design – Bid - Build


Design - Build


Delivery models







Integrated Project Delivery


CCDC Integrated Project Delivery 
Agreement (DRAFT)


JCT Constructing Excellence 
(2016)







JCT-CE: “The Overriding Principle … is 
that of collaboration.” 


• 2 standard documents: 1) 
contract and 2) project 
ream agreement 


• Used to formalize the 
integration of the project 
team 


• Includes options that 
provide for risk and reward 
sharing arrangements 
between team members.


All parties required to have the 
“intention to work together with 


each other and with all other 
project participants in a co-


operative and collaborative manner 
in good faith and in the spirit of 


mutual trust and respect”. 







Summary of best practices


• Early involvement of all key project team 
members 


• Clear measurable goals and KPIs


• Apply all available tools to create an effective 
collaborative project team 


• Life cycle costing is used to articulate the 
business case for innovation 


• Technical and logistical considerations of 
building with wood are factored in.


• High quality contract documents 


• Project risks are understood, managed and 
apportioned fairly. 


• Ample education and training opportunities 


• “Feedback loops” to foster a culture of learning


• Intellectual property is respected and 
protected.







Opportunities for 
further research


• Standards for occupational health and safety and 
for fire protection in wood projects 


• Consistency in how “Best Value” is defined and 
evaluated during bid selection.


• Develop LCC data on new products and materials.


• Develop open standards for prefabricated 
construction in Canada, which allows wood 
structures, proprietary systems and other systems 
to compete on a level playing field.


• Construction-specific education to address 
technical issues of mass timber construction and 
pre-fabrication. 


• Tools to improve businesses resiliency for SMEs.







THANK YOU


HELEN GOODLAND


PRINCIPAL


BRANTWOOD CONSULTING
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PROCURING INNOVATION IN CONSTRUCTION: A REVIEW OF 
MODELS, PROCESSES AND PRACTICES  


Helen Goodland RIBA MBA, Principal, Brantwood Consulting; Jim Taggart FRAIC; Kevin 
Hanvey, Architect AIBC, AAA, MAA, MRAIC Principal, Architecture (BC), Omicron; Tyler 


Galbraith, LLB, Partner, Jenkins Marzban Logan LLP 


 


 


ABSTRACT  


Using mass timber as a case study, the question this report aims to answer is: how can the construction 
procurement process be best deployed to 1) accommodate project specific R&D, 2) allow for new 
technologies and processes and 3) encourage project team creativity?  


Published by the British Columbia Construction Association, the research comprised a review of local 
efforts and international best practices, in-depth interviews with 10 industry leaders and a deep dive into 
recently completed innovative wood projects in BC in order to understand how the projects came about, 
the procurement processes involved, who the innovation champions were, cost implications (if any) and 
any specific issues and challenges encountered.  


Preliminary findings were then used to develop the agenda of an industry workshop held September 30th, 
2016 at the Vancouver Regional Construction Association. Using four fictitious but “close to reality” case 
study projects that were developed in consultation with seven public owner organizations in advance of 
the workshop, 32 invited industry leaders (owners, architects, engineers, contractors and specialty sub-
contractors) were set the task of identifying potential innovations, evaluating the procurement challenges 
and recommending best practice solutions.  


The resulting graphically-appealing, “plain language” 60 page guide is intended to help public and private 
owners become “innovation friendly” in their construction procurement – to enable them to access the 
potential environmental, economic and social benefits that innovative construction solutions can bring. It 
is also intended to guide architecture, engineering and construction firms as they set up their competitive 
response processes so they can bring their best to projects that push technical and logistical boundaries. 
Using examples of innovation in mass timber design and construction as a means to illustrate broader 
themes that can be applied to a wide range of building products and materials, this project explores how 
innovative solutions can best be encouraged within the many different stages and elements of construction 
procurement.  


This paper offers an abridged documentary of the full guide, which is available for free from the BC 
Construction Association. 
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CONSTRUCTION PROCUREMENT STATE OF PLAY 


“It is unwise to pay too much, but it is worse to pay too little. When you pay too much you lose a little money. When 
you pay too little, you sometimes lose everything, because the thing you bought was incapable of doing the thing it 
was bought to do. The common law of business balance prohibits paying a little and getting a lot - it can’t be done. 
If you deal with the lowest bidder, it’s well to add something for the risk you run, and if you do that, you will have 
enough to pay for something better.” 


John Ruskin (1819 - 1900), English art critic and social thinker 


Procurement is an integral part of a construction project. It includes sourcing, purchasing, and all 
activities related to providing knowledge, manpower, construction equipment, materials, supplies, 
supervision, and management services necessary to accomplish the project objectives. Increasingly, it 
includes the ongoing management of the asset, to the extent that building operation and maintenance 
procedures are affected by the original work. 


Effective procurement identifies a project’s target market and packages up the opportunity to appeal to 
that market. It also focuses on securing a deliverable and affordable solution that best meets the owner’s 
needs, and providing a firm contractual basis against which delivery and performance can be assessed. 
However, construction procurement can be a highly complex procedure, and present some significant 
challenges for procurers – not least due to the scale of the works being procured, and the variety of 
professional services typically required for project delivery. 


 
Figure 1: Overview of construction procurement. Source: Adapted from Sci-Network   
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INNOVATION IN CONSTRUCTION 


Broadly, innovation can be applied to a product, a process, an organization or a market. It involves 
successfully incorporating new ideas, which generate changes that help to solve the needs of a company 
and so increase its competitiveness. The patterns of innovation in construction are different in many ways 
from those of other industries, and effective management of innovation is essential to create value for 
construction companies as well as their customers and owners.  


The application of innovation to the construction industry is not straightforward, despite the importance 
of this sector in the development and growth of the wider economy. Every project is different, which 
means that construction companies have to be constantly adapting their processes and resources to suit. 
Every site is a singular prototype whose configuration changes over time. Construction works are located 
in different places, and involve the constant movement of personnel and machinery. In addition, differing 
regulations, the weather and other factors can prevent consultants from applying previous experience 
effectively. This means that although innovative solutions to specific problems add to the overall 
experience and practices of a company, as innovation is undertaken on a one-off basis, it does not 
necessarily benefit the company as much as might be expected unless it is possible to incorporate it into 
the organization’s standard management processes. Formatting the procurement process to enable 
construction companies to manage, measure and control the development and application of new ideas 
systematically is an important first step towards the standardization of innovation. A construction 
company that has a standardized management of innovation could see significant improvements in the 
following areas: 


 Organization of activities,  
 Competitiveness in the medium and long- term,  
 Integration of corporate management processes within the company's overall strategy,  
 Efficient exploitation of the organization’s knowledge, and  
 Systematization of new process and product knowledge.  


These improvements will have direct and positive impacts for building owners and clients. However, 
projects that seek to use unproven products and technologies need to accommodate the time and cost for 
research, evaluation and testing into the project budget and schedule. 


Special Considerations when working with Innovative Wood Technologies 


Wood lends itself to modern methods of construction on account of its malleability, affordability 
sustainability, availability and ability potential to support local economies in British Columbia. Canada’s 
wood industry has been investing heavily in advancing a range of novel building products and structural 
systems the success of which rely on processes such as off-site construction and digital fabrication. 
Innovations that are starting to emerge in projects across the country and around the world include:  


 Products and materials (oriented strand board (OSB); parallel strand lumber (PSL); laminated 
veneer lumber (LVL); laminated strand lumber (LSL); glue laminated timber panels (GLT) and 
wood I-joists),  


 Innovative wood structural systems (Cross-Laminated Timber panels (CLT), Nail-Laminated 
Timber panels, (NLT), post-tensioned systems such as Pres-Lam and other proprietary solutions), 
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 Connection systems (e.g. proprietary epoxy-based systems developed in Europe). 


There are many unique technical and logistical considerations that owners need to be aware of when they 
contemplate wood projects and how new solutions in wood are brought to market offers important lessons 
for the other inventions. When working with mass timber, contract documents need to make special 
provision for weather and moisture protection, constructability (e.g. lifting, storage, etc.) and fire 
protection during construction. Extra care is required when it comes to the application of technologies that 
are new (in terms of the location, configuration or application). Testing is required to ascertain the 
performance of a material, product or assembly for many characteristics, such as structural, moisture 
resistance, fire, durability and toxicity. Testing takes time and can be expensive so it needs to be 
identified early and factored into the design and construction process and budget.  


PROCUREMENT BARRIERS TO INNOVATION 


The procurement of buildings is informed by two distinct and frequently competing priorities: 
construction businesses need to make money in order to stay in business, while owners need to maximize 
value for money, in order that limited funds can deliver as much as possible. Times are challenging for 
building owners. Private developers are faced with the rising cost of land and the public sector is under 
sustained pressure to maximize value for money, in order that limited funds can deliver as much as 
possible. There are roadblocks that often preclude innovative designs/construction proposals from being 
considered, such as the fractured nature of the construction value chain and the pressure to deliver a 
project for the lowest possible price, which create a procurement climate that is fundamentally hostile to 
innovation and alternate methods of project delivery. All parties to the procurement process can 
potentially shoulder some of the responsibility for the poor state of affairs (Table 1). 


Table 1: Procurement barriers to innovative construction projects identified by literature review and interviews  
Barriers identified by industry Barriers identified by owners 


 Short-term thinking. 
 Owners are not sufficiently knowledgeable, 


which can lead to poor advice being taken 
and results in a project coming in over-
budget, outside of timeframes, or to a poor 
standard. 


 Low (first) cost of a project is almost always 
prioritized over Life Cycle Cost (LCC). 


 Inability to replicate a successful project team, 
preferring to “mix things up” in the hope of 
getting a better price but instead simply locking 
in the inefficiencies that come with 
unfamiliarity and lack of trust. 


 Lack of transparency of the procurement 
process. 


 Issues over responsibility & allocation of risk. 
 Lack of integration and standardization. 
 Lack of continuity of projects dissipates 


knowledge when teams were dispersed. The 
lack of continuity severs relationships resulting 
in a lack of captured learning and no ability to 


 Short-term thinking. 
 Most parties seek to minimize personal/business risk at 


the expense of another party to the contract. The wrong 
person is left “holding the bag”. 


 Lack of integration and standardization across the value 
chain. 


 Contractors are set up to perpetuate problems with 
business systems that encourage silo-based thinking. 


 Lack of recourse (the industry has no code of ethics) 
against contentious behaviours such as “suicide 
bidding”: a tendering exercise in which a potential 
supplier, anxious to win business, submits a proposal to 
carry out the work for less (potentially much less) than 
it will cost. The term refers to the potential for such a 
bid, if successful, to be impossible to complete and the 
bidder goes out of business.  


 Lack of clear leadership to ensure that construction is 
properly planned using a design-led approach.  


 Lack of a culture of training leading to low levels of 
technical skill on site, omissions of important 
procedures (e.g. weather protection) and 







 


Paper 20                                                                                                                                      Page 5 of 18 
 


build on success. 
 Inadequate incentives to exceed minimum 


standards. 
 Some practices in public sector construction 


procurement, such as pre-qualification, are 
frequently overly elaborate and increase costs 
for both the public-sector client and the private 
sector contractor. 


incomplete/shoddy design documentation. 
 Lack of feedback loops and “captured learning” from 


previous projects. 
 Existing insurance and bonding models do not 


comfortably accommodate collaboration. 
 Current procurement models inadvertently promote an 


adversarial relationship between parties i.e. one’s profit 
is often based on the errors and/or omissions of another. 


 Compressed project timelines and pressure on budgets 
work against the team’s ability to prepare and 
coordinate adequate contract documents. Inadequately 
scoped documents lead to price volatility in the bidding 
stage and price escalation (through contract changes) 
during the construction phase. 


 Lack of experience and/or technical expertise within 
builders and consultants resulting in poor quality of the 
end product and poor team performance.  


Creating a procurement process that is conducive to innovation starts with an owner who can:  


 Identify a project with the potential to incorporate innovative solutions, 
 Clearly, accurately and completely describe the project requirements,  
 Establish a fair, open and transparent project team selection process by which to evaluate responses, and 
 Select a delivery model that, for the entire duration of the project, fosters full team collaboration, manages 


risk appropriately and ensures accountability of all parties (i.e. puts the best interests of the project first).  


THE ROLE OF THE OWNER 


The success of an innovative project relies on leadership from the owner who not only needs to lead by 
example, but also establish the structure and tone of key relationships, as well as the values and objectives 
of the project. This is especially important when assembling a team that has not worked together before. It 
is the owner’s responsibility to seek best “value for money” in their building project – to deliver the 
functional program within the timeframe required, while meeting stakeholder and society’s expectations 
in terms of financial return, the health and safety of workers and occupants, environmental impacts, 
aesthetics and so on. Some owners even try to “value” important but intangible benefits such as 
reputational impacts. 


Consultation with industry suggests that owners that have successfully incorporated innovation into their 
projects (and benefited from the result) seek to provide a supply chain environment in which the ‘hands-
on’ experience of the general and key trade contractors and suppliers is harnessed in such a way that the 
value created is documented and, if possible, quantified. These owners have found that it is possible to 
balance risk in the commercial structure without stifling innovation. The key to this lies in their approach 
to project definition and the team culture. A greater focus on how the ultimate end-user will work in the 
building once it is complete leads to more ‘output-based’ definitions. This is not easily achieved, because 
it requires a major culture shift from the traditional ‘silo’ mentality, where who does what was precisely 
defined.  


This new approach gives the rest of the supply chain the opportunity to bring its experience to bear, which 
brings with it innovation, productivity gains and best value. The other benefit is that everyone in the team 
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can have the opportunity to use their special knowledge, which can be very motivating. But on the other 
hand, this throws up the challenge of keeping the team together, for the knowledge that they have gained 
and for the relationships that they have built up. 


The lack of continuity of projects has traditionally dissipated knowledge, as teams were dispersed. The 
lack of continuity also severs relationships. Now, there is a realization that success depends as much on 
the ‘soft’ skills as the ‘hard’ skills. What large experienced owners have learned is that creating supply 
chain environments, such as Framework Agreements in the UK (Constructing Excellence), that retain 
knowledge and relationships leads to building success. This is a new vocabulary for many in the 
construction industry (Leading Edge Management, 2004). 


Table 2: Examples of performance targets for building projects 
Category Example of performance target 
Schedule Construction completion date 
Cost 
 Capital cost 
 Life cycle cost 


 
Achieve budget cost 
Achieve budget cost (measured after start-up period) 


Quality Owner satisfaction (measured by survey of end users) 
Defects & call-backs (e.g. no water damage for wood structures) 


Environmental 
performance 


Energy = Steady indoor temperature of (e.g. 20- 22°C) 
GHG emissions in kgC02/m2  
Acoustics = STC ratings 
Waste in tonnes of waste generated (total or per m2) 
Indoor Air Quality = presence of mould spores, VOCs (ppm)  


Safety Accident rate 
 


SETTING REQUIREMENTS AND TARGETS 


The procurement strategy adopted for a project outlines the key means by which the objectives of the 
project are to be achieved. The most influential decisions affecting cost, quality and sustainability 
performance are taken early in the project (during the planning and design phases). Regardless of the 
procurement procedure and contractual model followed, it is important that performance goals and targets 
are also set early. Ensuring these targets are clearly communicated throughout the project and in all 
tendering documents helps to make sure that all involved are working with a common understanding. 
Evidence shows that $1 extra spent on design, is the equivalent of $20 savings in construction and $60 
savings in operation (Dewar, 2016). No matter what type of construction project is being undertaken, the 
final result achieved will greatly depend on the requirements and targets set by the owner, and how 
effectively these are defined and communicated to those carrying out the work.  


Focusing simply on lowest price can make it very difficult to realize the benefits of novel products, 
processes or solutions because the advantages may lie in achieving other results such as improved life 
cycle costs, construction speed, or environmental performance. Construction “value” can be described as 
the relationship between what you get (or want) and what you pay. Thus, value can be increased by 
improved function or reduced whole life cost. So, for teams contemplating innovative construction 
projects it is essential that value is managed, measured and quantified so that the benefits of the new 
technologies and processes can be evaluated. “Best value for money” is defined as the most advantageous 
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combination of cost, quality and sustainability (each discussed in more detail below) to meet customer 
requirements. To encourage innovative solutions, owners therefore need to award contracts based on both 
financial and non-financial criteria that, together, represent the best value.  


Capital Cost versus Life-Cycle Cost 


Investing in innovation may have immediate short-term benefits in terms of the speed and cost of the 
project, it can also have much greater long-term economic and other impacts over the life of the building.  


In 1998, the Royal Academy of Engineering in the UK developed the 1:5:200 “rule of thumb” which 
suggested that if the initial construction cost of a building is 1, then its maintenance and operating costs 
over the years are 5, and the business operating costs in that building are 200 (Sci-Network, 2012). so, the 
initial capital cost may only account for around 20% of the total costs that the building owner will incur 
during the period of ownership – particularly when energy bills and maintenance costs are taken into 
account. If the costs of staff using buildings are included then this is reduced to just 0.5%.  


Life-cycle cost (LCC) analysis is therefore used to assess the total cost of facility ownership. It takes into 
account all costs of acquiring, owning, and disposing of a building or building system. LCC can be a key 
enabler of the adoption of new and innovative construction products and techniques. Many innovative 
solutions may incur higher up-front costs but once operating costs are taken into account the overall 
investment may provide a better return. LCC can be used as an evaluation tool within competitive 
tendering procedures so that investments in innovation can be valued correctly and completely. To allow 
project teams to respond effectively, owners need to establish clear and quantifiable criteria in terms of 
the expected magnitude and timeframe of the return on investment (ROI) and the value given to non-
financial benefits (occupant wellbeing, etc.). 


Although LCC is required for federal building procurement in Canada (Government of Canada Policy on 
Green Public Procurement), published life cycle cost analysis information for most building types is 
sparse, particularly for wooden structures. Indeed, current indices of the useful lives of various products 
allocate lower useful lives to wood than other materials without clear basis for any of the chosen values. 
Despite a pervasive perception that the useful life of wood structures is lower than buildings of other 
materials – there is no meaningful relationship between the type of structural material and average service 
life. Owners should therefore be aware that, currently, the combined lack of LCC research on wood use in 
construction and the common availability of what appear to be non-research based estimates of useful 
lives of materials can create an unwarranted bias against the use of wood in structures. Development of 
definitive, research-based information on durability/longevity of wood structural and non-structural 
elements used in various building applications is needed (Bowyer, et al, 2013). This lack of market data 
relates to new materials generally, not just wood (e.g. insulated concrete forms), and this needs to be 
addressed by policy makers to support the timely adoption of a wide range of new solutions.  


Defining “Quality” 


The notion of “Quality” means different things to different people: functionality, the absence of defects, 
performance, durability, fitness for purpose; standard relative to things of a similar kind and so on. One 
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definition that resonated with interviewees for this project is, “A combination of functionality (how useful 
the project is in achieving its purpose); impact (how well the project creates a sense of place); and build 
quality (performance of the completed project)”.  


Quality in a finished building is generally a factor of the owner’s proposal or briefing, design process, 
contract documentation and construction. As quality has no specific definition in standard contract 
documents, it is very important that proposal or briefing documents set out clearly the level of quality that 
is required. Specific standards of quality can generally be defined, prioritized and measured quite 
precisely, and criteria weighting can help in the appraisal of design options, in particular where 
conflicting views exist amongst stakeholders. When defining objectives for quality, the owner should 
consider: 


 Available funding and time, 
 Existing corporate policies (such as environmental policies), 
 Key requirements of the business, 
 Key requirements of stakeholders, and 
 The views of external organizations such as the local governments and community groups. 


Sustainability Performance  


Sustainable procurement is, “A process whereby organizations meet their needs for goods, services, 
works and utilities in a way that achieves value for money on a whole life basis and generates benefits, 
not only for the organization but also to society, the economy and the environment.” While the social and 
economic benefits of purchasing a good or service can be easy to define (see the numerous Social 
Procurement policies emerging across Canada), environmental benefits are more challenging. Ideally, the 
goal is to be a force for good as opposed to being “less bad”: for example, the consumption of waste 
products, carbon sequestration, improved water quality, improved biodiversity, etc. Economic, social and 
environmental sustainability are interlinked. Increasingly, these three strands are afforded appropriate 
priority in construction procurement decisions. However, achieving these goals can only be validated 
once the project is operational. Therefore, not only do owners need to set clear and measurable 
sustainability goals for the purpose of project team evaluation but also to establish incentives for 
accountability. Sustainability targets can be established for operations and for embodied impacts 
(discussed below). 


1. Operating Targets 


The only way an owner can be sure that the project has achieved its energy performance goal is by 
looking at the utility bills. Building codes and green building rating systems (e.g. LEED) reference design 
models that make certain assumptions about how the building will be run. Projects that plan to deploy 
innovative solutions to address energy efficiency and/or GHG emissions reduction can set measurable and 
absolute standards to be achieved (in kWh, MJ, kg.CO2e, etc. per unit of gross floor area per year) to 
demonstrate that a return from the investment in innovation has been achieved. Incentives can then be put 
in place in the form of bonus for exceeding the goal and/or a penalty for failure. This can work well 
where the upfront budget for construction work is restricted. The owner can set an intermediate minimum 
standard and indicate a higher aspirational target, which the project team can be challenged to achieve, 
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either through setting incentives within their contract, or through running a design contest to win the 
contract.1 For renovation projects, an accurate baseline energy performance figure must also be 
determined. Other operating impacts that can be measured include water consumption and solid waste 
generated. 


2. Embodied Targets 


Although still at an early stage of market adoption, the life cycle environmental costs (impacts) that occur 
outside of direct building operations are increasingly being factored into project decision-making. Life 
cycle assessment (LCA) is a universally accepted science-based methodology to evaluate the 
environmental impacts of products and services that go into buildings as well as the buildings themselves 
over their entire life cycle, i.e. from raw materials extraction to final disposal. LCA is finding its way into 
green building rating systems (e.g. LEED v4) and in procurement models in Europe. Using LCA, the 
project team can evaluate a broad range of environmental considerations (such as embodied energy, 
global warming potential, impacts on water quality, impacts on human health, etc.) against explicitly 
declared criteria and give a summary of environmental performance. Such assessments can be used for 
benchmarking performance and monitoring progress towards improvement of performance. LCA is 
therefore a powerful way to inform owners and the project team of the impacts associated with a material, 
product or entire building and also provide a basis for demonstrating and communicating the result of 
efforts to improve environmental performance in construction works as a whole. 


LCA largely addresses the non-financial impacts of buildings and is therefore not considered in life-cycle 
costing (LCC) in current practice. However, as owners begin to integrate the economic, social and 
environmental goals into a triple-bottom line procurement model, LCA will become increasingly 
important. Owners can ask for LCA to be conducted on the proposed building (or any portion) to 
determine the lowest environmental footprint for specific factors such as embodied energy, carbon and 
more. To meaningfully inform decision-making, LCA should be undertaken early in the design process.  


CREATING AN INTEGRATED, COLLABORATIVE TEAM 


When contemplating an innovative project, an owner should strive to create an integrated, collaborative 
team in which the construction expertise is brought on as early as possible. A typical project team 
involves a diverse group of individuals who need to work together to find creative solutions within 
physical, cost and time constraints. It is widely accepted that one of the primary success factors of an 
innovative construction project is the assembly of a multi-disciplinary team with experience and 
chemistry, preferably before 25% of project design is completed (Natural Resources Canada, “The 
Integrated Design Process”).  


The objective is to utilize every participant’s knowledge through all projects phases. Procurement models 
that encourage early contractor involvement will enable new concepts to be tested for constructability and 
compatibility with the project goals. The most important attributes by which to judge the suitability of a 
consultant or contractor to carry out a particular project, regardless of the selection process stages, 
generally are professional and/or technical competence, managerial ability, availability of resources 
(financial, people, equipment, etc.), and professional integrity. The owner should seek detailed 
information on all these qualities at the short-listing or selection stage by:  
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 Obtaining comprehensive written pre-qualification information appropriate to the scale and scope 
of the project, 


 Interviewing permanent senior personnel of the candidate at the short listing stage and the key 
staff identified for the assignment, 


 Examining systems and methods of services as well as hardware and software capabilities, and 


 Talking to previous owners and clients.  


Early Market Engagement 


The benefit of construction expertise at the critical early stage(s) of a project cannot be overstated – 
particularly for projects that intend to employ novel technologies or processes, or which will impose 
major constructability challenges. Early Market Engagement (EME) can be an invaluable method of 
capturing intelligence on innovations, new processes, project feasibility and market capacity/capability 
which can then be factored into options appraisal, specification and procurement of a project. In use in 
Europe (but not in Canada), EME comprises in-depth dialogue between the owner and potential suppliers 
prior to tendering for design or construction work. EME can cover a wide range of issues including:  


 Feasibility: whether what is sought is possible, or has ever been done. 
 Capability: the ability of the market to achieve what is required. 
 Maturity: whether there is an established market for the requirement and whether there are 


enough suppliers in existence for competitive procurement. 
 Capacity: whether the market can achieve what is required quickly enough, or on a large enough 


scale. 
 Cost: whether the desired material or technology can be procured and incorporated into the 


client’s project at reasonable cost.   


Different methods for EME exist ranging from a market survey through to “meet the buyer” events or 
industry days, where interested suppliers are informed in detail of the owner’s plans, and can raise 
questions and pose solutions.  Any EME activity needs to be undertaken with due regard to the principles 
of transparency, non-discrimination and mutual recognition. No advantage or disadvantage should be 
given to any supplier or group of suppliers. It is important that suppliers understand that the competitive 
phase of procurement will be carried out separately and all suppliers will be treated on equal terms. This 
can be stated in any invitation to open discussions. 


EME is different to early contractor involvement, which is based on the conditional appointment of a 
main contractor on an individual project in order to obtain additional input to the design process. EME 
activities may involve a supplier or group of suppliers providing details of a new, innovative solution or 
technology to an owner ahead of a formal contract process. This benefits suppliers as it allows them to 
demonstrate their competitive advantage and ensure that what they can offer will be taken into account in 
the tender process or included in the project specification. However, it also creates significant risk for the 
supplier in terms of the potential loss of their intellectual property rights in regards to their innovative 
solution and the associated development costs. This risk may result in suppliers withholding innovation 
during early market engagement processes unless they feel their rights will be sufficiently protected.  


An example of EME is the UK’s Forward Commitment Procurement (FCP) process, which has been 
developed in the UK specifically for local government procurers and wider public sector procurers (UK 
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Department for Business, Innovation and Skills, 2011). FCP creates the conditions needed to deliver 
innovative, cost effective products and services. Designed mainly for use by the public sector, the FCP 
approach was developed to be consistent with value for money policy and the legal framework that 
governs public sector procurement. FCP brings together progressive thinking and best practice from the 
private sector and the innovation and procurement communities, together with understanding of the 
demand side barriers to the commercialization of innovative goods and services to bring new cost 
effective goods and services into the market. In brief, FCP provides the supply chain with information of 
specific unmet needs and, critically, with the incentive of a Forward Commitment: a commitment to 
purchase a product or service that currently may not exist, at a specified future date, providing it can be 
delivered to agreed performance levels and costs. FCP provides the incentive, confidence and momentum 
for suppliers to invest and deliver innovative solutions.  


Sanctioned Design Competitions 


Competitions to procure design (or design and construction) services, though not common in Canada, are 
a proven method of delivering innovation in other countries. They tend to attract firms which are newer, 
younger, hungrier and more predisposed to exploring the boundaries of what is possible in practice. A 
competition can be ‘open’ whereby any qualified architect, firm or consortium can enter or it can be based 
on a preselected shortlist of firms or teams chosen by the competition organizers. Based on the 
competition terms, the participants are asked to develop an initial (schematic) design concept based on the 
defined project requirements, which is then evaluated by a jury of experts and the project is awarded to 
the successful proponent. There is sometimes resistance to competitions from design firms who think 
owners are getting “something for nothing”, so competitions should therefore ensure participants are 
appropriately compensated for their time. The design competition for procurement can be a useful method 
of leveraging innovation into the design and construction processes. However, there are administrative 
and regulatory challenges to holding design competitions in Canada and must be sanctioned by the 
professional regulatory body (AIBC Bulletin 63, 1994) and there must be financial compensation for all 
participants. To be successful, design competitions should be launched on the basis of a very clear project 
brief, including design excellence, minimum and aspirational energy (and other) performance targets and 
the openness to innovative solutions. 


Competitive Dialogue 


Included in the 2014 EU Public Procurement Directives, “Competitive Dialogue” is used in European 
countries to create a separate phase for dialogue with suppliers on the assumption that more and better 
dialogue results in a better project, product or service. It allows for bidders to develop alternative 
proposals in response to an owner’s outline requirements. Only when their proposals are developed to 
sufficient detail are tenderers invited to submit competitive bids. The aims are to increase value by 
encouraging innovation and to maintain competitive pressure in bidding for complex contracts. Although 
competitive dialogue takes longer and requires more upfront investment of time and money by the owner, 
experiences in the UK suggest that it can be a powerful method for encouraging and evaluating innovative 
solutions – particularly for complex projects.  


Competitive dialogue is designed to be applied to projects where the owner is able to state its requirement 
at the outset, but either cannot or does not want to define what the solution should be. For the owner, 
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competitive dialogue makes it easier to confirm that “all necessary elements” are in place before bids are 
submitted, resulting in more robust tenders. Fair and formal dialogue should prevent the possibility of 
misinterpretation by either the tenderer or the owner and hence cost escalation later in the contract. For 
bidders, the process provides better information flow, together with the opportunity to test the owner’s 
requirements through a progressive development of their proposal. Despite the substantial difference in 
process between negotiation and competitive dialogue, the outcome should be similar: an affordable and 
compliant preferred bid on which the parties can proceed to contract. The benefits from competitive 
dialogue are primarily related to the more detailed testing of the preferred proposal – an important 
consideration for an innovative project.  


Competitive dialogue requires detailed development by multiple bidders. On the owner side, the 
management and resourcing of the dialogue has to be considered. Competitive dialogue requires owner 
engagement in design, contracts, service standards and payment mechanisms. The owner must be 
equipped to respond promptly and fairly to proposals or changes. Although the owner is expected to 
benefit from faster financial close and a better, more secure solution, bidders are exposed to a greater risk 
of unrecoverable expenditure. Also, there is no binding offer on the table during the process until final 
bids are requested. Although the overall objective of the dialogue is to progressively develop multiple 
proposals that are compliant and affordable, there is no discipline imposed on a tenderer (in other words, 
they can act how they wish) other than the competitive pressure from other bidders. 


Where innovative solutions are being sought, competitive dialogue may be highly desirable. The iterative 
process of solution development fits well with the development of innovative solutions and so 
competitive dialogue can generate alternative design proposals, giving greater potential for added value in 
project delivery. Done well, both the owner and the delivery partner have greater confidence in the quality 
of the solution and the submission, particularly if it has been progressively tested during the dialogue 
process. Despite increased interest in Europe, competitive dialogue is not yet done in Canada. So, any 
owner who considers using the “competitive dialogue” process should be very cautious to avoid the 
possibility and perception of unfair bidding practices. Thorough preparation must be undertaken so that 
the owner can fully brief participants and respond appropriately to bidders’ proposals during the dialogue 
using a clear, well-defined and consistent process that has been openly communicated to all parties.  


Performance Incentives 


Aligning both the owner and project team’s individual and collective objectives can be a powerful 
catalyst for good project performance. For this reason, contract incentives (either financial or non-
financial) can be employed to identify and ensure focus on the owner's goals. However, traditionally, 
owners have relied on contract penalty clauses whereby the owner will claim a specified amount in 
damages (e.g. for every day the project is late) and/or may include hold back penalty clauses whereby the 
owner retains a portion of payment until the project is complete. Penalties tend to foster defensive, risk-
averse behaviour. They may not create the spirit of trust and respect necessary to ensure the project’s best 
interests are always put first. 


When dealing with a new type of construction process or technology, an experienced team can make all 
the difference to the process and resulting performance of the project. Although there is no guarantee, a 
team with a proven track record of delivering the required quality of project on time, on budget, and are 
comfortable working together, will get the project off to a strong start. In fact, some owners prefer to hire 
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project teams en masse instead of each consultant and contractor individually to ensure smooth and fast 
“onboarding”. To get the right people on the project, it may be necessary to modify the procurement 
documents. In fact, depending on its wording, an “owner’s privilege clause” can permit the acceptance of 
a bid which was not the lowest and award to the bidder whose reputation and named key staff have the 
most satisfactory history. Irrespective of the procurement model, the construction contract may also 
requires that those individuals named as being key members of the bidder’s team in the bid and/or the 
contract must exclusively work on the owner’s project and they can only be changed by the owner in 
writing, thus giving the owner a timely opportunity to assess and negotiate the scope, price and 
completion time. 


 TENDERS AND REQUESTS FOR PROPOSAL (RFPS) 


To allow for innovative responses to a construction project requires a flexible approach that allows for 
discussion between the owner and the proponent. Construction projects are normally procured using 
either a “Call for Tenders” or a “Request for Proposals” (RFP) process. Both approaches are predicated 
upon adherence to the terms and stipulations of the tendering system selected.  


 An RFP is a submission to an owner by a contractor responding to the owner’s needs for 
procurement of construction services based on the owner’s self-defined considerations. The 
response to an RFP could be fixed price and/or fees for service, as required at the owner’s 
discretion. BCCA recommends that prior to an RFP the owner issue an RFQ to qualify a subset of 
contractors who would then proceed to the RFP stage. The successful proponent in the RFP stage 
is awarded the contract. BCCA also notes that a negotiated RFP in the public sector contravenes 
the public obligation to fair and transparent procurement practices. However in the private sector, 
negotiation is at the discretion of both parties. 


 A Tender is a submission to an owner by a contractor responding to the owner’s needs for 
procurement of construction services based on a fixed set of criteria (project documents) usually 
created by a design team, resulting in a fixed price. 


When it comes to evaluating innovation, outcome-based specifications, procedures that invite dialogue, 
being open to alternative proposals, and the awarding of contracts based on the best fit-for-purpose 
solution, at the best value, are the most important prerequisites to facilitating the procurement of 
innovative solutions. A scoring system that allocates points and weighting for specific project outcomes is 
recommended where performance-based outcomes are required (e.g. total life cycle cost, GHG emissions 
in kgCO2e/m2), as opposed to prescribed deliverables (such as gross floor area). Frequently, “innovation” 
is a deciding factor between proposals that may otherwise be similar. Therefore, the definition of what 
innovation means to the owner (and the project) and how it will be evaluated, must be included in the 
RFP. So, an RFP might rank an innovation that shortens the construction period more highly than one that 
improves the environmental footprint beyond what is required. It may also be valuable to ask firms to 
describe the innovation and/or R&D that they have undertaken in the past both corporately and on 
projects. 


DELIVERY MODELS 


There is no “one size fits all” solution to fostering innovation and none are without shortcomings. Table 3 
summarizes the common forms of project delivery in Canada. 
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Table 3: Summary of common forms of project delivery in Canada (source: RAIC, 2009) 
Delivery 
method  


Standard form of contract Description 


Design-Bid-
Build  
 


RAIC Document Six: 
Canadian Standard Form of 
Contract for Architectural 
Services  
Followed by  
CCDC 2 Stipulated Price 
Contract (CCDC 3 or 
CCDC 4 may also be used)  


Owner engages the architect to provide design services and prepare 
construction documents, which are issued for competitive bids.  
General contractors submit bids for the project and the construction 
contract is typically awarded to the lowest bidder.  
The architect administers the construction contract.  


Construction 
Management  
 


CCDC 5a - Construction 
Management Contract for 
Services  
CCDC 5b - Construction 
Management Contract for 
Services and Work  


Owner engages the architect to provide design services and prepare 
construction documents.  
The Construction Manager works for the Owner as a consultant providing 
services that normally include design input on constructability, cost 
estimating, scheduling, bidding, coordination of contract negotiations and 
award, timing and purchase of critical materials, cost control and 
coordination of construction activities. Depending on the type of contract 
used, the Owner may or may not engage the Trade Contractors directly. 


Design-Build  
 


CCDC 14 Design-Build 
Stipulated Price Contract  
CCDC 15 Design-Builder / 
Consultant Contract 
(subcontract)  


A method of project delivery in which the Owner contracts directly with a 
single entity that is responsible for both design and construction services 
for a construction project. 


Public Private 
Partnership 
(P3)  


No standard form of 
contract  


A form of partnership between the public and private sectors where a 
combination of financing, design, construction, operation and maintenance 
of public projects relies on alternate sources of financing and revenue to 
cover all or part of the capital costs (including debt servicing, principal 
payment and return on equity), as well as O&M costs for the project.  


Single Purpose 
Entity for 
Integrated 
Project 
Delivery (IPD) 
 


CCDC 30 IPD Agreement 
(poly-party form) Draft 
available. 
In the UK, JCT 
Constructing Excellence 
In the US, AIA Document 
C195  


This new form of project delivery creates a new single purpose entity or 
limited liability company, which includes members such as the owner, 
architect, construction manager and other key project participants in the 
design and construction the project.  
The entity enters into contracts with non-members for design, trade 
contractors and suppliers for services, labour and materials.  
The entity enters into a separate agreement with the Owner to obtain 
project funding.  


In the context of advancing innovation, some models of delivery may be better suited to certain types of 
project and market conditions than others (see Table 4). In all cases, public sector projects have an 
expectation of transparency, which must always be considered. Standard documents, best practice guides 
and other resources are available from the BC Construction Association. 


Table 4: Summary of delivery models with project and team characteristics 


  Design-Bid-
Build 


Construction 
Management Design-Build Public Private 


Partnership IPD 


Time predictability Y 
  


Y Y 
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  Design-Bid-
Build 


Construction 
Management Design-Build Public Private 


Partnership IPD 


Cost certainty Y 
 


Y Y Y 


Requires an experienced 
owner   


Y 
 


Y 
 


Requires an experienced 
construction company  Y  Y Y 


Suitable for a market 
experiencing rapid price 
escalation  


Y  Y Y  


Suitable for small projects Y 
 


Y 
  


Suitable for complex projects Y Y 
 


Y Y 


Suitable for fast track projects 
 


Y Y Y Y 


Suitable for an uncertain or 
developing brief  


Y 
  


Y 


 


FURTHER WORK FOR RESEARCHERS AND INDUSTRY STAKEHOLDERS 


Owners cannot procure an innovative project the same way as a conventional one. The time and costs 
required for R&D and testing need to be factored in and the response times for tendering will also need to 
be extended. However, there are several barriers to advancing innovation in construction generally and 
increasing the uptake of mass timber as an alternative structural solution in particular. These challenges 
offer opportunities for further research. For example, research findings suggest that large non-residential 
contractors may be staying away from mass timber (and other innovative options) because of perceived 
poor health and safety reputation of wood trades (based on experience with traditional timber framing). 
Effort and resources may therefore need to be applied to developing standards for occupational health and 
safety and for fire protection in wood projects (e.g. the use of mobile hydrants adopted in the UK) to build 
industry confidence. Other opportunities for further research include: 


 There is a lack of consistency in how “Best Value” is defined and evaluated during bid selection. 
 There is insufficient LCC data on new products and materials. 
 There is no harmonized open standard for prefabricated construction in Canada, which allows 


wood structures, proprietary systems and other systems to compete on a level playing field. 
 There are still only a few mass timber suppliers in Canada and the available choice of product 


may be a constraint. Some Canadian project teams are opting to ship in European products on 
account of their quality, price and construction support services.  


 Construction-specific education is required to address the technical issues of mass timber 
construction such as protection of the wood elements for transportation requires plastic wrapping 
but this needs to be removed to prevent mould. Protection during storage and construction may 
require different approaches. Template language for specifications would be an asset. 


 There are issues of efficiency and optimization for all members of the project team. Consultants 
and contractors need to improve their margins and owners need to get more “bang for their buck”.  


 There is little training available on pre-fabrication techniques and management for builders.  
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 There is fertile ground for researchers in helping businesses become more resilient - so they can 
deliver more it without costing more. This is as much to do with improving business culture and 
processes as it is about the adoption of technology.  


SUMMARY OF BEST PRACTICES  


The following table captures the best practices for procuring innovative construction projects identified 
throughout this report. The best practices set out below are based on the assumption that the owner will 
always strive for a fair, open and transparent procurement process regardless of the delivery model they 
choose to pursue. Opportunities for innovation will vary widely depending on the specific circumstances 
of the project and that this document is geared towards supporting innovators and those interested in the 
early adoption of new technologies and processes. There is no question that some of the best practices 
described below are challenging in practice and effectively impossible in a “lowest cost” driven tendering 
situation.  


1) Owners engage with the market early to ensure the right level of technologies, skills and 
resources are available for their project. 


2) Early involvement of all project team members including the general contractor and key trades 


3) When incorporating innovative products and processes, more time and resources are allocated 
(and budgeted for) early in the project process to adequately understand the owner’s 
requirements. 


4) Measurable project goals and KPIs are in place to demonstrate the value of investing in 
innovation 


5) Owners make every effort to create a highly effective and collaborative project team that puts the 
interests of the project first. 


6) Businesses of all sizes should be encouraged to participate because some SMEs are the most 
innovative. 


7) The business case for innovation may best be articulated using life cycle costing (LCC). 


8) The technical considerations of building with wood are factored into the procurement process 


9) Creativity and “out-of-the-box” solutions may be sought through sanctioned design competitions. 


10) Long-range market signals help to boost business confidence and encourage investment in new 
equipment and training. 


11) Project risks are understood, managed and apportioned fairly.  


12) Incentives are leveraged to encourage construction innovation. 


13) A qualified experienced project team includes the owner, contractor AND the specialist trades. It 
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may also include operations and maintenance personnel. 


14) Ongoing education and training is essential to ensure project team members stay up to date with 
the latest technologies and processes. 


15) Feedback loops are in place to foster a culture of learning at all key points of the project. 


16) Intellectual property (IP), proprietary knowledge and expertise of project team members are 
respected and protected. 


17) High quality contract documents that are thorough and complete are critical in order to adequately 
describe the proposed innovation  


18) R&D support in the form of resources, money and/or equipment is available to help companies 
take ideas from the lab and incorporate them successfully into construction projects. 


19) Modern Methods of Construction (such as digital design, pre-fabrication and Lean principles) are 
leveraged to improve productivity, profitability and performance of projects. 
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ABSTRACT 


A study was performed to understand the energy consumption in low-rise wood-frame multi-unit residential 
buildings (MURBs) and townhouse buildings in south-west British Columbia. Low-rise MURBs are an 
important building type as they make up a growing proportion of housing stock in cities across North 
America. 


Through this study, energy data was collected from electricity and gas utilities for 20 low-rise buildings (four 
storeys and less) and three townhouse complexes. This data was calendarized and weather normalized to 
determine average annual and monthly energy consumption for analysis and comparison. 


Two buildings were chosen from the data set for detailed analysis, one low-rise (four-storey) and one 
townhouse complex. The buildings were selected based on characteristics typical of low-rise MURBs in 
south-west BC. The purpose of the detailed analysis was to assess opportunities to improve the energy 
efficiency and reduce carbon emissions in existing low-rise MURBs using whole building energy modelling. 


This paper details the energy consumption trends observed through the data analysis, and the energy 
modelling results of the buildings chosen for detailed study. These results are also compared to results from 
a similar study which evaluated the energy use in mid- to high-rise non-combustible MURBs. The work 
presented here will improve our understanding of energy consumption in low-rise MURBs, and characterize 
opportunities for energy savings in these buildings.  


INTRODUCTION 


The energy consumption characteristics of wood-frame MURBs are not well understood by the building 
industry. MURBs are an important building type for energy consumption and greenhouse gas emissions 
(GHGs), particularly in large cities where they often comprise a significant proportion of the housing stock. 
There is a lack of data documenting measured energy consumption in low-rise MURBs, and a lack of 
feedback to designers, builders, and owners on how their buildings are performing in service. Occupants are 
often unaware of their total energy consumption and costs since common area energy accounts are separated 
from the individual account holders, and there is usually no metering of gas for individual units. 


Many MURBs in British Columbia and other parts of North America have completed or are undergoing 
comprehensive building enclosure retrofits either to remedy moisture-related issues, or simply to renew aging 
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components. For reasons primarily related to short term cost, historically very little attention has been 
directed towards energy conservation strategies or GHG emission reduction in these buildings. However, the 
retrofit, renewal, or rehabilitation of aging buildings presents a unique opportunity to significantly reduce a 
building’s energy consumption and associated GHG emissions. 


This research study was undertaken as a follow up to the study Energy Consumption and Conservation in 


Mid and High-Rise Residential Buildings in British Columbia (RDH, 2012). The current study compliments 
the previous high-rise study by estimating the impacts of building enclosure renewals on the measured energy 
consumption of low-rise (two- to four-storey) wood-frame MURBs, including townhouse developments and 
multifamily buildings. The study findings will be used to assess the benefits of better building enclosure 
design strategies to reduce energy consumption and associated GHG emissions. The study focuses primarily 
on condominium-owned MURBs, though five market rental buildings were also included in the study. 


OBJECTIVES 


The three primary objectives of this research study are as follows: 


1) Characterize end-use energy consumption of low-rise wood-frame MURBs (two- to four-storeys) in 
the Lower Mainland of British Columbia. Building types include townhouse developments plus 
three- to four-storey wood-frame MURBs constructed from the 1970s through 2000s. 


2) Compare the energy use of low-rise wood-frame MURBs to mid- to high-rise non-combustible 
MURBs and identify similarities, differences, and trends. 


3) Identify opportunities for low-rise MURBs of different types to reduce energy use and associated 
GHG emissions in existing MURBs. 


METHODOLOGY 


Building Selection 


Fifty-seven MURBs of four-storeys and less were initially considered for analysis as part of this study. 
Candidate buildings were obtained from previous RDH projects as well as volunteers interested in 
participating in the study. They included projects that have had depreciation reports, condition assessments, 
and in some cases, building enclosure renewal projects, as well as buildings with no previous RDH 
involvement. All buildings are located in either Metro Vancouver or Victoria. The buildings were selected 
to be representative of typical low-rise MURBs in south-west BC. 


Data from 23 of the buildings are covered in this report. The data from the remaining buildings was deemed 
unsuitable for this study for several reasons, including missing or erroneous energy data, building enclosure 
construction that remains outside of the scope of this project (i.e. steel stud framing or solid masonry), 
metering issues (i.e. single gas or electricity meters for several buildings grouped in complexes), or lack of 
available data on the buildings. All of the buildings in this study use a combination of natural gas and 
electricity. For confidentiality reasons, buildings are referenced in this study using numbers 1 through 23. 
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Energy Consumption Data Analysis 


A minimum of three years of gas and electrical billing data was collected for each of the study buildings. 
Electricity and gas consumption data for each building was provided by the utilities, BC Hydro and FortisBC, 
with permission from the building owners. 


Following the review of the total monthly energy data for each building, the data was weather normalized to 
determine the building’s average annual energy consumption for a typical weather year. The monthly energy 
consumption was plotted versus the actual monthly heating degree days (HDD) obtained from Environment 
Canada. The resulting trend was used to calculate average monthly weather normalized consumption. Further 
details on this process are explained in the full research report (RDH, 2017). 


The weather normalized average monthly consumption was analyzed to estimate the amount of heating and 
non-heating (baseline) energy consumption. This is done by assuming heating is not used in July and August, 
and these months’ consumption reflect typical base loads for end-uses such as lighting, appliances, and 
domestic hot water (DHW). This analysis assumes there are no other significant seasonal trends, such as 
seasonal variations in lighting or domestic hot water. This analysis, referred to as a “top-down” approach, 
gives an approximate breakdown of heating versus baseline energy use at the building. More detailed analysis 
requires whole building energy modelling and/or sub-metering. 


Calibrated Modelling 


In contrast to the top-down data analysis approach presented above using utility billing data, a bottom-up 
approach uses whole building energy modelling to estimate energy consumption by end-use. In this analysis, 
energy models are calibrated to align with metered energy consumption so that the model results better reflect 
the building’s consumption.  


Of the initial 23 case study buildings, two were selected for calibrated energy modelling: one townhouse 
(constructed in 1983) and one four-storey MURB (constructed in 2008); these two buildings were selected 
because they had complete data and are representative of low-rise MURBs in south-west BC. Modelling was 
performed to better understand how energy is consumed in low-rise townhouse and multi-storey wood-frame 
MURBs, and to assess the impacts of potential energy conservation measures (ECMs) in these buildings. The 
buildings were modelled using DesignBuilder, which is an interface that uses the US DOE-sponsored 
EnergyPlus™ engine to simulate annual energy consumption on an hourly basis. 


The energy model uses regional weather data for a typical year as well as inputs that describe the enclosure 
parameters, mechanical systems, electrical systems, and operational characteristics to simulate the building’s 
annual energy consumption. Most inputs were determined from architectural, mechanical, and electrical 
plans for each building, as well as site visits.  Other inputs such as airtightness and plug loads were unknown 
and thus estimated based on published standards and previous research. These unknown inputs were 
manually adjusted during the model calibration process until the model output aligned with the metered data. 


Mechanical parameters that were varied to calibrate the model included make-up air set point temperature, 
DHW flow rate, and baseboard output capacity. Electrical parameters that were varied to calibrate the model 
included suite lighting power density, appliance and plug loads, and miscellaneous common area loads.  


To assess the quality of the model calibration, ASHRAE Guideline 14 (ASHRAE, 2002) describes statistical 
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methods to quantify modelling uncertainty for calibration to monthly utility bills. This involves calculating 
the Coefficient of Variation of the Root Mean Square Error (CVRMSE) and the Normalized Mean Bias Error 
(NMBE).  The CVRMSE must be less than 15%, and the NMBE less than 5%. 


The calibrated energy models were used to analyze the impact of various ECMs on building energy 
consumption by modelling ECMs that could be implemented at the time of an enclosure retrofit. Three tiers 
of bundles were modelled: (1) a better enclosure, (2) a “best” enclosure, and (3) the addition of mechanical 
and lighting upgrades to the best enclosure case. The bundles were modelled to determine the resulting energy 
use intensity (EUI, kWh/m²/yr), total energy savings (%), and heating energy savings (%). The results of the 
ECM analysis are presented in the Calibrated Energy Modelling section of this paper.  


Archetypical Building Modelling 


Following the calibrated modelling and ECM analysis for the two case study buildings, information collected 
from the larger study sample was used to develop two models representative of older archetypical buildings. 
These models are intended to represent typical existing buildings, constructed in the 1970s, which have not 
undergone enclosure or energy-related retrofits to date. The two models were adjusted to reflect typical 
building methods of that era, such as single-pane, aluminum-frame windows and 2x4 wood framing with 
fibreglass batt insulation. The building characteristics were selected by gathering data from the oldest 
buildings in the larger study sample as well as previous project experience. 


The same ECM bundles were that were modelled for the townhouse and low-rise calibrated models were also 
modelled for the archetypical older building models.  


LOW RISE ENERGY CONSUMPTION DATA ANALYSIS 


The total energy consumption for 23 MURBs is presented in this section. Figure 1 displays the total EUI for 
all the buildings, sorted from low to high energy consumption. 


The average EUI for the 23 low-rise MURBs in the study is 171 kWh/m2/yr. The EUIs ranged from 95 to 
279 kWh/m2/yr, with a median EUI of 160 kWh/m2/year. Based on this small sample set, the building type 
(MURB vs townhouse) does not appear to influence the total EUI as two of the three townhouse buildings 
are at the low end of the data set, and the remaining townhouse is at the high end of the data set.  
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Figure 1: Total EUI sorted low to high, split by electricity (common and suite) and gas. 


LOW-RISE VS. MID- AND HIGH-RISE MURBS 


RDH previously collected and analyzed in detail the energy consumption of mid- and high-rise residential 
buildings (RDH, 2012). The data collected in this study compared to the mid- and high-rise study findings. 
Figure 2 presents the energy use, normalized per suite, sorted from low to high, with the overall gas and 
electricity portions indicated for low- and high-rise MURBs. 


The energy use per suite is on average 22,000 kWh/yr for high-rise MURBs, 16% higher than the average 
suite consumption in a low-rise MURB, which is 18,500 kWh/yr. High-rise Building 57 (Figure 3) with the 
highest suite consumption of 50,600 kWh/yr, is a luxury condominium building with individual suites over 
2,000 ft2. This building has full amenities that typical low-rise MURBs do not include such as air 
conditioning, a common area pool, and a recreation centre. 


 
Figure 2: Low-rise MURB total energy consumption normalized by suite, divided between natural gas and electricity, sorted low to 
high. 
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Figure 3: High-rise MURB total energy consumption normalized by suite, divided between natural gas and electricity, sorted low to 
high (RDH, 2012). 


Energy Consumption and Year of Construction 


Figure 4 and Figure 5 show the total EUI for each of the buildings versus the year of construction for low- 
and high-rise MURBs, respectively. The total energy used for space heating per floor area is also shown. The 
years of construction range from 1974 to 2010. 


 
Figure 4: Total building EUI and space heating energy versus year of construction for low-rise MURBs. 
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Figure 5: Total building EUI and space heating energy versus year of construction for high-rise MURBs (RDH, 2012). 


The low-rise plot shows the total and heating EUIs gradually decreasing for newer buildings. Reasons for the 
decrease in total energy and space heating energy could include the use of more efficient mechanical systems, 
lighting, and appliances, as well as improved performance of the building enclosures. 


This decreasing trend is in contrast to Figure 5, which shows an increase in both space heat and total energy 
for newer high-rise buildings, particularly in buildings constructed between 1990 and 2000. The reason for 
the increase is likely due to a combination of factors, including more amenities (pools, hot tubs, etc.), more 
complex building form, higher ventilation rates, and higher glazing areas in newer high-rise MURBs. 


Energy Consumption and Window-to-Wall Ratio 


The EUI (total and heating) versus window to wall ratio for each of the buildings is presented in Figure 6 
and Figure 7 for low- and high-rise MURBs, respectively. 


 


Figure 6: Total EUI and space heat energy versus the window to wall ratio for low-rise MURBs. 
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Figure 7: Total EUI and space heat energy versus the window to wall ratio for high-rise MURBs. 


The low-rise plot (Figure 6) shows a slight increase in both total and space heating EUI as window to wall 
ratio increases, however the correlation is weak. The window to wall ratio was only available for 14 buildings 
in the data set. By comparison, the high-rise plot (Figure 7) shows a slight correlation between total energy 
and window to wall ratio. Since the trend is stronger for total EUI than heating, it is more likely due to 
buildings with more amenities tending to have higher window to wall ratios. 


Percentage of Heating Energy 


The buildings in both studies have similar mechanical systems, with the majority of buildings providing 
space heat with electric baseboards and gas-heated make-up air to pressurize corridors (some buildings 
provide untempered make-up air). Six buildings have supplementary heat provided by in-suite gas fireplaces. 
Two buildings have hydronic baseboard heaters instead of electric baseboards. 


Figure 8 shows the average distribution of baseline energy consumption and space heating energy, 
normalized by floor area for both low- and high-rise MURBs. 


 
Figure 8: Average low and high-rise MURB energy consumption, kWh/m2/yr. 


The study results indicated that low-rise buildings have 2% lower space heating compared to high-rise 
buildings, and 25% less total energy consumption. In other words, the two building types were found to have 
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similar heating energy intensities, but high-rise MURBs had greater baseline energy consumption, likely due 
to an increase in building amenities, such as pools, gyms, etc. 


CALIBRATED ENERGY MODELLING 


ECMs were modelled using the calibrated energy models for the two case study buildings, a four-storey 
MURB (Building 15, built in 2008) and a townhouse complex (Building 21, built in 1983 with enclosure 
retrofit in 2000). The ECMs were chosen to reflect feasible changes that would impart significant energy 
savings to each building. 


Building 15: Four-Storey MURB 


ECMs were first modelled independently and then in three tiers of bundles for Building 15 reflecting (1) a 
better enclosure, (2) a “best” enclosure, and (3) the addition of mechanical upgrades to the best enclosure 
case. GHG emissions were calculated for each of the buildings using British Columbia emission factors 
(Ministry of Environment, 2016).  


The energy and GHG savings for each bundle are shown in Table 1 and Figure 9. In the analysis for Building 
15, Bundles 2 and 3 show the greatest heating savings. While Bundle 3 with DHW and lighting ECMs has 
the greatest total energy savings. Only moderate increases in savings are seen by adding the MUA measures 
in Bundle 3 because the MUA outdoor flow rate was already reduced by adding in-suite HRVs in Bundle 2. 


Table 1: Building 15 (MURB) ECM Bundles. 
Description Total EUI 


(kWh/m2/yr) 
Heating EUI 
(kWh/m2/yr) 


Total Energy 
Savings (%) 


Heating 
Savings (%) 


GHG 
Savings (%) 


Baseline 181 57 — — — 


Bundle 1 – Better Enclosure 


Add R-5 to walls (R-21 total) 
Add R-10 to roof (R-48 total) 
Double glazed windows (U-0.28) 
Air tightness to 0.10 cfm/ft2 (@4 Pa) 


172 48 5 % 16 % 1 % 


Bundle 2 – Best Enclosure 


Add R-10 to walls (R-26 total) 
Add R-10 to roof (R-48 total) 
Triple glazed windows (U-0.17) 
Air tightness to 0.04 cfm/ft² (@4 Pa) 
85% efficient HRVs in suites 


142 5 22 % 91 % 36 % 


Bundle 3 – Best Enclosure plus 
Mechanical and Lighting 


Bundle 2, plus: 
High efficiency MUA (93%) 
MUA set point lowered to 17°C 
Low-flow in-suite fixtures 
High efficiency boiler (93%) 
Occupancy sensors , LED lighting 


106 5 41 % 91 % 55 % 
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Figure 9: The total EUI, heating EUI, and percentage reductions for the Building 15 baseline and ECM bundles. 


Building 21: Townhouse 


Three tiers of ECM bundles were assembled for Building 21, reflecting (1) a better enclosure, (2) a “best” 
enclosure, and (3) the addition of mechanical upgrades to the best enclosure case. The energy savings for 
each bundle are shown in Table 2 and Figure 10. 


ECM bundle energy savings for Building 21 (townhouse) are not as high as for Building 15 (MURB). This 
is partly due to the fact that Building 21 does not have a MUA unit and thus less savings are seen by adding 
HRVs (there is no MUA energy that would be decreased by adding HRV ventilation) and HRVs add electrical 
fan energy to the overall consumption. 


Less heating savings can also be attributed to the gas fireplaces in Building 21. These are modelled as static, 
occupant-controlled loads to the suites, so a reduction in fireplace energy was not modelled with the improved 
enclosure, assuming occupants use their fireplaces for ambiance and not only for heat. The true impact on 
the change in occupant fireplace use with a significantly improved enclosure requires further study. Since 
the fireplace consumption remains unchanged, the observed heating savings are lower than Building 15. 


Table 2: Building 21 (Townhouse) ECM Bundles. 
Description Total EUI 


(kWh/m2/yr) 
Heating EUI 
(kWh/m2/yr) 


Total Energy 
Savings (%) 


Heating 
Savings (%) 


GHG 
Savings (%) 


Baseline 277 128 — — — 


Bundle 1 – Better Enclosure 


Add R-5 to walls (R-16 total) 
Add R-10 to roof (R-28 total) 
Double glazed windows (U-0.28 
Air tightness to 0.10 cfm/ft2 (@4 Pa) 


243 95 12 % 26 % 4 % 
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Bundle 2 – Best Enclosure 


Add R-10 to walls (R-21 total) 
Add R-20 to roof (R-38 total) 
Triple glazed windows (U-0.17) 
Air tightness to 0.04 cfm/ft2 (@4 Pa) 
85% efficient HRVs in suites 


189 32 32 % 75 % 10 % 


Bundle 3 – Best Enclosure plus 
Mechanical and Electrical 


Bundle 2, plus: 
Low-flow in-suite fixtures 
High efficiency boiler (93%) 
Occupancy sensors, LED lighting 


164 33 41 % 74 % 32 % 


 


 
Figure 10: The total EUI, heating EUI, and percentage reductions for Building 21 baseline and ECM bundles. 


ARCHETYPICAL PRE-RETROFIT BUILDING MODELS 


The calibrated models of the four-storey MURB (Building 15) and the townhouse (Building 21) were 
adjusted to reflect more typical construction practices and materials/equipment from the 1970’s era. This 
cohort of wood-frame MURBs is currently over 40 years old, and many of these buildings are in need of 
significant renewals to address ageing enclosures and to replace existing equipment. The same ECM bundles 
simulated for the case study were also simulated for the archetypical older buildings. 


Archetypical Low-Rise MURB 


The savings for the archetypical older low-rise building are greater than for Building 15 because the baseline 
was altered to reflect the lower energy performance of an older building type, including single glazed 
windows, less insulated walls/roof, and higher air leakage. The archetypical older low-rise MURB baseline 
EUI is 214 kWh/m²/yr, compared to 181 kWh/m² for Building 15. The energy savings for each bundle are 
shown in Table 3 and Figure 11. 
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Table 3: Archetypical low-rise MURB ECM bundles. 
Description Total EUI 


(kWh/m2/yr) 
Heating EUI 
(kWh/m2/yr) 


Total Energy 
Savings (%) 


Heating 
Savings (%) 


GHG 
Savings (%) 


Baseline 214 90 — — — 


Bundle 1 – Better Enclosure 


Add R-5 to walls (R-16) 
Add R10 to attic roof (R-30) 
Double glazed windows ,(U-0.28) 
Air tightness to 0.10 cfm/ft2 (@4 Pa) 


189 65 12 % 28 % 2 % 


Bundle 2 – Best Enclosure 


Add R-10 to walls (R-21) 
Add R-20 to attic roof (R-40) 
Triple glazed windows (U-0.17) 
Air tightness to 0.04 cfm/ft² (@4 Pa) 
85% efficient HRVs in suites 


144 7 33 % 92 % 44 % 


Bundle 3 – Best Enclosure plus 
Mechanical and Electrical 


Bundle 2, plus: 
High efficiency MUA (93%) 
MUA set point lowered to 17°C  
Low-flow DHW fixtures,  
High efficiency boiler (93%) 
Occupancy sensors, LED lighting 


108 7 49 % 92 % 61 % 


 


 
Figure 11: The total EUI, heating EUI, and percent reductions for the archetypical, pre-retrofit 1970s low-rise baseline and ECMs. 


As with the calibrated model, the energy conservation bundles in Table 3 result in extremely low heating 
EUI’s (as low as 6 kWh/m2/yr). Occupant behavior would likely have a greater effect on heating consumption 
than was captured here. For example, occupants may still open their windows even with efficient HRV 
systems. Factors such as this are difficult to predict and may result in a higher heating energy consumption.  
Another factor may be the impact of thermal bridging at details such as window installation, corners, and 
interfaces; this was not captured in detail in the energy modelling for this study, but can have a significant 
impact once higher insulation and window performance values are reached. 
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Archetypical Townhouse 


Building 21 was altered to reflect the lower energy performance of an archetypical older townhouse. The 
archetypical townhouse baseline EUI is 316 kWh/m²/yr, compared to 277 kWh/m²/yr for Building 21. The 
energy savings for each bundle are shown in Table 4 and Figure 12. Compared to Building 15 and Building 
21, the energy savings potential is higher for the archetypical, older building models for low-rise and 
townhouse archetypes. These energy savings could be extrapolated to low-rise MURBs that are scheduled to 
undergo enclosure retrofits in south-west BC. 


Table 4: Archetypical Townhouse - ECM Bundles. 
Description Total EUI 


(kWh/m2/yr) 
Heating 


EUI 
(kWh/m2/yr


) 


Total Energy 
Savings (%) 


Heating 
Savings 


(%) 


GHG 
Saving
s (%) 


Baseline 316 166 — — — 


Bundle 1 – Better Enclosure 


Add R-5 to walls (R-16 total) 
Add R-10 to roof (R-28 total) 
Double glazed windows (U-0.28 
Air tightness to 0.10 cfm/ft2 (@4 Pa) 


243 95 23 % 43 % 8 % 


Bundle 2 – Best Enclosure 


Add R-10 to walls (R-21 total) 
Add R-20 to roof (R-38 total) 
Triple glazed windows (U-0.17) 
Air tightness to 0.04 cfm/ft2 (@4 Pa) 
85% efficient HRVs in suites 


189 32 40 % 81 % 13 % 


Bundle 3 – Best Enclosure plus 
Mechanical and Electrical 


Bundle 2, plus: 
Low-flow in-suite fixtures 
High efficiency boiler (93%) 
Occupancy sensors, LED lighting 


164 33 48 % 80 % 35 % 


 


 
Figure 12: The total EUI, heating EUI, and percent reductions for the archetypical, pre-retrofit townhouse baseline and ECMs. 


0%


8%


13%


35%


0


50


100


150


200


250


300


350


E
n


e
r
g


y
 
U


s
e
 I
n


t
e
n


s
i
t
y
 
(
k
W


h
/
m


²
/
y
r
)


Total EUI (kWh/m²)


Heating EUI (kWh/m²)







 
 


Paper 22                                                                                                    Page 14 of 16 
 


CONCLUSIONS 


Characterizing Energy Consumption 


Measured energy consumption data was analyzed for 23 MURBs in south-west British Columbia. These 
included MURBS with 14 to 267 residential units, with construction dates ranging from 1974 to 2012. Many 
have electric baseboards as their primary space heating source, and two have gas hydronic heating. 


The median energy consumption of the data set is 160 kWh/m2/yr. The average is higher (at 171 kWh/m2/yr) 
due to much higher energy consumption in buildings with natural gas space heating and/or fireplaces. The 
range in energy consumption was a maximum of 280 kWh/m2/yr to a minimum of 95 kWh/m2/yr. 


Energy consumption per suite varied from 8,660 to 31,740 kWh per year, for all electricity and natural gas. 
The median was 15,800 kWh and average was 18,500 kWh. 


The buildings showed a trend toward lower energy consumption per unit floor area for newer buildings, both 
in terms of space heating and total energy use. No clear trend was found between window to wall ratio and 
heating or total energy use in the low-rise buildings. 


Comparison with High-Rise MURBs 


Table 5 summarizes the results of the current study compared to a similar high-rise study (RDH, 2012).  The 
results showed higher EUI in high-rise buildings: 35% comparing the median, and 25% comparing the 
averages.  This difference was primarily in baseline (non-heating) energy consumption, and so is likely due 
mainly to more amenities typically found in high-rise buildings compared to low-rise buildings. 


Table 5: Comparison of low- and high-rise study results. 
Variable Low-Rise Mid- and High-Rise  


(% difference to low-rise) 
Median EUI 160 kWh/m2/yr 217 kWh/m2/yr (35%) 


Average EUI 171 kWh/m2/yr 213 kWh/m2/yr (25%) 


Maximum EUI 279 kWh/m2/yr 299 kWh/m2/yr (7%) 


Minimum EUI 95 kWh/m2/yr 144 kWh/m2/yr (52%) 


Average Energy per Suite 18.5 MWh/suite/yr 21.9 MWh/suite/yr (18%) 


Median Energy per Suite 15.8 MWh/suite/yr 21.3 MWh/suite/yr (25%) 


Average window-to-wall ratio 26% Glazing 47% Glazing (80%) 


Average space heating % 
(including fireplaces) 


45% Space Heating 37% Space Heating (-18%) 


Energy and GHG Reduction Opportunities 


Energy savings opportunities for the two case study buildings varied from 12% to 49%. The bundled energy 
savings are outlined in Table 6. 
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Table 6: Summary of ECM bundle energy savings for calibrated energy models. 
ECM Bundle 4-storey MURB (Building 15) EUI, 


kWh/m2/yr (% reduction) 
Townhouse (Building 21) EUI, 


kWh/m2/yr (% reduction) 
Baseline 181 277 


Bundle 1 – Better Enclosure 172 (5%) 243 (12%) 


Bundle 2 – Best Enclosure 142 (22%) 189 (32%) 


Bundle 3 – Best Enclosure 
plus Mechanical, DHW, and 
Lighting 


106 (41%) 164 (41%) 


The ECM Bundle 3 (Best Enclosure plus Mechanical, DHW, and Lighting) has the greatest total energy 
savings for both the 4-storey MURB (Building 15) and the townhouse (Building 21), both 41% savings. This 
type of energy retrofit also results in 74-90% heating energy savings. 


Archetypical Building Models 


The two case study building models were modified to reflect archetypical older MURBs with no previous 
upgrades. Table 7 summarizes the modelled energy savings from ECM bundles for these older archetypes. 


Table 7: Summary of ECM bundle energy savings for archetypical older MURBs. 
ECM Bundle 4-storey MURB (archetypical) 


EUI, kWh/m2/yr (% reduction) 
Townhouse (archetypical) EUI, 


kWh/m2/yr (% reduction) 
Baseline 214 316 


Bundle 1 – Better Enclosure 189 (12%) 243 (23%) 


Bundle 2 – Best Enclosure 144 (33%) 189 (40%) 


Bundle 3 – Best Enclosure 
plus Mechanical, DHW, and 
Lighting 


108 (49%) 164 (48%) 


The ECM Bundle 3 (Best Enclosure plus Mechanical, DHW, and Lighting) has the greatest total energy 
savings for both the archetypical 4-storey MURB and the archetypical townhouse, 49% and 48%, 
respectively. Energy savings from the townhouse archetype can be interpreted as typical for low-rise MURBs 
that do not have MUA ventilation. This type of energy retrofit also results in 80–90% heating energy savings. 


The retrofit bundles described here can help to bring existing low-rise MURBs into compliance with future 
Thermal Energy Demand Intensity (TEDI) limits that have been established in some codes for new buildings 
(e.g. the BC Energy Step Code). 


In typical low-rise MURBs with gas-fired MUA units, retrofits that include installing electrically-powered 
in-suite HRVs can reduce greenhouse gas emissions by up to 61%. When the energy upgrades modelled in 
this study are implemented in existing building retrofits, coupled with near net-zero emission new 
construction, can help to achieve near-decarbonization of buildings in British Columbia by 2050. 
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Project Objectives


 Benchmark and characterize 


energy consumption of low-rise 


wood-frame MURBs in 


southwest BC


 Compare low-rise wood-frame 


MURBs to mid- to high-rise non-


combustible MURBs 


(from previous RDH study)


 Identify opportunities for 


energy efficiency improvements
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Project Methodology


 Literature review


 Building selection and data collection


 Analysis of building data (23 low-rise buildings)


 Energy consumption data and trends


 Compare to mid- and high-rise MURBs


 Opportunities for energy conservation


 Develop and calibrate 2 whole-building energy models


 Analysis of Energy Conservation Measures (ECMs)


 Summarize complete results in full report


Part 1


Part 2
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 Analysis of low-rise energy consumption 


 End use breakdown and trends


 Compare low-rise to mid- and high-rise MURBs


 Similarities and differences


Part 1 – Analysis of Building Data
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Buildings in Study


 23 Buildings


 20 Low-rise (3-4 storeys)


 3 Townhouse


 5 Low-rise market rental 


buildings


 Range of construction 


years


 1974-2010


 Typical heating systems


 Electric Baseboards


 Hydronic Baseboards
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Energy Use Intensity – Low-Rise Buildings
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Energy Consumption by Suite – Low-Rise Buildings


 In some cases, electric baseboards are intended as primary 


space heating, yet decorative gas fireplaces are used by 


occupants (Building 23)
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Energy Consumption by Suite – High-Rise


 Average high-rise energy use per suite: ~22,000 kWh/yr


 19% increase over average low-rise suite consumption (~18,500 kWh/yr)


 Highest suite consumption, Building 57


 Luxury condominium with full amenities, i.e. air conditioning, in-suite 


fireplaces, common area pool, and recreation centre


Low-rise average = 18,494 kWh/yr
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Energy Consumption vs Year of Construction
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 Low-rise: Inconclusive 


analysis


 Insufficient data


 Few buildings with 


available data
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newer (recall trend with 


building construction 
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 Low-rises only 


consume 


approximately ~2% 


less space heating 


energy than high-rises


 High-rises generally 


have higher non-


heating energy 


consumption (more 


building amenities and 


higher ventilation 


rates)


Total: 171 kWh/m²/yr


Total: 213 kWh/m²/yr


 Low-rise space heat makes up 45% of the total building energy


 High-rise space heat makes up 37% of the total building energy
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Greenhouse Gas Emissions 


Low-rise High-rise


Gas - Baseline, 


58 , 43%Gas - Heat, 


72 , 52%


Electricity -


Heat, 2 , 1%


Electricity - Baseline, 


5 , 4%


Gas - Baseline, 


111 , 44%Gas - Heat, 


128 , 51%


Electricity -


Heat, 2 , 1%


Electricity - Baseline, 


9 , 4%


 Average GHGI: 17 kg-CO
2
e/m


2
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2
e/yr and % of total tCO


2
e/yr and % of total


 The distribution and total amount of GHG emissions depend on 


building-specific systems and fuel source


 Average GHGI: 21 kg-CO
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 Energy modelling


 4-storey low-rise


 3-storey townhouse


 Opportunities for energy conservation


 Older, pre-retrofit buildings


Part 2 – Opportunities for Conservation
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Calibrated Energy Modelling


 Two buildings were selected for energy modelling:


 4-storey MURB


 3-storey townhouse complex


 Energy conservation measures (ECMs) were identified and 


modelled on both buildings


 Bundles of ECMs were assessed as potential retrofit packages, 


using the following metrics:


 Energy savings (kWh/m²/yr)


 % heating savings


 % GHG emission reduction
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Plug and appliances, 


28, 16%


Lights -


Exterior, 


2, 1%


Lights -


Interior, 


42, 23%


Fans, 2, 1%


Pumps, 0, 0%


Electric baseboard 


heating, 


21, 12%


Ventilation 


heating (gas), 


36, 20%


DHW (gas), 


49, 27%


Low-Rise – Selected for Energy Modelling


 Characteristics


 Constructed 2008


 Gross Floor Area: 5,400 m
2


 60 Suites, 4 storeys


 Mechanical Systems:


 Heating – Electric baseboards


 DHW – Gas boiler, central


 Ventilation – Gas tempered MUA


EUI = 180 


kWh/m²
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Plug and appliances, 


49, 18%


Lights - Exterior, 


5, 2%


Lights - Interior, 


41, 15%


Fans, 


4, 1%


Pumps, 


0, 0%


Electric baseboard 


heating, 


121, 44%


Fireplaces (gas), 


7, 2%


DHW (gas), 


50, 18%


Townhouse – Selected for Energy Modelling
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Gas Electricity Suite Electricity Common


 Characteristics


 Constructed 1983
*


 Gross Floor Area: 4,000 m
2


 32 Suites, 3 storeys


 Mechanical Systems:


 Heating – Electric baseboards 


(and gas fireplaces
**
)


 DHW – Gas boiler, central


 Ventilation – Suite exhaust only


*
enclosure rehabilitation in 2000


**
some original wood fireplaces


EUI = 277 


kWh/m²







18


Opportunities for Energy Conservation (1/3)


Enclosure ECMs


 Add insulation to walls


 Exterior insulation


 Add insulation to roof


 Attic and low-sloped


 Upgrade windows


 High performance double 


 Triple glazed


 Improving airtightness


 Up to US Army Corp 


standard
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Ventilation ECMs


 Heat Recovery Ventilators (HRVs)


 60% and 85% efficient sensible heat recovery


 Make-up air unit (MUA)


 Efficiency improvements


 Set point temperature reduction


Opportunities for Energy Conservation (2/3)
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DHW ECMs


 DHW


 Upgrade to low-flow fixtures


 Install drain water heat recovery


 Boiler efficiency improvement


Lighting ECMs


 Lighting


 Occupancy sensors in common 


spaces


 Upgrade to LEDs


Opportunities for Energy Conservation (3/3)
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Energy Analysis – Low-Rise ECM Bundles


LOW-RISE ECM BUNDLES


Bundle 01 – Better Enclosure


 Walls: add R-5 (R-21 total)


 Roof: add R-10 (R-48 total)


 Windows: H-P double-glazed (U-0.28)


 Airtightness: 0.10 cfm/ft
2


(@4 Pa), a 33% improvement


Bundle 02 – Best Enclosure


 Walls: add R-10 (R-26 total)


 Roof: add R-10 (R-48 total)


 Windows: triple-glazed (U-0.17)


 Airtightness: 0.04 cfm/ft
2


(@4 Pa), a 73% improvement


 HRVs: 85% efficient


Bundle 03 – plus Mechanical/Electrical


Bundle 02, plus:


 MUA: condensing (93% efficient)


 MUA: set point lowered to 17°C


 DHW: low-flow fixtures


 DHW: condensing (93% efficient)


 Lighting: LEDs, occupancy sensors


Heating energy savings is shown as %’s


Low-Rise MURB
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Energy Analysis – Low-Rise Summary


 Individual ECMs with the largest heating energy impact:


 Very high savings from HRVs are enabled by turning down 


the MUA flow rate


 ECM Bundles achieve extremely low heating EUIs:


 Near 5 kWh/m²/yr


 Occupant behaviour needs to be considered


 Up to 55% GHG emission reduction


ECM Heating savings


Install 85% eff. HRVs 47%


Lower MUA set point to 17°C 17%


Airtightness (0.04 cfm/ft²) 15%


Triple glazed windows 14%
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Energy Analysis – Townhouse ECM Bundles


TOWNHOUSE ECM BUNDLES


Bundle 01 – Better Enclosure


 Walls: add R-5 (R-16 total)


 Roof: add R-10 (R-28 total)


 Windows: H-P double-glazed (U-0.28)


 Airtightness: 0.10 cfm/ft
2


(@4 Pa), a 50% improvement


Bundle 02 – Best Enclosure


 Walls: add R-10 (R-21 total)


 Roof: add R-20 (R-38 total)


 Windows: triple-glazed (U-0.17)


 Airtightness: 0.04 cfm/ft²


(@4 Pa), an 80% improvement


 HRVs: 85% efficient


Bundle 03 – plus Mechanical/Electrical


Bundle 02, plus:


 DHW: low-flow fixtures


 DHW: condensing (93% efficient)


 Lighting: LEDs, occupancy sensors


Townhouse


0%


26%


75%


74%


0%


10%


20%


30%


40%


50%


60%


70%


80%


90%


100%


0


50


100


150


200


250


300


350


G
H


G
 
E
m


i
s
s
i
o
n


 R
e
d


u
c
t
i
o
n


 (
%


)


E
n


e
r
g


y
 
U


s
e
 I
n


t
e
n


s
i
t
y
 
(
k
W


h
/
m


²
/
y
r
) Total EUI (kWh/m²)


GHG savings (%)


Heating energy savings is shown as %’s
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Energy Analysis – Townhouse Summary


 ECMs with the largest heating energy impact:


 Airtightness plays a bigger role in leakier baseline building


 Up to 32% GHG emission reduction


 Lower than Low-Rise due to gas fireplaces 


 No Make-Up Air, so MUA ECMs do not apply to this archetype


ECM Heating savings


Airtightness (0.04 cfm/ft²) 24%


Install 85% eff. HRVs 19%


Triple glazed windows 10%


Adding R-10 to walls 8%
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Potential Impact on Older, Pre-Retrofit MURBs


 Archetypical pre-retrofit building models


 Low-Rise and Townhouse models were adjusted to reflect 


typical materials/practices from the 1970’s era:


Walls


› 2x4 framing with R-11 batt and 


uninsulated balconies (R-7.5 


effective)


Windows


› U-1.0/R-1.0, single glazed with 


aluminum frames


Air leakage


› 0.20 cfm/ft² at operating 


pressure (leaky)
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Potential Impact on Older, Pre-Retrofit MURBs


 ECM Bundles for existing, pre-retrofit 


low-rise buildings can result in:


 Near 50% total energy savings


 Near 90% heating energy savings


 Up to 60% GHG emission reductions


 Big opportunity in the existing, low-rise 


housing stock


 Especially at time of enclosure renewals
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Conclusions


 Energy trends for low-rise multi-unit residential buildings:


 EUIs are lower for buildings constructed more recently


 Average low-rise EUI is 171 kWh/m
2
/yr


 High-rise energy consumption per suite is 19% higher than 


low-rise energy consumption per suite 


 Very high energy savings are possible for low-rise MURBs


 Three biggest opportunities: 


 HRVs


 Airtightness


 Triple-glazed windows


 Higher net energy savings are possible with older MURBs


 GHG savings depend on the fuel breakdown
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Full Report is Available with More Information
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Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.bchousing.org


OR CONTACT THE PRESENTER 


 ehenderson@rdh.com
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Extra Slides
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Baseline Model Assumptions


KEY BASELINE MODEL INPUTS*


Building 15 (Low-Rise) Building 21 (Townhouse)


Walls
R-16 – 2x6 framing with R-20 batt 


and insulated balconies


R-11 – 2x4 framing with R-12 batt 


and insulated balconies


Roof
R-38 – Vented attic with R-40 batt 


insulation
R-18 – Low-slope with batt insulation


Windows
U-0.35 – Double glazed with vinyl 


frame and low-e coating, w/w 36%


U-0.40 – Double glazed with vinyl 


frame, w/w 23%


Air-leakage 0.15 cfm/sf at operating pressure 0.20 cfm/sf at operating pressure


Mech. vent. 2,400 cfm MUA (gas-tempered, 21°C) None (natural only)


1° Heating Electric baseboards, 22 °C Electric baseboards, 23 °C


2° Heating None Gas fireplaces, 7.5 W/m²


DHW flow 2.5 L/m²/day 2.2 L/m²/day


Lighting
5 W/m² in suites, 8 – 17 W/m² in 


common areas, 2200 W exterior
8 W/m² interior, 4400 W exterior


*Obtained from architectural/mechanical drawings, site visits, 


and calibration to real utility data
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BUILDING ENVELOPE THERMAL AND AIR LEAKAGE 
 CHARACTERISTICS OF CANADIAN HOUSING 


Julia Purdy and Anil Parekh1 


 


 


ABSTRACT 


Due to ever-changing code requirements and building practices, the Canadian housing stock has undergone 
significant change over the years in terms of its thermal performance. As compared to previous decades, 
new houses are built with higher insulation levels, better airtightness, and more efficient space heating, 
cooling and ventilation systems. 


NRCan’s flagship housing programs for both new and retrofits included field evaluations of each house. 
The information gathered for each participating dwelling included: house form and geometry; composition 
of: above and below grade walls, attics, foundation, windows and doors; airtightness data; as well as 
information on the type and efficiency of space heating, ventilation and hot water systems. All this collected 
data produced an excellent database (the so-called EGH database) of close to 0.85 million homes, 
representing about 6% of low-rise residential dwelling stock in Canada.   


For existing homes, the database includes the pre- and post- energy retrofit information. The thermal 
‘picturing’ of the housing stock is not only important to policy wonks and building scientists but also to 
building product manufacturers, and retrofit service providers. Using the EGH data, vintage-specific 
regional trends have been developed to show the typical insulation levels and airtightness characteristics.  


For example, the data analysis showed that the airtightness of houses improved from about 8 ach at 50 Pa 
in early 1960s housing to an average of 2.8 ach in recently built houses. The wall insulation levels have 
also improved significantly from early 1960s to late 1990s.  


The paper and presentation will provide details about the housing stock thermal characteristics for different 
regions and various vintages. One of the key elements of the database analysis is providing region and 
vintage specific identification of retrofit opportunities for manufacturers and retrofit contractors. An 
example case shows the retrofit opportunity for attic insulation identified in specific age groups of dwellings 
in different regions. 


INTRODUCTION 


                                                      
 
1 Julia Purdy and Anil Parekh are Senior Researchers with CanmetENERGY-Ottawa.  Natural Resources Canada, 
1 Haanel Drive, Ottawa, K1A 1M1. 
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Canadians use significant amounts of energy to heat, cool and ventilate their homes, to operate lights and 
appliances, and to heat water. According to the latest data available (2014), residential energy use was 1,481 
petajoules (1 PJ = 106 GJ) which accounted for 16.6% of secondary energy use in Canada. It is interesting 
to note that since 1991, Canada’s housing stock increased at 1.4%; however, the residential energy use only 
increased by 0.3% [NRCan 2016]. Space and domestic water heating energy requirements account for over 
80% of residential energy demand in most regions. Improvements in the energy efficiency of dwellings 
have become, therefore, a focus of federal government agencies in order to reduce the green gas emissions 
and the dependence on fossil fuels. 


The residential housing stock consists of 15.03 million units as per the latest data available from the 
Statistics Canada [NEUD 2015]. About 54.6% of this stock are detached single-family dwellings, 11.6% 
are low-rise row and semi-detached dwellings, 12.5% low-rise multi-unit residential buildings and the rest 
are mid- or high-rise apartments.   


Over the years, the average size of Canadian dwellings has also steadily increased. Today’s housing has, 
on an average, 156 m² (1,680 ft²) of conditioned floor space compared to an average of 116 m² (1,255 ft²) 
for houses built about 40 years ago. We can therefore assume that the significant growth in the number and 
the size of dwellings has affected the use of natural resources and the residential energy use patterns over 
the years. 


As shown in Figure 1, about 47% of the housing stock was built prior to 1983 prior to any requirement for 
energy efficiency measures. Since 1985, national and provincial building codes slowly started requiring 
insulation and ventilation measures. Voluntary programs, such as R2000 Standard, led the introductions of 
proven energy efficiency measures covering insulation, airtightness, high performance windows, efficient 
heat recovery ventilation (HRV) systems and condensing fuel-fired space heating and domestic hot water 
systems. Code changes were, however, gradual over the years; and, first time in 2012 as major change, 
National Building Code introduced key section on energy efficiency covering the whole house. 


 
Figure 1:  Canadian housing stock in 2014 [NRCan 2016]. 


During 2007-2013, Natural Resources Canada implemented a nation-wide program for energy efficiency 
retrofits of existing housing with financial incentives. The ecoENERGY-Retrofits program offered energy 
efficiency evaluations to homeowners for pre- and post-retrofits for more than 846,000 homes. The co-
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partnering and incentives from provincial programs, natural gas and electric utilities and other stakeholders, 
ensured the success of the ecoENERGY-Retrofit program in retrofit uptakes. 


The pre- and post-retrofits energy efficiency evaluations for the ecoENERGY-Retrofit program provided 
excellent quality of thermal, mechanical and energy consumption data for housing. Data on 140 specific 
parameters related to house geometry, insulation levels, for close to 682,000 houses has been collected.  


The main goal of this paper is to describe the analysis of the housing data for the thermal, air leakage and 
energy use characteristics in different regions. This information could be used by: renovators, electricity 
supply utilities, oil and natural gas companies and regulators – to formulate appropriate programs for 
homeowners; by building scientists, engineers, architects and housing professionals – to assess new 
opportunities for energy efficient construction practices in new and existing housing; and by construction 
product manufactures and supply chains. 


METHODS FOR DATA GATHERING AND ANALYSIS 


Data Source – EnerGuide for Houses (EGH) Database 


The EnerGuide for Houses (EGH) database is an information management tool and central depository for 
tracking residential energy evaluations and measuring the benefits from the energy evaluations delivered 
across Canada [Blais et al. 2005]. The process of data collection includes energy advisors (EAs) collecting 
house information during a detailed house energy efficiency evaluation. This data is then used for 
evaluating the energy consumption and recommendations for energy efficiency retrofit measures using the 
energy analysis software (such as HOT2000). The energy analysis software file stores the house energy 
model, retrofit recommendations and report information. The energy analysis software also generates a data 
file that contains a subset of the house characteristics and simulation results. Once the house evaluation is 
complete and the home modeled, the energy advisor e-mails the saved file and data file to an automated 
web-based file processor. The file processor performs validation and other processes on the received data 
file, stores the data, and saves files in the EGH Oracle database. Each database record contains information 
on the house’s physical characteristics and its energy requirements. 


The database contains files for more than 846,000 houses rated across Canada of which 681,587 have been 
re-evaluated after homeowners implemented energy efficiency retrofits. The concepts and database 
structure allow for the implementation and management of a large-scale energy efficiency program through 
various delivery channels. The housing database keeps house specific information gathered from field 
evaluations. For each house evaluation, the following data is collected: 


 Geometric configuration including overall dimensions, orientation, type of house and number 
of storeys 


 Insulation levels for the attic, walls, foundation, windows and exterior doors components 


 Airtightness data including the calculated normal air change rates 


 Energy analysis data showing components of heat losses, estimates of space heat and hot 
water energy use and the energy ratings. 
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Details of these items are as follows: 


 Geometric configurations – The geometric configuration includes plan layout, dimensions of 
various components, volume, and orientation. For a number of field assessments, photo images 
were also collected. The following are main forms of low-rise housing: 


o split-level bungalows 


o detached or single-family homes 


o semi-detached (two attached houses) 


o row houses (more than two attached and vertically separated) 


o walk-ups (more than two dwellings vertically and horizontally separated) 


o House formation defines the size and volume. There are: 


 the number of levels (storeys) – 1-storey, 1½-, 2-, 2½- , and 3-storey structures; 


 the shape of the plan – rectangular, L-shape, T-shape and forms with varying 
number of corners and other complex structures; 


 the type of attic/roof  – cathedral, sloped and flat; and 


 the foundation type – slab-on-grade, full basement, shallow basement, walk-out 
basement, and crawlspace. 


 Thermal characteristics – The thermal characteristics include the make and composition of 
envelope components (size and insulation values), predominant heating and hot water 
equipment data (type and steady state efficiencies), and, in particular, airtightness and 
ventilation parameters. The data classifications were as follows: 


o age or the year in which the house was built (or retrofitted) 


o location and region 


o thermal insulation levels of building envelope components 


 above-grade walls 


 attic/roof 


 windows and doors 


 foundation walls and floor 


o measurements of airtightness using the blower door 
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o space heating, hot water and ventilation systems 


 primary and secondary fuels used for space heating and hot water 


 type of space heating and hot water systems and steady state efficiencies 


 type of ventilation system and typical airflows 


 level of depressurization if fuel burning equipment was present 


 Energy use profiles – for each house file, there is a full energy analysis using the Standard 
Operating Conditions (SOCs) reporting for the heat losses for envelope components and energy 
use components, such as: 


o space heating 


o space cooling 


o domestic hot water 


o ventilation 


o base loads for lighting, appliances and miscellaneous electrical loads 


Procedures for the Data Analysis 


For the comprehensive data analysis, we selected data files containing both pre- and post-retrofit 
evaluations, a total of 681,587 house files. Table 1 and 2 show the sample size for each province and 
territory and for each age group. The sample size represents from 1.1% to 9.7% of regional stock with an 
overall weighted average of about 4.8% of low-rise housing stock. This is an excellent representation and 
is superior in size. On a regional basis, these evaluations are taken from both urban and rural settings. It 
should be noted that the EnerGuide for Houses database contains information from homes that participated 
in the federal/provincial, or utility supported incentive programs; these homes were not randomly selected. 
This a large database covering all climate zones of Canada including specific regions and different vintages. 
Such a large database mimics and represents Canada’s existing housing stock, specifically built prior to 
year 2010.   


The survey data was used to develop a profile of thermal archetypes based on the location and the year of 
construction (or the year of major renovation). As construction practices heavily depend on the 
requirements of codes and standards, the vintage of house construction became a primary factor. Data 
collation included the development of representative numeric rules and co-relation-based formulas for 
various components. The required primary inputs were the age of the house and the location. Based on 
these, all required thermal insulation and equipment specifications were generated. 


Table 1:  Number of evaluations used for stock representation. 
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Provinces Sample Size, 
thousands 


Representation of 
Housing Stock % 


BC 74.7 4.0% 
AB 34.9 2.3% 
SK 41.0 9.7% 
MB 20.9 4.4% 
ON 421.7 8.1% 
QC 39.8 1.1% 
NB 21.7 6.9% 
NF 2.6 1.2% 
NS 21.3 5.3% 
PE 1.9 3.3% 
NT 0.4 2.7% 
YK 0.6 4.1% 
NU 0.2 2.4% 


Total 682 4.8% 
 


Table 2:  Number of evaluations used for each age groups used for stock representation. 
Vintage 


as per major code 
changes 


Sample 
Size, 


thousands 


Representation of 
Housing Stock % 


Before 1946 111.5 7.2% 
1946–1960 117.6 10.5% 
1961–1977 180.5 7.3% 
1978–1983 79.1 5.5% 
1984–1995 158.8 5.4% 
1996–2000 19.7 2.0% 
2001–2005 9.2 0.8% 
2006–2010 5.0 0.4% 
2011–2014 0.2 0.0% 


Total 682 4.8% 


The data analysis included sorting for the vintage, type and thermal indicators, and then gathering the 
minimum, 25th percentile, median, average, 75th percentile and maximum values for each age group and 
region. The resultant values were further compared with the available data from other surveys. 


It must be noted that the analyses presented here deal strictly with thermal insulation, air leakage and 
estimates of energy consumptions. The field data did not include any information on the moisture 
performance and durability of building envelope components. 


THERMAL AND AIR LEAKAGE CHARACTERISTICS 


The data analysis contained significant information for each province and territory. It is beyond the scope 
of this paper to include all details for all regions. Therefore, we selected representative analytic results to 
show the overall ‘thermal’ picture of dwelling in different regions. The following sections describe these 
results. 
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Profiles of Building Envelope Characteristics 


Data sets for each province and territory were categorized by vintage and housing type. All evaluations 
were combined together to represent the national characteristics. The data analysis showed that over the 
years, the housing stock has become more airtight and better insulated; and of course, much more energy 
efficient. These changes have reduced the overall annual space heating and total energy consumption for 
houses significantly. Some of these interesting trends are presented in the following figures. 


Figure 2 shows the profile of attic/ceiling and above-grade wall insulation levels for dwellings. Figure 3 
shows the summary of effective insulation levels for below-grade components. Each bar represents a range 
of values for the 25th and 75th percentiles with a median value. Over the years, the overall insulation levels 
have significantly improved; code changes since the year 2000 have raised the minimum insulation levels. 


 


Figure 2:  Attic/ceiling and exterior above-grade wall insulation levels (effective thermal insulation value in m2K/W). 


Figure 4 shows the airtightness profiles of housing. Over the years, houses have become more airtight. The 
normal natural and mechanical air change rates for these houses ranges from 0.12 to about 1.2 air changes 
per hour during the heating months (not to be confused with the measured air change rate at 50 Pa 
(ac/hr@50Pa). As these houses become more airtight, the need for mechanical ventilation becomes 
imperative. Recent code changes in all provinces mandate the installation of mechanical ventilation to bring 
up the normal air change rate to about 0.25 to 0.30 per hour. As shown in Figure 4, more than 62% of the 
stock fails to meet the minimum requirements for ventilation and requires mechanical ventilations system 
retrofits. 
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Figure 3:  Below grade foundation insulation and average airtightness of dwellings. 


 


Figure 4:  More than 62% of stock is below recommended normal air change rate of 0.3 and need mechanical ventilation. 


 


Figure 5:  Profile of annual space heating and total energy use for dwellings. 


Figure 5 shows the weighted average data for the annual space heating requirements and total energy use 
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profiles. The median value for space heating requirements for new housing (2014) is about 264 MJ/m²/year 
compared to 335 MJ/m²/year for house built about 15 years ago during 1995-2000. Combined effects of 
increased insulation values, lower airtightness and higher average floor area show these improvements. 


Figure 6 shows the reduction in space heating and total energy consumption based on the year of 
construction. Significant improvements in insulation levels, more airtight construction practices, and 
improved efficiencies in mechanical equipment have led to better overall energy efficiency. 


 


Figure 6:  Profile of reductions in space and total energy use in different vintages of dwellings. 


Comparisons of Weighted-Average Characteristics for Each Region 


Each province and territory has its own building codes and region-specific construction practices. Even so, 
there are wide ranges of energy efficiency options that can reduce the overall energy consumption. 


Figure 7 shows the comparison of weighted average insulation levels for attic/ceiling and above-grade 
walls. Overall, prairie housing (AB, SK and MB) has higher levels of insulation compared to other regions 
(except NT and YK territories). 


Figure 8 shows the airtightness for housing across Canada. The data shows the average values of 
airtightness both pre- and post-retrofit. Overall, prairie housing (AB, SK and MB) is much more airtight 
than other regions. The increased occurrence of stucco-clad housing in the prairies and the better 
airtightness that this type of cladding provides could be one reason for this observation. This graph also 
shows the achieved airtightness after retrofitting these houses. As shown in Figure 8, opportunities for air-
sealing retrofits diminish when we start with a more airtight house. Figure 9 shows the comparison of the 
space heating index and the average annual total energy consumption.   
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Figure 7: Comparisons of weighted average insulation levels for attic/ceiling and above-grade walls. 


 


Figure 8:  Airtightness characteristics of dwellings in Canada. 
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Figure 9:  Comparisons of space heating energy index and the total annual energy use for dwellings. 


Application EGH Data Analysis for Insulation Retrofit Opportunities 


One key element of the database analysis is to use the region and vintage specific housing stock data in 
work with industry partners. One such project, by North American Insulation Manufacturers’ Association 
(NAIMA) Canada, calculates the potential benefits of selective improvements to the insulation levels in 
Canada's existing housing stock. 


This project focused on identifying opportunities for upgrading insulation levels in existing houses. The 
objective was to determine how many homes in Canada are under-insulated and to estimate, both regionally 
and nationally, the energy and cost savings by upgrading under-insulated homes to contemporary standards 
(The “Retrofit Potential”).  


The provincial/territorial information from the EGH database was categorized based on the type of heating 
fuel (natural gas, electricity and oil), climate zone (region) and house age (vintage). The existing insulation 
levels were then compared to those specified in section 9.36 of the National Building Code (NBC) of 
Canada. 
 


 
Figure 10: % of the attics under-insulated (9.36 limit - R-20) 


One findings of this analysis was: the bulk of the Retrofit Potential of Canada's existing housing stock 
occurs in just one of the five building components studied - ceilings with attics (Proskiw, 2016). Figure 10 
shows the % of homes with “under-insulated” attic spaces for selected cities and vintage. For this particular 
analysis, the definition of under-insulated was: R-20 below the 9.36 requirement, and was limited to 
detached and semi-detached homes.  


DISCUSSIONS 
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The housing database provides an excellent resource for evaluating the thermal, airtightness and energy 
efficiency performance parameters of Canadian housing. The database contains detailed information on 
more than 682,000 houses representing all regions in both the urban and rural areas. There is no attempt to 
qualify these data sets on the basis of statistical representation; however, the large number of house-files 
make it sufficiently representative of existing and new housing stock. 


The field data presented here solely reflects the thermal and energy use profiles. The moisture performance 
or durability aspects including the indoor air quality aspects are not considered in this analysis. With the 
increase in insulation levels and more airtight construction practices, it is now necessary to provide 
mechanical ventilation in houses. It is perceived that the overall ‘house as a system’ approach would lead 
to better energy efficiency, improved durability of the building envelope and acceptable indoor-air quality. 


The information generated from this analysis has been used to develop a series of house archetypes; useful 
for code and policy analysis, evaluating the impact of new technologies, etc. 


CONCLUSIONS/RECOMMENDATIONS 


The EnerGuide for Houses (EGH) database is a collection of comprehensive information for close to 4.8% 
of Canadian housing stock and is available for research purposes. Such a large database provide excellent 
‘thermal picturing and energy use profiling’ of the Canadian housing stock. The large data set analyses aid 
in identifying the potential targeted opportunities for (1) energy efficiency retrofits for existing houses, and 
(2) incorporating necessary changes to the codes and standards for the construction of new housing.  


Over the years, there has been significant increase in the effective insulation levels of houses. Overall, the 
building envelope insulation levels are much better for above-grade and attic/ceiling components. There 
are still more opportunities for increasing the insulation levels for the foundation (below-grade) 
components. 


Houses are becoming more air-tight and construction practices have changed significantly. More than 62% 
of housing stock has much lower normal ventilation rates and may need mechanical ventilation retrofits to 
meet the recommended fresh air requirements. 


The overall energy efficiency of tract housing is improving steadily. It is recommended to enhance, populate 
and maintain the EGH database on a continuous basis to assist future opportunities for energy efficiency 
and higher performance of Canadian housing to keep Canada world leader in high performance housing. 
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ecoENERGY Retrofit Programme


• Nation-wide program for energy efficiency retrofits of existing 
housing with financial incentives


• 2007-2013


• Energy efficiency evaluations to homeowners for pre- and 
post-retrofits


• 140 specific parameters related to house geometry, insulation 
levels 


• Thermal, mechanical and energy consumption data







EnerGuide for Houses Database


• House specific information gathered from field evaluations
• Geometric configuration
• Insulation levels
• AirtightnessSpace heating, hot water and ventilation systems


• House-as-a-system Energy Analysis
• Standard Operating Conditions (SOCs) 
• Heat losses for envelope components 
• Energy use:


• space heating & cooling
• domestic hot water
• ventilation
• base loads for lighting, appliances and miscellaneous electrical loads























Ventilation


• < 62% of stock fails to 
meet ventilation 
requirements


• require mechanical 
ventilation system 
retrofits











Application EGH Data Analysis for 


Insulation Retrofit Opportunities


• Using the region and vintage specific housing stock data 
in work with industry partners
• North American Insulation Manufacturers’ Association 


(NAIMA) Canada


• How many homes in Canada are under-insulated?
• Identify opportunities for upgrading insulation in existing 


houses


• Estimate the Retrofit Potential











• Only those records in 
Ontario where insulation 
was added


• eco-ENERGY retrofit 
programme


• Peak year for insulation 
renovations was 2010


• 32,216 homes 
participated







• What was the overall 
impact of renovations? 


• Those renovations that 
included wall insulation
doubled their EGH 
rating improvement 
over renovations that 
didn’t







Conclusions


• EnerGuide for Houses (EGH) database represents 5% of the 
Canadian housing stock


• Identify the potential targeted opportunities for energy 
efficiency retrofits for existing houses


• Changes to the codes and standards for the construction of 
new housing


• Important resource to assist future opportunities for energy 
efficiency and higher performance of Canadian housing
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AGENDA


— CURRENT PARADIGM – IT’S OVERSIMPLIFIED


— RENEWAL REALITY – IT’S COMPLICATED


— THREE CASE STUDIES – REPAIR, RENEW, MAINTAIN


— SUMMARY







EXISTING 
PARADIGM







Façade Renewal Paradigm


— Design
— NIBS GL3
— CSA Z320
— CSA S478


— Assessment
— RFS
— ASTM E2018
— Etc


None are suitable to the nuanced evaluation of building enclosures 
that encompasses physical condition, anticipated future 
maintenance, market forces, and the occupant experience, which can 
leave gaps in the knowledge necessary to contribute meaningfully to 
façade renewal discussions.
Examples: PCA (2200 Yonge, Eaton Centre, Edmonton high-rise, etc.)


© Disney







Existing Frameworks: Design & Assessment


— Design
— NIBS Guideline 3
— CSA Z320 – Building Commissioning Standard
— ASTM E2813 /  E2947 – Building Enclosure Commissioning 
— CSA S478 – Guideline on Durability in Buildings
— Tower Renewal Guidelines
— Green Building Guidelines


— Assessment
— Performance Audits & Reserve Fund Studies
— ASTM E2018 – Building Condition Assessments
— Capital Plans
— Acquisition & Disposition Reports
— Façade Ordinances







Hierarchy of Needs


Understanding the function of 
modern building enclosures







The Building Circle of Life


WSP Canada, 2016







— Reduce 


— Ongoing maintenance


— Reuse


— Building infrastructure


— Replace


— Failed/deteriorated materials


— Improve


— Overall building performance (i.e. air, 
water, thermal)


— Rejuvenate


— Spaces to increase leasing revenue
WSP Canada, 2016


The Building Circle of Life







Key Elements for Success


— Money


— Time


— Experience


— Diplomacy


— Patience & Communication


berkonomics.com
……… Stay tuned for a re-visioning of this adage







RENEWAL 
REALITY







Traditional Design / Bid / Build Process


› Identify the issues


› Assess and document existing conditions


› Feasibility assessment


PROJECT 
FEASIBILITY


› Identify client’s needs and goals


› Identify retrofit solutions and paths


› Optional: Mock-ups


CONCEPT 
DEVELOPMENT


› Develop specifications and drawings for selected 
retrofit solution


› Obtain pricing


DESIGN & 
TENDER


› Shop Drawings, Submittals


› Mock-ups


› Ongoing Quality Control


CONSTRUCTION







Real Estate Market Forces


— Capitalization Rates


— Return on Investment


— Vacancy Rates


— Class categorization


— Lease Terms / Agreements


— Development Pressures


— Green Building Ratings


— Energy Benchmarking


Business


Logistical


Technical







Real Estate Hot Potato


www.karrierebibel.de







CASE 
STUDIES







CASE STUDY 1
REPAIR







Case Study 1 – REPAIR
Project History


Date of construction: Early c1980s


Enclosure system: Aluminum-framed curtain wall


Minimal thermal break


Sheet membrane stack joint
Vision units: 6mm clear outer lite


Reflective low-e on surface #2


12mm air-filled cavity with aluminum spacer


6mm clear inner lite


Fully captured
Spandrels: Insulated metal back pan


Stainless steel composite panel cladding


Service history (pre 
2006):


Delaminating panel skins identified c1995


Retrofit fasteners installed to secure panel skins c1999


Retrofit fasteners failing and panel skin deformation


Low rate of IGU failure.







Case Study 1 – REPAIR
KEY FINDINGS


— Loose 
fasteners


— Lack of 
redundancy


— Retrofit 
fasteners 
failing


— Movement 
restricted


Good news: 
framing, IGUs, 
back pans, and 
insulation were 
serviceable.







Case Study 1 – REPAIR


OPTIONS ANALYSIS
— MAINTAIN


— Re-secure existing system and install new fasteners where missing 
— Remove retrofit fasteners, seal defunct holes, and install new fasteners 


to reinstate the design intent (i.e. allow differential movement)


— SELECTIVELY REPLACE
— Replace cladding with similar looking metal panels (not including IGUs) 


— FULLY RENEW
— Replace cladding with similar looking metal panels and replace the 


solar reflective IGUs with optically clearer IGUs while maintaining 
necessary solar control


— Re-Clad: 
— Replace the curtain wall system with new


Study included thermal performance, energy performance, comparative 
daylight analysis, and schematic 3-D renderings.







Case Study 1 – REPAIR
Attribute Option 1 Option 2 Option 3 Option 4


Risk Mitigation Low Moderate High High


Tenant Disruption Low Moderate Moderate Significant


Aesthetic Benefit Low Moderate High High


Maintenance Requirements High Moderate Low Low


Implementation Rapid Rapid Phased Phased


Daylight Improvement None None Significant Significant


Thermal Improvement None Low Low Low


Energy Savings None Low Low Low


Service Life


* Excluding IGUs
** mid-life IGU replacement


1a: 3-5 yrs
1b: 5-8 yrs 20-30 yrs * 20-30 yrs 40+ yrs **


Capital Cost (Estimated) 1a: $300K 
1b: $2M $15M $25M $38M


Ongoing / Future Costs 
(Estimated)


1. $20K / yr for inspection 


2. $2.5M/yr for 6 years for 
IGU replacement  


3. $15M for future 
recladding


$2.5M / yr for 6 years 
for IGU replacement


None planned for 
20 years


None planned for 20 
years







CASE STUDY 2
RENEWAL







Case Study 2 – RENEW
Project History


Date of construction: Tower 1: Mid c1960s


Tower 2: Late c1970s


Enclosure system: Aluminum-framed curtain wall


Minimal thermal break


Back-pan deflection interface at stack joint


Vision units: 6mm grey-tinted outer lite


12mm air-filled cavity with aluminum spacer


6mm clear inner lite


Fully captured
Spandrels: Insulated metal back pan


3mm aluminum cladding panel


Service history


(pre 2012):


Water infiltration


High rate of IGU failure


Localized panel deterioration (failed clips)







Case Study 2 – RENEW
KEY FINDINGS


Tower 1:


— Sporadic 
retrofit 
fasteners


— Loose clips


— Failed clips


— Backpan 
corrosion


— Water 
infiltration


— 30% IGU 
failure


— 10-year IGU 
remaining life


Tower 2:


— All of the 
above


— Backpans 
serviceable







Case Study 2 – RENEW


TECHNICAL & BUSINESS EVALUATION
— Technical Evaluation


— Survey existing systems
— Assess transition details
— Evaluate embedded anchorage
— Evaluate framing capacity
— Model wind loads
— Test designated substances


— Business Evaluation
— Analyze finances
— Assess vacancy
— Evaluate lease term renewals
— Review maintenance costs & tenant satisfaction
— Understand market pressures


Business


Logistical


Technical







Case Study 2 – RENEW


PROJECT IMPLEMENTATION


— Design Concepts and Pricing
— Confirm pricing 
— Design a technically feasible solution
— Vet potential contractors
— Construct mock-ups
— Get consensus


— Construction & Logistics
— Negotiation – scope is king
— Ownership of existing conditions
— Procurement model
— Communication & client management


Business


Logistical


Technical







CASE STUDY 3
INFLECTION POINT







Case study 3 – INFLECTION POINT
Project History


Date of construction:
Tower 1: Early c1960s


Tower 2: Early c1970s


Enclosure system:
Aluminum-framed curtain wall


Localized precast cladding on Tower 1


Vision units:


6mm clear outer lite


12mm air-filled cavity with aluminum spacer


6mm clear inner lite


Fully captured


Spandrels:


Single lite, back painted spandrel glazing


Fully captured


Tower 1: insulation adhered to spandrel glazing


Tower 2: insulated backpan assembly


Service history: Face sealing







Case Study 3 – INFLECTION POINT


KEY FINDINGS


Tower 1


— face-sealed


— blocked 
drainage


— spandrel 
breakage


— no 
backpans


— IGUs 
serviceable


Tower 2


— As above 
and….


— water 
infiltration


— air leakage


— weather 
seal failure


Co-operative 
work:


Vertical 
expansion
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Summary


— Prioritize
— Integrate projects to meet short-term and long-term needs/goals 
— Phase projects if needed


— Understand
— Clients drivers and goals.  Tailor project accordingly


— Prepare / Implement
— Plan, due diligence, design, and quality control
— Identify / communicate potential risks (design & construction)
— Minimize variables for construction phase, achieve Client's goals


— Maximize Opportunities
— Beyond Façade - Implement other potential retrofits
— M&E Re-Commissioning (energy payback)
— Expansion / revitalization
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THE REAL ESTATE HOT POTATO – CHALLENGES AND SOLUTIONS 
FOR WHOLE-BUILDING RE-CLADDING PROJECTS 


Scott R Armstrong 


 


 


ABSTRACT 


North American urban centres contain hundreds of mid-20th century mid- and high-rise buildings, many of 
which have cladding systems approaching the end of their design service life. There are many options 
available to building owners, including: continued maintenance; selective repair or replacement; large scale 
systems replacement, or; whole-building renewal and re-cladding. These interventions typically provide 
opportunities for extending the useful life of a building, addressing ongoing performance concerns, 
reducing energy consumption, improving occupant comfort, and updating a building’s aesthetic.  


Building renewal projects are subject to an array of market challenges: the ‘Class’ ceiling, static revenues, 
existing tenants and lease agreements, rent pressures, vacancy rates, capital expenditure forecasts, leasing 
partnerships, etc. Further, there are very few examples in the marketplace that demonstrate whether whole-
building recladding projects have an attractive return on investment. 


This session will provide an overview of the existing buy, hold, and sell approach – or “real estate hot 
potato” – that can leave buildings in a deteriorated state and owners at risk. We will analyze the building 
renewal ‘decision arc’ for existing building owners using case studies and will assess factors leading to 
building renewal such as risk mitigation, measured and predicted cladding deterioration, revenue 
generation, and improved aesthetics. This session will include information on the steps and processes used 
to move building renewal from an idea to implementation and will provide useful information to owners, 
designers, and contractors exploring opportunities in the building renewal market 


INTRODUCTION 


“It’ll last forever!” How often have you heard this statement from a confident designer, consultant, or 
contractor? While this statement may express our aspirations, the reality is very different. Enduring 
buildings must be well designed, durably constructed, and regularly maintained – and maybe, just maybe 
they will last forever. 


THE BUILDING LIFE CYCLE 


The life cycle approach to building enclosure design is a well-worn, embedded in two relevant standards: 







 
 


Paper 25                                                                                                     Page 2 of 11 
 


CSA S478: Guideline on Durability in Buildings (Canadian Standards Association, R2007) and CSA Z320: 
Building Commissioning Standard (Canadian Standards Association, R2016). These standards are useful 
during the design, construction, and commissioning stages for new developments and provide useful 
guidance for defining ongoing maintenance and repair activities. Other standards and processes such as 
ASTM E2018: Standard Guide for Property Condition Assessments: Baseline Property Condition 
Assessment Process (ASTM, 2015) and Reserve Fund Studies provide useful guidance for assessing 
existing facilities and the prioritizing of funding for maintenance and repairs. Unfortunately, none of these 
provide the necessary framework for a nuanced evaluation of building enclosures that encompasses physical 
condition, anticipated future maintenance, market forces, and the occupant experience. Further, existing 
building studies such as condition assessments and reserve fund studies typically exclude exploratory 
openings or physical testing, which can leave large gaps in the knowledge necessary to contribute 
meaningfully to the decision arc of façade renewal.  


As buildings age, it is important to look beyond reactionary repairs and 10- and 30-year capital forecasts, 
and to start analyzing opportunities for building renewal. Figure 1 (WSP Canada, 2016) illustrates a 
lifecycle approach to buildings and, at the center, a proactive management approach. Building owners need 
to understand existing asset condition and have a clear sense of their direction for the asset to navigate the 
façade renewal process. This process should encompass every building system, including: structural, 
mechanical, electrical, vertical transportation, and façade access; however, to simplify, this paper will focus 


Figure 1: The Building Life Cycle 
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primarily on the building enclosure.  


 


BUY – HOLD – SELL: THE HOT POTATO 


Market forces such as capitalization rates, vacancy rates, Class categorization, and lease terms can be 
dominant in the journey toward façade renewal. Commercial real estate professionals see assets as a revenue 
tool: they are intended to make money. Capital expenses must be weighed against ongoing revenues, 
building value, and ongoing maintenance requirements.  


Two key metrics help commercial real estate professionals evaluate existing buildings: Capitalization Rate 
(Cap Rate) and Return on Investment (ROI). 


“Capitalization rate is the rate of return on a real estate investment property based on the income that the 
property is expected to generate. The capitalization rate is used to estimate the investor's potential return on 
his or her investment” (www.investopedia.com, June 2017). In other words, a building’s cap rate is the net 
income (income minus expenses) expressed as a percentage of the initial purchase price. Income sources 
can include lease payments, rentals, and advertising, while expenses can include cleaning, maintenance, 
small repairs, and, in some cases, heating and cooling. Consider an asset with a net income of $7.5M. If 
this asset sells for $120 million, the Cap Rate is 6.25%; if the asset sells for $150 million, the Cap Rate is 
5%. So, lower cap rates can signal higher asset valuation or lower net operating incomes – both of which 
can be directly related to building performance. Cap rates, however, are only a snapshot of valuation and 
primarily are useful when buying and selling a property.  


Return on investment (ROI) is another tool used to evaluate whether a building is profitable and generating 
sufficient value for an owner. ROI includes the amount of principal loan repaid, reducing lending costs with 
time and further improving returns. The ROI approach can be particularly susceptible to manipulation via 
deferred maintenance since reduced expenses can show short-term increases on net income and higher 
apparent returns. ROI can be mistakenly applied to façade renewal in an attempt to justify the work based 
on quantifiable metrics such as energy savings. While such savings may occur, façade renewal is too 
complex to evaluate it by a single such metric. Lastly, neither Cap Rates nor ROI account for occupant 
comfort, lease rates, or building class but they do factor into resale and asset value.  


Regardless, what does any of this this have to do with façade renewal? I call it the real estate hot potato: 
deferring maintenance to improve short-term asset valuation or ROI, hastening the onset of façade 
deterioration.  


Some Owners may view their asset as a long-term hold, electing to implement a significant capital project 
such as façade renewal; some may view their asset as a land placeholder, choosing to implement minor 
short-term capital projects until sale or redevelopment is viable; some may not have a definite long-term 
plan, choosing to maintain the building in a safe condition and re-evaluate façade renewal options at a later 
date. But let there be no mistake: every existing building you see is a case study in façade renewal waiting 
to happen. 
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The following three case studies are not technical reviews; rather, they provide real-world examples of 
different approaches to an asset depending on the Owner’s position for the property. 


Case Study 1 – Commercial Office – Maintain & Hold Example 


This building occupies a prominent urban site and is located next to a major commuter hub. The building 
has been in the Owner’s portfolio for approximately 15 years and is adjacent to a large contiguous urbanized 
land area under the same ownership. Table 1 provides a summary of the project, including a brief service 
history. 


Table 1: Project summary - Case Study 1 


Project History 


Date of construction: Early c1980s 


Enclosure system: Aluminum-framed curtain wall, minimal thermal break, EPDM sheet 
horizontal expansion joint 


Vision units: 6mm clear outer lite with reflective low-e on surface #2, 12mm air-filled 
cavity with aluminum spacer, 6mm clear inner lite, fully captured 


Spandrels: Insulated metal back pan, air cavity, stainless steel composite panel 
cladding, hung from vision sill mullion and laterally restrained 


Service history (pre 2006): Delaminating panel skins identified c1995; retrofit fasteners installed to 
secure panel skins c1999; retrofit fasteners failing and panel skin 
deformation occurring; low rate of IGU failure. 


The Owner required a cladding assessment in response to continued deterioration of the cladding panels. 
The deterioration generally consisted of fasteners becoming dislodged, panel skins becoming deformed, 
and panel skins continuing to delaminate. The assessment identified several key findings:  


1) 10% - 15% of the original fasteners used to secure the panels to the horizontal pressure plate were 
loose. 


2) The original fasteners provide secondary panel skin securement on the top and bottom horizontal 
returns of the flat panels but not on curved corner panels. The internal skin-securement fasteners 
on the curved corner panels were failing. 


3) Approximately 20% of the retrofit fasteners were missing or loose. 


4) The retrofit fasteners were restraining the normal movement of the panels since they were 
installed above and below the movement joint. 


5) The curtain wall system, IGUs, back pans, insulation, and stack joint membrane were in 
serviceable condition.  


Based on the assessment, a securement plan was developed to address safety concerns at the curved corner 
panels. Other elements of the cladding system, including the flat cladding panels, IGUs, spandrel back pans, 
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and insulation generally were in serviceable condition and not identified as requiring immediate repair. 
Loose and missing fasteners were addressed on an ongoing basis during regular cleaning and panel 
securement was monitored.  


With immediate concerns addressed, the Owner was able to evaluate whether re-cladding or façade renewal 
were viable options for this site and whether other aspects related to the occupant experience could be 
addressed. A subsequent re-cladding study included options for improving daylighting, improving views to 
the exterior, addressing cooling capacity concerns, and significantly extending the service life of the 
cladding system. 


The study developed several retrofit scenarios based on HVAC limitations, thermal performance, energy 
performance, comparative daylight analysis, and schematic 3-D renderings. The following four options 
were presented to the client: 


1) Maintain: 


a) Re-secure existing system and install new fasteners where missing  


b) Remove the retrofit fasteners, seal defunct holes, and install new fasteners to reinstate the 
design intent (i.e. allow differential movement) 


2) Selectively Replace: Replace the stainless steel cladding with similar looking metal panels (not 
including IGU replacement, which was anticipated within the next 10 years)  


3) Fully Renew: Replace the stainless steel cladding with similar looking metal panels and replace 
the solar reflective IGUs with optically clearer IGUs while maintaining necessary solar control 


4) Re-Clad: Replace the curtain wall system to provide new metal panels and a larger vision area 
with optically clearer IGUs 


Table 2 summarizes each option and comments on how each option addresses client-directed priorities: 


Table 2: Re-cladding options summary table. 


Attribute Option 1 Option 2 Option 3 Option 4 


Risk Mitigation Low Moderate High High 


Tenant disruption Low Moderate Moderate Significant 


Aesthetics Low Moderate High High 


Maintenance requirements High Moderate Low Low 


Implementation Rapid Rapid Phased Phased 


Daylight Improvement None None Significant Significant 


Thermal Improvement None Low Low Low 


Energy Savings None Low Low Low 
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Service Life 


* Excluding IGUs 


** mid-life IGU replacement 


1a: 3-5 yrs 
1b: 5-8 yrs 20-30 yrs * 20-30 yrs 40+ yrs ** 


Capital Cost (Estimated) 1a: $300K  
1b: $2M $15M $25M $38M 


Ongoing / Future Costs 
(Estimated) 


1. $20K / yr for 
inspection  


2. $2.5M/yr for 6 
years for IGU 
replacement   


3. $15M for 
future recladding 


$2.5M / yr for 6 
years for IGU 
replacement 


None planned 
for 20 years 


None planned 
for 20 years 


Based on the options presented, the client determined that their preferred approach was Option 1b. With 
the exception of the cladding fastener issues, the building enclosure was performing satisfactorily, the IGUs 
were in serviceable condition, and the building is well tenanted. These factors contributed to the decision 
to delay potential recladding; the decision arc for this property includes potential for future redevelopment 
or site intensification. 


Case Study 2 – Commercial Office – Façade Renewal Example 


This study involves two adjacent high-rise office buildings, located in the financial core of a large urban 
centre. The buildings have been in the Owner’s portfolio for many years and occupy a portion of a large 
urban site containing two other buildings and a recently-completed new high-rise office tower. Table 3 
provides a summary of the project, including a brief service history. 


Table 3: Project Summary - Case Study 2 


Project History 


Date of construction: Tower 1: Mid c1960s 


Tower 2: Late c1970s 


Enclosure system: Aluminum-framed curtain wall, minimal thermal break, back-pan 
deflection interface at stack joint 


Vision units: 6mm grey-tinted outer lite, 12mm air-filled cavity with aluminum spacer, 
6mm clear inner lite, fully captured 


Spandrels: Insulated metal back pan, air cavity, 3mm thick aluminum cladding panel, 
hung from vision sill mullion and laterally restrained 
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Service history (pre 2012): Water infiltration, high rate of IGU failure, localized panel deterioration 
(failed clips) 


The Owner requested a detailed cladding assessment in response to ongoing performance issues such as 
water infiltration, IGU failure, and cladding panel deterioration. The assessment included an interior and 
exterior visual review, exploratory openings, infrared thermography, and frost-point testing of the glass in 
accordance with ASTM E576: Standard Test Method for Frost/Dew Point of Sealed Insulating Glass Units 
in the Vertical Position. The assessment identified several key findings:  


1) Approximately 25% of the panels reviewed had retrofit fasteners for securement. 


2) Approximately 5% of panels exhibited some movement indicative of loose or detached 
securement clips. 


3) Backpan corrosion and evidence of water infiltration was prevalent at Tower 1. Back pans were 
in satisfactory condition at Tower 2. 


4) Approximately 30% of original IGUs had failed; remaining IGUs had a predicted remaining 
service life of up to 10 years.  


Based on the assessment, the Owner recognized that the current maintenance strategy of selective IGU 
replacement for both towers was insufficient: current IGU replacement rates were below the rate of failure; 
the short remaining service life for IGUs would mean 100% replacement in the next 5-10 years; the cladding 
panels were aged and retrofit fasteners had negatively affected their appearance, and; chronic water 
infiltration required face sealing and periodic maintenance or holistic retrofit. 


The context of the towers further influenced discussions regarding cladding renewal. Over the past 10 years, 
upgrades had been conducted on several neighbouring buildings, including: re-cladding to two adjacent 
towers, redevelopment and restoration of an adjacent mid-century mid-rise, restoration of an early 20th 
century masonry office block, and the construction of a new all-glass, Class AAA high-rise commercial 
office building. Within this context, the existing buildings appeared ripe for re-cladding since re-cladding 
would provide a renewed visual aesthetic and could be designed to address all of the ongoing performance 
concerns. 


A major capital project such as overcladding requires extensive investigation, careful planning, detailed 
financial analysis, and, in most cases, patient tenants.  


To address the technical challenges related to overcladding, a detailed investigative and design process 
commenced followed by tabletop and in-situ mock-ups to determine how overcladding could be achieved 
with minimal disruption and within the desired aesthetic.  


The investigative work included a detailed surveying of the existing cladding systems, assessing details at 
transitions to adjacent assemblies, exploratory investigations of embedded anchorage, evaluating the 
capacity of existing framing systems, modeling anticipated wind loads via wind tunnel testing, and testing 
for the presence of designated substances.  


In addition to the technical challenges of designing an overcladding system, the Architect designed new 
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details for how the overcladding would resolve at areas outside the scope of work, including, ground floor 
lobbies, roofs, and adjacent abutting buildings. Consideration was also given to re-cladding the penthouse 
at one tower to strengthen the visual connection to the renewed façade. 


Concurrent to this technical effort, the Owner’s team analyzed several financial aspects of the project. The 
Toronto Downtown vacancy rate for Q1 2017 is 4% and availability rate is 6.8% (Colliers International, 
June 2017). Both have trended up since Q1 2016, which reflects the completion of several major new office 
towers in this region. Despite increasing vacancy and availability rates, completion of new buildings, and 
ongoing construction of additional new buildings, rental rates in Toronto Downtown have remained stable 
since Q1 2016 (Colliers International, June 2017). In this context, it appears that a slight increase in rent 
could be achievable without disrupting tenant stability. Further, a renewed façade could contribute to 
retaining existing tenants or attracting new tenants who may otherwise select space in a newer building. 
This renewal project may help to stabilize rents in these aging buildings as they appear more and more 
dated within their surrounding context.  


The final step in evaluating the viability of overcladding involved obtaining firm pricing. During the design 
process, several vendors were consulted and indicative pricing was obtained; however, the Owner needed 
final confirmation on the total project cost prior to committing to the work.  


To obtain competitive pricing, the design documents were prepared by the consulting team and tendered as 
a design-build project. The process of developing design documents for a design-built process also revealed 
some unique aspects to overcladding and working on existing buildings.  


The Architect and cladding consultant worked closely to translate the desired design aesthetic into 
technically-feasible solutions. For example, aesthetic requirements such as joint sizes, glass sizes, glass 
types, frame colour, sealant and gasket colour and location, sight lines, etc. were reconciled with building 
movements, tolerances, existing frame plumb-ness and square-ness, building creep and shrinkage, thermal 
expansion and contraction, etc. 


Once the team was comfortable that a technically-feasible solution could be achieved, much of the detail 
was stripped out. The design-builders were presented with the aesthetic and performance requirements as 
well as a concept of a viable solution. This approach allows the design-builder to develop their own unique 
and innovative solution while meeting the aesthetic and performance requirements. This approach also puts 
the onus on the design-builder to be fully responsible for the design solution, reducing the Owner’s risk.  


In addition to the design concepts, the design-build documents included the performance requirements, 
existing building assessment reports, test reports, wind studies, etc. Design-Build proponents were 
permitted to conduct limited investigations via swing stage to evaluate existing building conditions first-
hand to help reduce uncertainties and improve pricing. All told, competitive tendering yielded pricing that 
was 20%-30% lower than earlier indicative pricing with each bidder providing their own unique solution 
for the project. 


This project highlighted the extensive amount of information required to develop a re-cladding or 
overcladding solution. All told, the concept design presented to the design-builder is the culmination of 
approximately two years of work by the designers and approximately five years of extensive site 
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investigation data. The decision arc for this project included considerable site context with the development 
or redevelopment of buildings in the immediate area, the risk to existing rental rates and vacancies, and a 
need to address ongoing performance concerns.  


Case Study 3 – Commercial Office – Maintain Example 


This study involves a large site with two commercial office buildings linked by a low-rise podium, located 
in the midtown area of a large urban centre. The buildings have been in the Owner’s portfolio for 
approximately 3 years and are adjacent to a large potential development site. In general, the site is 
underdeveloped based on current density patterns in this city. Table 4 provides a summary of the project, 
including a brief service history. 


 


 


 


Table 4: Project summary - Case Study 3 


Project History 


Date of construction: Tower 1: Early c1960s 


Tower 2: Early c1970s 


Enclosure system: Aluminum-framed curtain wall, localized precast cladding on Tower 1 


Vision units: 6mm clear outer lite, 12mm air-filled cavity with aluminum spacer, 6mm 
clear inner lite, fully captured 


Spandrels: Single lite, back painted spandrel glazing, fully captured. Tower 1 includes 
insulation adhered to spandrel glazing with no backpan assembly; Tower 2 
includes an insulated backpan assembly 


Service history: Face sealing 


The Owner required a detailed cladding assessment of this newly acquired asset to help understand how the 
cladding condition may affect the near- and long-term development plans for this site. Our work was aimed 
at determining the composition of the cladding systems, identifying moisture management and thermal 
performance, summarizing functional defects, and determining the remaining useful life for cladding 
assemblies. The Owner was considering long-term maintenance requirements under a ‘hold’ mandate, 
which would retain existing cladding elements or a redevelopment mandate, which involve significant 
changes to the structure and/or cladding. In addition to the cladding assessment, we conducted a structural 
analysis for vertical expansion and partial demolition and 10- and 30-year capital forecasts to help frame 
redevelopment discussions. 
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The assessment included a document review, structural analysis, interior and exterior visual review, and 
exploratory openings. The assessment identified several key findings:  


1) Tower 1 experiences periodic spandrel glass breakage. Tower 2 was face-sealed in the early 
2000’s in response to reports of water infiltration. Internal drainage channels are blocked. 


2) Tower 2 has spandrel-integrated HVAC delivery, contributing to air leakage. Tower 2 has 
deteriorated weather seals and blocked internal drainage channels. 


3) The IGUs in both buildings have reached the end of their theoretical service life but replacement 
rates are low. 


4) With moderate reinforcing, Tower 2 could accommodate approximately 5 to 8 additional storeys. 


This project is nascent and is included here to highlight an inflection point: the preferred direction for 
cladding maintenance or renewal is highly dependent on the Owner’s plans for the asset. A desire for full-
building renewal for Tower 1 may lead to a path of temporary hazard mitigation and eventual tower 
demolition – or to cladding demolition and re-cladding. A desire to renew or ‘top out’ Tower 2 may lead to 
a path of temporary water leakage control while implementing a plan for re-cladding, integrating the new 
vertical expansion.  


CONCLUSION 


The decision arc to façade renewal is often protracted: extended investigative periods, technical and 
logistical challenges, non-technical experiential realities, financial analyses, changes in ownership, 
temporary hazard mitigation, and interim repairs. Cladding specialists can also deploy creative solutions to 
extend the life of commercial cladding systems for years and allow Owners to delay their decision on 
renewal – or to sell the building and move on to different opportunities. All along, there are many things 
that can complicate the decision to execute. 


Is it worth executing a $30M re-cladding if the building is valued at $150M? How does the work affect 
future value or protect existing values in the context of adjacent new developments? Can the market support 
lease rate increases to improve paybacks on cladding improvements? Will improved aesthetics, 
performance, and occupant comfort reduce vacancies or help in retaining existing tenants? Can we develop 
full-building renewal strategies to integrate HVAC and drive down energy consumption, costs, and carbon? 


Two of these cast studies represent engagement with the same existing owners, managers, developers, and 
maintenance staff over a 10+ year timeline. The third case study provides a glimpse of a site at the beginning 
of their decision arc – and there are many questions left to answer. Ultimately, they all highlight the 
necessity for accurate and consistent reporting, technical rigour, creativity, and a necessary understanding 
of Owner-driven redevelopment realities. They demonstrate how interim solutions can address ongoing 
performance issues while permitting future potential redevelopment or re-cladding. And they provide a 
sound perspective on the processes and technical challenges in realizing renewal. 
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EXTENDED ABSTRACT 


Over the past decades, energy codes have brought a number of changes with respect to improving the 


performance of the building envelope both in design and construction.  With respect to the building 


enclosure, the most debatable is the increasing importance placed on air-leakage and how this often 


unknown value affects many of the energy efficiency metrics that define the performance of the 


building.  Throughout the world, there are multiple codes and standards requiring varying levels of air 


tightness as well as varying performance levels and methods of verification. As the requirements and 


performance implications become better understood, common design and construction practices will 


experience shifts toward improved performance, as was experienced in the early years of the USACE 


requirements on which the private sector codes are based.  However, variations between these standards 


and performance testing requirements have also brought about questions as to whether the testing is 


warranted and truly beneficial.  Through a review of multiple case studies of past and current enclosure 


consulting and whole building  air leakage testing, including high-rise, multi-family, and other commercial 


new and renovation construction, this presentation will provide a critical review of these codes and 


standards for validity, impact, and relevance. 


Learning Objectives 


1) Review the theory and historical progression of air tightness requirements and understand the 


metrics that provide the baseline for levels of air tightness. 


2) Understand the basic phases of holistic enclosure consulting related to air barriers. 


3) Understand validity, impact, and relevance of the wide range of air tightness codes and standards. 


4) Understand air leakage performance verification testing.  








Critical Review of Whole 
Building Air Leakage Testing 
Requirement


15th Canadian Conference 
on Building Science and 


Technology


November 6-8, 2017


Vancouver, BC, Canada


J. Lee Durston, Principal







Abstract


Over the past decades, energy codes have brought a number of changes with respect 
to improving the performance of the building envelope both in design and 
construction. With respect to the building enclosure, the most debatable is the 
increasing importance placed on air-leakage and how this often unknown value affects 
many of the energy efficiency metrics that define the performance of the 
building. Throughout the world, there are multiple codes and standards requiring 
varying levels of air tightness as well as varying performance levels and methods of 
verification. As the requirements and performance implications become better 
understood, common design and construction practices will experience shifts toward 
improved performance, as was experienced in the early years of the USACE 
requirements on which the private sector codes are based.  However, variations 
between these standards and performance testing requirements have also brought 
about questions as to whether the testing is warranted and truly beneficial.  Through a 
review of multiple case studies of past and current enclosure consulting and whole 
building air leakage testing, including high-rise, multi-family, and other commercial new 
and renovation construction, this presentation will provide a critical review of these 
codes and standards for validity, impact, and relevance.







 Review the theory and historical progression of air tightness 
requirements and understand the metrics that provide the baseline 
for levels of air tightness.


 Understand the basic phases of holistic enclosure consulting related 
to air barriers.


 Understand validity, impact, and relevance of the wide range of air 
tightness codes and standards.


 Understand air leakage performance verification testing. 


Learning Objectives







Whole Building Air Leakage Testing







Testing of ALL Buildings







Why Air Barriers and Why Now?
 Energy Conservation Measure


• First Costs/Construction
• Operational Costs


 Building Envelope Durability
• H- Heat Barrier
• A- Air Barrier
• ML- Moisture Liquid
• MV- Moisture Vapor







Energy


Photo credit BCRA Inc.







HAMM- Building Enclosure Design







Durability


Photo credit BCRA Inc.







From Then to Now







Energy Code Requirements
 United States Federal: Passing 0.25 cfm/ft2 since 2009 (UFC)


 Military Departments
 Defense Agencies
 DoD Field Activities


 Federal Level Construction*


 SOFA, HNFA, BIA, etc.







Energy Code Requirements
 Seattle/WA: The completed building shall be tested and the air leakage rate of the 


building envelope shall not exceed 0.40 cfm/ft2 at a pressure differential of 75 Pa in 
accordance with ASTM E 779 or an equivalent method approved by the code official.
(2012 WSEC C402.4.1.2.3 Building test).


 City of Fort Collins - UFC







Energy Code Requirements
 IECC 2012 - 0.4 cfm/ft2 -coming at varying levels


 Materials
 Assemblies
 WBALT


 The 2012 IECC exempts buildings in Climate Zones 1through 3 and 90.1-2010 
exempts semi-heated spaces in Climate Zones 1 through 6 in addition to single 
wythe concrete buildings in Climate Zone 2B


 Energy Models
 Passive House
 LEED
 Etc.







cfm/ ft2[L/s*m2]at 75Pa


US ASHRAE / IECC 0.40 cfm/ft2 at 75Pa 0.40/2.02


US LEED 1.25 in2 EfLA @ 4 Pa / 100 ft2 0.30/1.52


US
ASHRAE Average          
handbook of fundamentals 0.30 cfm/ft2 at 75Pa 0.30/1.52


U.S. UFC                                 0.25 cfm/ ft2 at 75Pa 0.25/1.27


UK TS-1Commercial Tight 2 m3/h/m2 at 50 Pa 0.14/0.71


CAN R-2000 1 in2 EqLA @10 Pa /100 ft2 0.13/0.66


US
ASHRAE 90.1 Tight
handbook of fundamentals 0.10 cfm/ft2 at 75Pa 0.10/0.51


For a 4 story building, 120 x 110 ft, n=0.65


Looser


Tighter


A Look At Requirements Globally


Passive House 0.06 cfm/ft2 at 75Pa


A Look at Requirements Globally







How Leaky Are Buildings?


Standard 
Commercial 
Construction 


Air Leakage Rate:


0.40 to 1.60 cfm/sf 
@ 


0.3” wg


100,000sf of envelope =
40,000cfm to 160,000cfm


Example #1







How Leaky Are Buildings? Leaky Are Buildings…?


Example #2
Area of Exterior Envelope 
220,000 sf


100,000 sf
Floor Area


220,000 sf x 0.25 cfm/sf = 55,000 cfm  (US DoD)


220,000 sf x 0.4 cfm/sf = 88,000 cfm  (ASHRAE)


220,000 sf x 1.0 cfm/sf = 220,000 cfm  (Industry Current)


220,000 sf x 0.06 cfm/sf = 13,200 cfm  (Passive House)







USACE Requirement/Study


 285 DoD buildings
 Time range of 29 months
 34+ DoD installations
 All climate zones in the United States with some additional off shore


 One to nine stories
 Building envelope areas ranging from 1,000 ft2 to 370,000 ft2


 All building types/uses







Success of the Air Tightness Requirement
 Achievable


 Applicable


 Does not limit construction type
 Does not limit construction materials
 Building envelope discipline 







Seattle – Leading the U.S.
 Seattle/WA: The completed building shall be tested and the air leakage rate of the 


building envelope shall not exceed 0.40 cfm/ft2 at a pressure differential of 75 Pa in 
accordance with ASTM E 779 or an equivalent method approved by the code official.
(2012 WSEC C402.4.1.2.3 Building test).







Seattle – Show the Pressure Boundary
 Seattle: Construction documents shall contain a diagram showing the building’s pressure 


boundary in plan(s) and section(s) and a calculation of the area of the pressure boundary 
to be considered in the test. 


 Although not required in rest of Washington State, this is good practice and it will be 
required by the Contractor and Testing Agency to prepare and conduct whole-building air 
leakage test.







Building's Pressure Boundary
 In plan show the plane of the continuous air barrier
 For clarity consider showing thumbnail plans on one sheet 







Building's Pressure Boundary
 In section show the plane of the continuous air barrier
 For clarity show thumbnail sections on one sheet 







Pay special 
attention:
• Vestibules
• Wing walls
• Soffits & eaves
• Roof-to-wall
• Parapets
• Elevators & stairs
• Loading docks
• Parking garage
• Utility rooms


Air Barrier Area Calculations/Budget







 Location of the Air Barrier
 Material selections


Envelope System Decisions







Envelope System Decisions
 Air barrier at GWB ceiling







Envelope System Decisions
 Openings: doors, windows, elevators, vestibules
 Penetrations: Drier vent locations, Microwave unit leakage







Envelope System Decisions







The Building is a Patchwork


Photo credit BCRA Inc.







Seattle – What Went/Is Going Well?
 Air Barrier is being thought about
 Air Barrier is in the design documents
 Air Barrier is being approached as a system, not just a material or an assembly
 Large (50+ story) buildings are being completed 
 All buildings are being completed
 A suitable workforce is being developed







Seattle – The Trouble Points
 The acceptable air leakage rate is 0.4cfm @ .3” w.c.
 At least for the first few years, the requirement has lacked teeth.  Billed as a fact finding 


period.  This is changing
 The code official is not the same entity as the owner/developer/contractor
 Deals, testing for show, ultimatums, junk testing
 Tall building challenges
 Public vs. Private sector







Seattle – Recent Updates


31







IECC – 2012, 2015
 IECC - 0.4 cfm/ft2


 Materials
 Assemblies
 WBALT


 The IECC exempts buildings in Climate 
Zones 1through 3 and 90.1-2010 exempts 
semi-heated spaces in Climate Zones 1 
through 6 in addition to single wythe
concrete buildings in Climate Zone 2B







Specified Air Leakage Rates
ASHRAE 90.1 US Army Corps
Append. Z / IECC Engineers


(cfm/ft2 @ .3” w.c.)  


Material 0.004 0.004 


Assembly 0.04 0.04


Building 0.4 0.25


Canada


NBC


(L/(s*m2 @75Pa)


0.02


0.2


2.0







Materials or Assemblies or WBALT


Shouldn’t it be and, and


ASTM 2178 ASTM 2357 ASTM e779….







What is the Right Number?
Energy
Durability


cfm/ ft2[L/s*m2]at 75Pa


US ASHRAE / IECC 0.40 cfm/ft2 at 75Pa 0.40/2.02


US LEED 1.25 in2 EfLA @ 4 Pa / 100 ft2 0.30/1.52


US
ASHRAE Average          
handbook of fundamentals 0.30 cfm/ft2 at 75Pa 0.30/1.52


U.S. UFC                                 0.25 cfm/ ft2 at 75Pa 0.25/1.27


UK TS-1Commercial Tight 2 m3/h/m2 at 50 Pa 0.14/0.71


CAN R-2000 1 in2 EqLA @10 Pa /100 ft2 0.13/0.66


US
ASHRAE 90.1 Tight
handbook of fundamentals 0.10 cfm/ft2 at 75Pa 0.10/0.51


For a 4 story building, 120 x 110 ft, n=0.65


Looser


Tighter


Passive House 0.06 cfm/ft2 at 75Pa







What Does the Energy Model Say?


• What is your air leakage 
value assumed/input into the 
energy model?


• Is it a material value?
• Is it an assembly value?
• Is it a Whole Building value?
• Measured or Assumed?







Conclusions
• Understanding of Air Barrier Systems and Air Leakage Testing has come a long way in a 


short period of time.  
• An Air Barrier System that performs is achievable with current construction and materials.
• Typically, the building can be made to be as tight as it is required to be.
• Overall, an air tightness requirement is easier to implement when the entity writing the 


requirement is also owning the delivery. 
• To date the US DoD / Passive House models have performed the best.
• Its not all about energy….shouldn’t we also consider durability?
• If the energy model assumes an air leakage value it should be confirmed that that level of 


air tightness was achieved in the field.







Special Thanks to:
 Retrotec Inc., U.S. Corps of Engineers Construction Engineering Research Laboratories, 


Professional Investigative Engineers (PIE), and BCRA Inc., for contributions to this 
presentation.







Discussion
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A CASE HISTORY REVIEW OF ETFE ON TODAY’S                              
CURRENT PROJECTS 


J. Lee Durston, Morrison Hershfield 


 


 


ABSTRACT 


ETFE, the fluorocarbon-based polymer ethylene tetrafluoroethylene, is quickly gaining popularity in North 
America with its use on some of the continent’s most prominent projects.  ETFE was developed for 
architectural purposes in the 1970s, and since that time, mainstream use of ETFE in construction projects has 
been largely limited to Europe.   The material has many attractive attributes that provide not only a new 
aesthetic quality, but also potential cost savings.  Weighing in at roughly one percent of the weight of glass, 
significant reductions in structural costs are made possible by employing ETFE. Despite these great potential 
benefits, the material is not an equal substitution to glass or other roofing systems in many respects.  Through 
review of material characteristics, performance modeling, and multiple case studies of current ETFE 
installations, the authors will discuss lessons learned, limitations, as well as the benefits of the material from 
the perspective of building science implications. 


INTRODUCTION - ETFE HISTORY 
 


In the late 1940’s, DuPont developed ETFE and worked to define an appropriate end use for the material.  
Not surprisingly, architecture did not get the first look. One of the first explored applications was the 
insulating material for electrical wire, which needed to be resistant to friction and abrasion and immune to 
hostile environments such as radiation exposure and extreme temperatures.  The product also found a 
specialized use in greenhouse applications and proved itself as a robust and stable material, resistant to tear 
and puncture as well as the negative effects of UV, while transmitting the needed spectrum of light for plant 
growth.  In the 1980’s Stephan Lehnert, a mechanical engineer by trade, first investigated the use of the 
material as a ship sail material.  After determining the ETFE foil was not a betterment to the sail technology 
of the time, he explored its use as an architectural cladding and roofing material.  Lehnert later founded 
Vector Foiltec in 1982, a design-build provider of ETFE systems world-wide. The first project with ETFE 
was a pavilion at a zoo located in Arnheim, Holland.  ETFE is considered to be in the family of tensile fabrics 
used in tensioned fabric structures, or at least a distant relative. It is neither a coated fabric nor a mesh fabric 
like its tensile fabric cousins, but lends itself to many of the same design considerations.  In the late 1950’s, 
a New York man by the name of Walter Bird formed a company called Birdair, and began his pursuit of 
designing and constructing some of the world’s most impressive tensioned fabric structures.  As ETFE 
became a relevant material, it was quickly adapted into Birdair’s wheelhouse and Birdair has continued to 
grow with subsidiaries around the world.   


Today, Vector Foiltec and Birdair are considered two of the largest ETFE design-build specialty contractors 
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in the world, and with ETFE increasingly being specified on a wide range of projects from schools and 
offices, to government buildings and sports facilities, the number of other competitors is rapidly increasing.   
This increased competition has affected the manufacturing of the material, as well, and DuPont is no longer 
the only manufacturer of ETFE. The most well-known brand names of ETFE include Tefzel® by DuPont, 
Fluon® by Asahi Glass Company and Neoflon® ETFE by Daikin, among others. 


Foils to Cushion 


ETFE has changed considerably from its first use as an electrical insulator and takes on a much more eye 
catching form in architectural settings. To make the material useful architecturally, the ETFE is extruded into 
thin sheets, which are referred to as foils. The thickness of individual foils can vary, but are typically between 
2 and 12 mils (0.002-.012 inches/ 0.05 – 0.3mm), depending on the performance requirements for given 
loading conditions.  In multi-layered applications, individual foils are welded together along the perimeter 
and inflated to become a cushion.  The most common applications in North America have included two and 
three foil cushions, but single layer installations do exist, as well as high performance systems with up to five 
foils.  For a simplified comparison, the number of foils can be loosely compared to single, double, and triple-
lite glazing units.  In fact, ETFE systems are very similar in performance to glazed systems and are serving 
as an alternative option for these systems.   


Insulation 


Much like a glazed system, increased thermal performance is possible with a multi-layered approach. When 
foils are formed into cushions, the pressurized air serves to stabilize the film and provides structural 
performance in addition to the thermal performance of the system.  In a single layered application, ETFE will 
achieve an approximate R-Value of less than 1. A two-layer system will reach approximately R-2.0, and a 
three- layer ETFE system will have an R-Value of approximately 2.9. 


 
Figure 1: A sketch diagram of a 1 foil, cable-supported ETFE system 
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Figure 2: A sketch diagram of a 3-foil ETFE cushion 


 
Figure 3: 3D Model of generic ETFE rail and cushion system 


Transparency 


ETFE films can be up to 95 percent transparent and allow for the passing of ultra violet light, which is 
responsible for promotion of photosynthesis and facilitating plant growth.  The amount of solar shading and 
transparency can be changed by adjusting the translucency, density and number of layers, as well as with the 
use of frit patterns.  While colors can be introduced to provide a unique look for the ETFE, the ETFE is 
generally left transparent with only a slight grey or white hue.  In the end, it is no wonder why this material 
was first used as a greenhouse enclosure.  With this new attribute, the potential for stadiums to be fully 
enclosed but have stationary natural turf becomes much more feasible.  


Solar Control 


ETFE foil systems can incorporate a number of frit patterns on one or multiple layers to alter their solar 
transmission performance. To achieve this effect, foils are printed with various standard or custom patterns 
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and can provide varied level of solar transmission or reflection. Depending on the angle of the sun (seasonal 
change), the level of solar gain can be planned.  Much like solar shading outside of a glazed window system, 
the heat gain can be suppressed in the summer months and allowed in the winter months.  In more advanced 
systems, pressurization of chambers can be raised and lowered in order to move the internal foils, which 
essentially opens or closes the frit patterns based on operational needs.   


 
Figure 4:  Diagram sketch of a 4 foil ETFE cushion (fritted foils shown as dashed lines) with lower pressurization between the 
2nd and 3rd foil closing the frit pattern and limiting solar access during the summer months 


 
Figure 5: Diagram sketch of a 4 foil ETFE cushion (fritted foils shown as dashed lines) with higher pressurization between the 
2nd and 3rd foil opening the frit pattern and allowing solar access during the winter months 


Weight 


Arguably the most economically desirable property of an ETFE foil system is its weight. Although you can 
barely measure the thickness of a single ETFE foil without a specialized instrument, when the material is 
built into a cushion it expands to create a structural barrier several feet in depth. Weighing in at roughly 1 
percent of the weight of glass, it can reduce the cost of the structural support system significantly. Even with 
the addition of the extra foil layers to produce an inflated cushion, aluminum extruded components and 
flashings, inflation tubing system, and roof weights are often reported to be considerably lighter when 
compared to a glazed system. 
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Fire 


Like many of the other plastic-type building materials, there is always a concern for how the material will 
behave in the event of a fire.  NFPA 285 - Fire Test Method for Evaluation of Fire Propagation 
Characteristics of Exterior Non-Load-Bearing Wall Assemblies Containing Combustible Components has 
literally changed the direction of many projects, limiting material and system selections based on flame 
spread and surface burning characteristics.  ETFE has undergone the full gamut of testing and has been rated 
under different national and international standards as self-extinguishing, with no melting or dripping of 
molten, burning material. When exposed to fire or temperatures above 500 °F (260°C), the film simply melts 
away. The ETFE material is classified under several standards: 


 ASTM E84, Standard Test Method for Surface Burning Characteristics of Building Materials, 
Class A; 


 UL 94VTM, Tests for Flammability of Plastic Materials for Parts in Devices and Appliances−Thin 
Material Burning Test, Class 0; 


 EN 13501-1, Fire Classification of Construction Products and Building Elements−Part 1: 
Classification Using Data From Reaction to Fire Tests, Class B-s1-d0; and 


 National Fire Protection Association (NFPA) 701, Standard Methods of Fire Tests for Flame 
Propagation of Textiles and Films. 


When ETFE is exposed to fire, it only melts and pulls away in locations where flame is in direct contact, 
which reduces the risk of a fire spreading across the material or to other adjacent materials. In an atrium 
space, rather than containing and providing fuel for a fire like a traditional roof system or even a glazed 
system, ETFE has the unique ability to self-vent the products of combustion to the atmosphere. During a fire 
event any hot gases impinging on the cushions will cause the foil to soften, lose strength, and melt.  In sample 
tests it was observed that when exposed to flame, the ETFE will shrink back from the plume and disintegrate, 
venting the fire to the atmosphere.  It should be noted that combustion of ETFE occurs in the same way as a 
number of other fluoropolymers, in terms of releasing hydrofluoric acid (HF). HF is extremely corrosive and 
toxic, and so appropriate caution must be exercised. In certain applications (vertical) it may not evaporate to 
the atmosphere. However, the quantity of ETFE material used in a typical roofing system is so small that this 
limitation is minor.   Additionally, ETFE is self-extinguishing, any material that falls from the roof location 
or is swept upward will not burn occupants, first responders, or other materials should it come into contact 
with them. This self-venting and self-extinguishing feature of ETFE prevents the buildup of high 
temperatures under the roof and can prevent catastrophic structural collapse of the primary structure.   


Acoustics 


ETFE film also has about 70 percent acoustic transmission, making it ideal for projects expecting loud noises. 
During design development, sound transmission should be considered, as it will indeed transmit sound 
beyond the ETFE system and to the exterior of the building.  Additionally, any sounds originating outside of 
the structure can be translated inward.  In the case of rain on the roof ETFE assembly, it has the potential to 
sound more like a metal roof than a fabric roof. 
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Safety/Security 


ETFE has a high resistance to deformation, but when that resistance is overcome, it tends to become elastic, 
which makes it an ideal building component where sudden extreme loads such as earthquakes or blasts could 
occur. Much like safety films that are placed on glazing, the ETFE is itself a film that cannot shatter.  The 
worst possible damage that could occur to ETFE under a shock-load situation would be a tear or a hole. ETFE 
will either deflect under load or under extreme cases tear. However, it is unlikely to cause any major damage 
to other building components, property, or people. In laboratory testing, ETFE has proven to be surprisingly 
puncture resistant. Projectile and “missile” testing of a three foil cushion showed that a 2” x 4” stud traveling 
at 60 mph (96.5 km/h) rarely penetrated completely through after being shot at the cushion by an air cannon. 
Despite excellent performance under these conditions, ETFE is not overly resistant to being cut, not 
recommended as vertical railing, and should not be used at street or pedestrian levels as it cannot prevent 
intrusion.  Additionally, any ETFE installation has the potential for damage and like any roof will need 
general ongoing maintenance.  Access, repair and maintenance are not routine when compared to traditional 
roofing systems due to the unique characteristics and damage risks of the ETFE system.  Because of this, the 
specialty design-build contractor will usually provide an extended warranty during the maintenance period 
to perform this work.   


Design Process 


ETFE structures are generally specified as design-build projects or a sub contracted portion of a design build 
project (delegated design) due to the unique characteristics of the system and need for highly specialized and 
experienced designers. Throughout the design-build process, coordination is critical to the system’s overall 
aesthetics and performance. In general, the basic enclosure performance of the ETFE system is much like a 
curtain wall glazing system. 


PERFORMANCE: AIR AND LIQUID MOISTURE 


From a Building Science perspective, technical performance of materials, assemblies, and systems is mainly 
concerned with the control of four elements: 1) Heat, 2) Air, 3) Moisture Liquid, and 4) Moisture Vapor 
(known within the building science community as HAMM).   


With today’s typical ETFE cushion and rail systems, much like a curtainwall glazed system, the main strategy 
for management of Liquid Moisture and Air is a pressure seal created by the extruded cap plate and silicone 
gasket placed between ETFE cushions.  In laboratory testing, as well as in-field testing, this general assembly 
has proven to be effective in creating an effective barrier for Air and Water (Moisture Liquid).  As with all 
systems of this type, workmanship is paramount for performance. 


Performance - Heat 


In general, the thermal performance of an ETFE system can be simplified to be approximately as good as 
assemblies used in similar situations.  A cushion system with three layers of ETFE foil will achieve 
approximately R-2.9, while a five-layer system will achieve approximately R-4.8.  This is similar to a 
thermally broken, glazed system, however, some key differences do exist.  In a typical glazed system, the 
lites remain parallel and are accepted by the frame carrying close to the same R-value to the perimeter of the 
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unit.  In the ETFE system, the cushion is most thermally efficient at the center of the cushion and less 
thermally efficient closer to the edge of the cushion.    As the cushion pinches into the extruded frame, the 
air space between the foils becomes smaller and smaller until eventually the separation between exterior and 
interior is simply the thickness of the number of foils included in the cushion.  Without the air between the 
foils the R-value for the system is minimal. 


 
Figure 6: Cross section of rail and cushion showing thermal gradient 


3D thermal modeling was performed on a generic ETFE system to better understand the risk of interior 
condensation when utilizing a three foil cushion in northern climates at various temperatures that could be 
experienced across the United States and Canada.   As noted above, the least thermally insulating part of an 
ETFE assembly is near the cushion to frame interface, which corresponds to the location of highest 
condensation risk. As such, the team chose to model a typical section cut through a cushion to frame interface 
near a corner. The modelled section covers the intermediate mullion between ETFE cushions and the 
transition to the traditional single-ply roofing system.   


Modeling was performed using the Nx software package from Siemens, which is a general purpose computer 
aided design (CAD) and finite element analysis (FEA) package.  The thermal solver and modeling procedures 
utilized for this study were extensively calibrated and validated for ASHRAE Research Project 1365-RP 
“Thermal Performance of Building Envelope Details for Mid- and High-Rise Construction (1365-RP)” and 
guarded hot box measurements.  The thermal analysis utilized steady-state conditions and published thermal 
properties of materials.   Glazing air cavities and film coefficients were based on ISO 10077-2:2003 (E) 
“Thermal performance of windows, doors and shutters — Calculation of thermal transmittance — Part 2:  
Numerical method for frames”. Boundary conditions were modeled using heat transfer coefficients for 
convection (i.e. film coefficients).  Radiation, to the interior and exterior, was directly simulated using 
assumed view factors and emissivity for the system. Materials conductivities and surface coefficients are 
given in Appendix A. 
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The model was analyzed for 4 different exterior temperatures, 32°F, 14°F, 0°F and -22°F (0°C, -10°C, -18°C, 
-30°C). The interior temperature modeled was 68.9°F (20.5°C), which represents a conservative air 
temperature. For all temperature conditions, the exterior wind speed was modelled at 15 mph (24.14 km/h) 
and set to night time conditions. This was taken as a “typical worst case” set of winter time conditions that 
do not include any influence from solar heating.   


Performance – Moisture Vapor 


The materials that are used in the ETFE assembly are designated as Class I Vapor Retarders (0.1 perm or 
less) - essentially impermeable to vapor.  Simply put, they have the potential to drastically slow vapor 
movement and if the temperature of the material reaches the dew point, condensation may occur.   To 
understand the potential for condensation due to surface temperatures, the average steady-state conductive 
heat flow in three-dimensions were analyzed. It must be recognized that the objective of this analysis was 
not to predict in-service surface temperatures subject to variable conditions and/or heating systems.  In-
service surface temperatures of glazing systems are highly dependent on variable surface resistances and as 
such will vary from system to system.  In contrast, the condensation risk was evaluated by determining 
surface temperatures subject to standard constant surface resistances for steady-state conditions. 


Interior surface temperatures at key areas for evaluating the risk of condensation are highlighted in Figure 7.  
These areas include the coldest surface temperatures and locations with the greatest risk of condensation.  
The color isothermal plots illustrate the variation of the temperature viewed from the interior. T1 and T3 are 
along the intermediate mullion section, between two ETFE pillows, while T2 and T4 are at the transition 
between the ETFE and the metal deck roofing. T1 and T2 temperatures were taken directly on the ETFE 
pillow, 1” away from the framing. 
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Figure 7: 3D Thermal model of 3 foil ETFE cushion in a northern climate at -22°F (-30°C) 


 


Figure 8 summarizes the simulated surface temperatures at key locations for varying exterior temperatures 
that could be experienced in multiple locations and indicates the indoor relative humidity level at which 
condensation may occur (Max Allowable RH%). The table contains all the temperature scenario conditions 
described above in the modelling procedures. 


 
Figure 8: Simulated surface temperatures as key locations 


 


Morrison Hershfield found that in northern climates across North America the likelihood of condensation 
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occurring exists with a generic 3-foil ETFE cushion system but will depend not only on what the expected 
interior humidity and heating conditions are but also convective or forced air flow patterns.  During winter 
conditions, the humidity contribution from the exterior air used for interior ventilation may be low if there is 
not any additional moisture generation (humidification or occupant load).  In this generic scenario, if the 
internal conditions for the ETFE atrium space are at or above 25% RH (depending on the expected moisture 
generation from occupancy) there may be some risks of interior frost formation when the exterior 
temperatures are below 14°F (-10°C).  The extent of this formation will also depend on the length of time the 
exterior temperatures remain below 14°F (-10°C).   


Morrison Hershfield also found the adjacent assembly can impact the ETFE’s system ability to resist 
condensation and this should be addressed on a case by case basis.  As with many low R-value fenestration 
options, there are several strategies that could be explored to reduce the risk of condensation, including using 
additional insulation to increase surface temperatures, increasing air flow at the ETFE system level using 
blowers, or using radiant heaters.   


Wind, Rain, and Snow Management  


As with any roof, a formal review of wind loads or wind study specific to the case roof’s geometries should 
be completed.  The ETFE system will be designed and built appropriately to handle design pressures, but this 
design is dependent on the design of the structural support that will hold the ETFE system.  In many cases, 
the support system has been fine tuned for weight consideration and this must be balanced with the given 
loads for each area of the roof. 


The roofing or cladding system needs to not only deflect the rain, and in some climate zones snow, but also 
the runoff or accumulation need to be managed.  In typical roofing scenarios, perimeter drains or in-roof 
drains are often utilized.  However, in ETFE systems, water drainage and management strategies are often 
much more complicated, as drains are unable to be hidden within the structure and transitions to gutters can 
present challenges. 


In the case of a northern climate, certain complications exist with the formation of ice and accumulation of 
snow on the roof.  While the cushions are pressurized according to the assumed design loads, in extreme 
snow and ice accumulation events, many times the design weight can overwhelm the cushion pressurization 
and localized cushion deflation can occur.  Due to this fact, the major manufacturers of ETFE systems have 
incorporated snow cables as a structural back up plan.  These cables are designed into the system based on 
load potential at any given location, and are intended to support the intact, but partially deflated cushion if 
the structural air within the system becomes overwhelmed.  In the event of such a partial deflation, a second 
safety mechanism begins to take effect.  While snow and ice can build up in a bowl-shaped, deflated cushion, 
as the cushion deflates, it loses its thickness, structural air, and insulating value, which may cause the interior 
heat of the building to melt the ice or snow. Once melted, water will simply run off at the rim or low end of 
the perimeter extrusion.    In this way, the system can react to localized areas of ice and snow build up by 
lowering its R-value and melting the snow.  Once the snow/ice begins to melt it slides easily down the slope 
of the system.  However, a heated interior and loss of heat is required for this mechanism to be effective.  
Once the high loads are relieved, the system automatically re-inflates any affected cushions, restoring the 
system’s insulating value.   
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Figure 9: Manual removal of snow from an ETFE system. 
Photo credit: SurfaceDesign 


Figure 10: An ETFE system in a deflated state, supported by 
snow cables, with snow load. Photo credit: SurfaceDesign 


PROJECT SPECIFIC DETAILING AND HOLISTIC PROCESS 


In all cases, ETFE systems’ portion of the project should be considered a custom design-build aspect of the 
project.  While the major manufacturer/designers/contractors are beginning to understand efficiencies of re-
using similar rail and cushion systems, the ETFE only serves as a portion of the enclosure. The interfaces 
with adjoining materials, assemblies, and systems will always occur.  This proves to be the biggest hurdle to 
overcome when working with an ETFE system.  Whether the ETFE is interfacing with a membrane roofing 
system, a curtainwall glazed system, metal panels, or even a brick veneer, the continuity of barriers needs to 
be maintained.  In the case of an aluminum extrusion rail with a pressure cap, the adjacent material may lend 
itself to be fed directly under the cap plate of the system (for example, a single ply roof membrane).  In other 
cases, a more elaborate transition assembly may need to be developed in order to allow for movement, 
provide a traffic walk-way, or other integration concerns.  These interface details need to be fully coordinated 
with the complete team ensure functional performance. 


Project specific detailing will need to be approached in Schematic Design (SD), Design Development (DD), 
Contract Documents (CD), and shop drawings.  As early as SD, a formal wind study (and snow/ice if northern 
climate) should be completed to understand the feasibility of using ETFE roofing/cladding on the project, as 
well as to help guide project-specific detailing.  Also in SD, the functional performance of the proposed 
ETFE assembly should be reviewed and tested, if warranted.  Often, laboratory testing (air, water, wind, 
condensation, blast, missile, etc.) of the proposed system has been completed in the past and the results can 
be applied to a new project with review of laboratory testing reports.  In the case of a custom design, full 
assembly mock-ups should be constructed in order to demonstrate performance in laboratory testing.  Ideally, 
any issues or concerns identified at this stage should allow ample time for adjustments or a significant change 
to assemblies to be tackled.   By the DD phase, the final ETFE assembly selection should be finalized, as 
well as the adjacent systems to which the ETFE will interface.  Once in CD phase, it is recommended that 
the design team, often in conjunction with an envelope consultant familiar with ETFE, bring the project 
specific details to a final point, taking into account all of the conditions where the ETFE will interface with 
other assemblies.  When CD detailing is not coordinated, the various trade’s shop drawings often differ in 
means and methods, resulting in incompatible connections and/or scope gaps.  In the absence of good 
detailing ahead of time, coordination efforts increase dramatically as construction gets underway, resulting 
in RFI’s and Change Orders that could have been avoided.   
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Once the coordination of the ETFE system is as complete as possible, it is recommended that on-site visual 
and performance standalone mock-ups be constructed that incorporate the interface conditions (laboratory 
mockups already completed may suffice).  These mock-ups help refine coordination and sequencing issues 
as this often unfamiliar system is tied together with more typical systems.  On-site mock-ups should include 
the exact materials that will be installed in the field, and should be installed by the same sub-contractor 
personnel who will be working on the project.   Performance testing should also be completed at this stage, 
primarily focused on air leakage and water penetration.  To better permit testing and detailed visual review, 
standalone mock-ups are recommended instead of an in-situ mock-up, as access is usually very limited in the 
locations where ETFE systems are installed.   


Finally, it is highly recommended that a careful Quality Control (QC) program be implemented by the design-
build contractor as well as third party envelope consultant during installation of the ETFE assembly.  Well 
implemented and understood quality control programs have been shown to have substantial positive impacts 
on workmanship quality. 


CASE STUDIES 


Forsyth Barr Stadium 


Known locally as the “Glass House”, the giant roof of the Forsyth Barr Stadium in Dunedin, New Zealand is 
the world’s first stadium with a non-operable roof to boast a stationary blended natural and synthetic turf. 
This is only possible due to the high transparency of ETFE in all light wavelengths used for photosynthesis. 
A total of 220,660 square feet of transparent ETFE covers the field area.  Supporting the nearly 300 double-
layered cushions are 5 external arch trusses that span 345ft from the tops of stadium seats. Though the roof 
system has an internal clearance of 121ft and a maximum height of 154ft, its light weight made it possible to 
be supported by only 33ft tall external arch trusses. Between each of the arches is a series of flat trusses that 
support four long, inflated ETFE cushions.  Although the turf is buffered with a synthetic component to assist 
with the heavy impact traffic, it is still highly sought after for its natural feel and play. 


  
Figure 11: ETFE roof spanning the playing field Figure 12: A blend of synthetic and natural turf 


ETFE: Vector Foiltec 
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Architect: Populous - Jasmax 


Owner: Carisbrook Stadium Trust 


Engineer: Grayson Engineering Ltd. 


General Contractor: Hawkins Construction 


Completion Date: 2011 


Center Parcs 


Center Parcs, Vienne, is a waterpark that is open to the public all year long thanks to its ETFE roof. The 
ETFE roof covers 63,000 square feet, with 3-foil ETFE cushions. This project emphasizes the unparalleled 
design flexibility with its unique shapes and artistic form.  Additionally, the occupants, including the plant 
life, are treated to the full spectrum of needed light with the ETFE being permeable to both natural light and 
UV rays. 


  
Figure 13: Indoor aquatic park. Photo credit: Birdair Figure 14: ETFE roof system from exterior. Photo credit: 


Birdair 
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Figure 15: Installation of ETFE cushion. Photo credit: Birdair Figure 16: ETFE roof system from interior. Photo credit: 
Birdair 


ETFE: Birdair 


Architect: ART'UR Architects 


Owner: Groupe Pierre & Vacances Center Parcs 


Engineer: LEICHT 


Completion Date: 2015 


US Bank Stadium 


The new US Bank Stadium in Minneapolis, Minnesota is one of the first major sporting venues in the United 
States to incorporate ETFE.  The roof of the new home for the NFL’s Minnesota Vikings will be fixed, but 
60 percent of it was constructed using 240,000 square feet of ETFE.  The ETFE roof is comprised of 75 
cushions, the longest measuring over 300 ft. in length.  To date, US Bank Stadium is the largest ETFE 
installation in North America, and is the only stadium in the nation with a clear ETFE roof.  However, the 
decision was still made to proceed with an artificial field turf instead of natural due to the multiple event 
venues that the stadium will host.  Because of the slopes of the roof, ETFE material on the south side will 
make up 60 percent of the entire roof, while a traditional single-ply roof over metal decking will account for 
the remaining 40 percent on the north side where the solar exposure benefits are reduced.  Though the ETFE 
will not cover the entire field, the angle of the roof allows sunlight over its entirety.  Even on a cloudy day, 
the interior of the stadium will be well lit without the assistance of artificial lighting.  Rain and snow 
management are handled with a sloped roof strategy that empties into a large snow gutter system encircling 
the building.  In the case of snow, this gutter has an ice/snow melt system that will melt and drain it away.  
Having already been in place through one winter season while under construction, the ETFE roof was 
observed to shed snow better than the single ply membrane roof on the opposing slope. 
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Figure 17: View of roofing systems, ETFE (left), Single-Ply 
Membrane (right) 


Figure 18: Stadium at night with interior lighting coloring the 
ETFE and curtain wall assemblies. Photo credit: 
www.Vikings.com 


  
Figure 19: Installation of ETFE cushions Figure 20: Installation of ETFE cushions 


 


Figure 21: The interior of the US Bank Stadium highlighting the open air feel created by the ETFE system  


ETFE: Vector Foiltec 


Architect: HKS 


Owner: Minnesota Sports Authority 


Owners Rep: Hammes Co. 


Engineer: Thornton Tomasetti 


General Contractor: Mortenson – Thor JV 


Completion Date: 2016 
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Mercedes Benz Stadium 


The NFL Atlanta Falcons will enjoy ETFE accents on their new $1.8 billon stadium slated for completion in 
2017.  The stadium’s operable roof consists of three-layered ETFE cushions on eight “petals” that retract 
radially, similar to a camera’s aperture diaphragm. Additionally, the facade will feature a single-foil ETFE 
skin supported by a cable net system. The design requires approximately 135,000 square feet of triple-layered 
ETFE pillows with an air inflation system for the roof, and approximately 165,000 square feet of vertical, 
single-layered ETFE film and cable net for the vertical portion.  Even when closed, the combination of the 
ETFE roof and wall areas will create an outdoor feel, allowing in natural sunlight when the weather is clear, 
and protect players and fans during inclement weather.  In addition to the transparency benefits, ETFE was 
a good match for the operable mechanisms employed in the center portion of the roof as opposed to a glazed 
assembly.  It became clear during the design process that the stresses of operational movement posed a risk 
of broken glazed units and negative impacts on the seals if the team went with a traditional glazed system.  
With the lightweight and flexible nature of the ETFE petals, the Atlanta Falcons operable roof is expected to 
be an engineering marvel. 


  
Figure 22: Rendering of Mercedes Benz Stadium showing 
ETFE roof system and ETFE cladding system. Photo credit: 
HOK 


Figure 23: Current construction of stadium. Photo credit: 
www.11Alive.com 


ETFE: Birdair 


Architect: HOK & tvsdesign 


Owner: AMB Sports & Entertainment 


Owners Rep: Darden and Company 


Engineer: Buro Happold 


General Contractor: Holder - Hunt - Russell - Moody JV 


Completion Date: 2017 


Detroit Entertainment and Event Center 
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The main arena of the Detroit Entertainment and Event center, which will be home to the NHL’s   Red Wings.  
The main roof area will be constructed using traditional low-sloped roof assemblies, however, the street-like 
walkway between the arena and surrounding structures, referred to as the ‘Via’, will be covered with a three-
foil ETFE cushion system.  This lightweight and translucent structure will provide a cost effective and 
aesthetically pleasing enclosure for a space that is designed to feel like an outdoor street year-round.   Even 
as visitors enter from the exterior and through the perimeter building into the ‘Via’, they will be able to look 
up and see the impressive arena rising overhead while in the comfort of an indoor environment. 


  
Figure 22: Rendering of the Detroit Entertainment and Event 
Center. Photo credit: The District Detroit/HOK 


Figure 23: Current construction of arena and surrounding 
structures. 


ETFE: Vector Foiltec 


Architect: HOK  


Owner: The District Detroit 


Owners Rep: Hines 


Engineer: Magnusson Klemencic Associates 


General Contractor: Barton Malow – Hunt – White JV 


Completion Date: 2017 


CONCLUSION 


ETFE has made an impressive impact around the world and recently on the North American building 
community, and with some of the pinnacle structures of this generation being crowned by the unique material, 
its popularity is sure to grow.  The attributes of being light-weight, durable, and transparent set ETFE apart 
from other industry–standard materials and assemblies.  Add to that the aesthetic factor of providing a near 
invisible separation from the exterior, and letting in almost uninhibited natural light, ETFE becomes a very 
attractive solution.  As with all systems, there remain potential risks.  The potential for condensation under 
certain interior conditioning loads in northern climates needs to be carefully analyzed and addressed to 
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minimize risk.  Interfaces with surrounding materials and systems needs to be carefully designed and 
diligently coordinated during construction to ensure total enclosure performance. The unique characteristics 
of this material and the assemblies in which it is used are a clear example of the importance of employing a 
holistic process of design, construction, and performance testing to ensure success.  
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Abstract
ETFE, the fluorocarbon-based polymer ethylene tetrafluoroethylene, is 
quickly gaining popularity in North America with it’s use on some of 
the continent’s most prominent projects.  ETFE was developed for 
architectural purposes in the 1970s, and since that time, mainstream 
use of ETFE in construction projects has been largely limited to 
Europe.   The material has many attractive attributes that provide not 
only a new aesthetic quality, but also potential cost savings.  Weighing 
in at roughly one percent of the weight of glass, significant reductions 
in structural costs are made possible by employing ETFE. Despite 
these great potential benefits, the material is not an equal substitution 
to glass or other roofing systems in many respects.  Through review of 
material characteristics, performance modeling, and multiple case 
studies of current ETFE installations, the authors will discuss lessons 
learned, limitations, as well as the benefits of the material from the 
perspective of building science implications.







 Understand the basic anatomy of an ETFE system.
 Understand the hygro-thermal performance and condensation 


resistance of an ETFE system.
 Understand the major questions to ask when including an ETFE 


system in design of a new project.
 Understand the major milestones of the design/construction review 


of an ETFE system.


Learning Objectives







What is ETFE?







 ethylene tetrafluoroethylene
 Family of Tensile Membranes


 PTFE Teflon®-coated woven fiberglass membrane
 PVC –woven or non-woven membrane
 ePTFE –coated woven material 
 Insulated Tension Membrane – aerogels in layer
 ETFE -a foil or sheet of plastic


What is ETFE?







ETFE Foil







What It Can Become







A Brief History


 Originally developed by DuPont
 Used as wire insulation
 Greenhouses
 Explored as a new nautical sail material


 Vector Foiltec and BirdAir emerge as leaders







Separation Barriers- HAMM
 H    Heat Barrier
 A     Air Barrier
 ML  Water Barrier (Liquid Moisture)
 MV  Vapor Barrier (Gaseous Moisture)







The Constant Dilemma







Fenestration







Fenestration as Roofing







Glazed Assemblies







Translucent Panels







ETFE







Light Transmission







ETFE- Single Layer







ETFE – Cushion (3 foil)







Typical Rail /Cushion







Pressurization Units







Frit Pattern







Weight


Glazing          vs             ETFE







Fire
· ASTM E84, Standard Test Method for 
Surface Burning Characteristics of Building 
Materials, Class A; 
· UL 94VTM, Tests for Flammability of Plastic 
Materials for Parts in Devices and 
Appliances−Thin Material Burning Test, Class 
0; 
· EN 13501-1, Fire Classification of 
Construction Products and Building 
Elements−Part 1: Classification Using Data 
From Reaction to Fire Tests, Class B-s1-d0; 
and 
· National Fire Protection Association (NFPA) 
701, Standard Methods of Fire Tests for Flame 
Propagation of Textiles and Films. 







Acoustics and Security







Integrating ETFE for Your Project
 HAMM
 Wind
 Rain
 Snow
 Project Specific Detailing
 Holistic Consulting Process







Heat







Heat







Condensation







3D Thermal Modelling







Snow Loading







Snow Management







Consulting QA/QC Process
 Design Phase


 Wind, Snow, Rain Management
 Structural


 Pre-Construction Phase
 Shop Drawings
 Mock Ups
 Performance Testing







Holistic QA/QC Process
 Construction Phase


 Site Visits for Construction Observation
 Performance Verification







Operations


 Warranty
 Maintenance 
 Repair







New Challenges….







Case Studies


 Benefits of an ETFE System


• Lightweight
• Light Transmittance
• Flexibility in Design and 


Movement
• Architectural Appeal







Forsyth Barr Stadium







Mercedes Benz Stadium 







Mercedes Benz Stadium







Mercedes Benz Stadium







Mercedes Benz Stadium 







Little Caesars Arena







Little Caesars Arena
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Little Caesars ArenaLittle Caesars Arena







Little Caesars ArenaLittle Caesars Arena







Little Caesars ArenaLittle Caesars Arena







US Bank Stadium







US Bank Stadium
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Canada’s Energy Use GHG Emissions
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Breakdown by End Use
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R-2000, NZE, Passive House 
Wall Assemblies 


Location Guelph Calgary Edmonton Ottawa Montreal Ottawa Ottawa Vancouver


Form Detached Detached Detached Attached MURB Detached MURB MURB


Year built 2015 2015 2015 2015 2015 2016 2016 2016


HDD [18°C] 3890 5000 5120 4500 4200 4500 4500


Wall assembly
R24 batt +


R15 XPS (3")
R24 +


R22.5 XPS (4.5")


2x4 double 
stud c/w 12” 


cellulose


R24 +
R10 XPS (2")


R24 +
R10 XPS (2")


2x6
11” stand-off


2x4


Light gauge 
steel + 12” SIP


2x6 +R20


Effective thermal resistance
[K·m²/W (ft²·°F·h/Btu)]


RSI 6.5 
(R37)


RSI 7.5 
(R43)


RSI 7.0 
(R40)


RSI 5.5 
(R31)


RSI 5.1
(R29)


RSI 16.4 
(R93)


RSI 9.5 
(R54)


RSI 7.0 
(R40)


Assembly thickness
[mm (inches)]


216
(8.5)


254
(10)


305
(12)


190
(7.5)


190
(7.5)


675
(26.5)


380
(14.5)


300 
(11.5)







Need
• High-performance homes require higher levels of insulation


• Current approaches may not be appropriate for production builders 
because they reduce floor area by 6-8% ($25-35k)


• Industry needs cost competitive, factory-built, high-insulating thin 
walls for larger market adoption


= 16m2 Lost floor space (7%)


($25-35k)


Thick walls = smaller homes
Market barrier to high performance housing







High-R, Thin Wall Project Objectives
1. Double R-value without increasing thickness 


2. Use well-understood, simple assemblies and details 


3. Mitigate moisture risk
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Vacuum Insulation Panels
Vacuum contained in a metallic envelope with a porous core


Advantages


• High thermal resistivity (RSI 6.2-10.5 / 25mm or R-35 to 56 / in)


• Potential for very high RSI in a thin profile. 


______________________________


Issues


• Fragile and susceptible to puncture


• Finite (unknown) lifespan


• Thermal bridging along perimeter







Integration challenges
1. Fragility: If compromised, thermal resistance is substantially (~75%) reduced.


2. Constructability: Due to the fragility, VIPs are likely not suitable for a 
construction site. They need to be incorporated into a system that protects them 
and does not impose labour intensive installation.


3. Thermal bridging: Non-homogenous nature makes thermal bridging very 
significant.


4. Drying potential: VIPs are vapour impermeable. Potential of trapping moisture 


within the wall assemblies needs to be considered in the design of the assembly.







Composite VIP Sandwich Panel







Assembly







Assembly







Assembly







Assembly







Sandwich panel thickness considerations


• Desire to use conventional fasteners for attaching 
insulated sheathing


• Need to ensure there is sufficient outboard thermal 
resistance to reduce the risk of condensation within 
the cavity or on sheathing







2 configurations evaluated


Wall B (16” OC Framing) Wall C (12” OC Framing)
Framing Factor 13.7% 16.7%
VIP Coverage 85.9% 85.9%
Aligned XPS and 
Stud Coverage


4.7% 9.0%







Test Facilities


CanmetENERGY In-situ test hut for transient hygrothermal testing


Carleton University Guarded 
hotbox for steady-state 
thermal testing







Experimental Method
• Thermal resistance evaluated in-situ at 4 unique 


cross sections according to ASTM C1155


• Effective thermal resistance calculated using a 
weighted average


• Compared to guarded hot box results







Sensor placement


Assembly B Assembly C







Measured Thermal Resistance


Assembly


In-Situ Guarded Hot Box


(K·m2/W) (ft2·°F·hr/Btu) (K·m2/W) (ft2·°F·hr/Btu)


Wall A (baseline) 4.3±0.4 24.2±2 N/A N/A


Wall B 8.61±0.6 48.9±3 8.97±0.25 50.9±1.4


Wall C 7.68±0.6 43.6±3 8.97±0.25 50.9±1.4







Moisture Risk Assessment Criteria
1. Does the RH and moisture content in the framing and sheathing of the 


experimental walls exceed those of the baseline assembly?


2. To minimize the potential for mold growth: 


a. 30-day running average surface RH should be < 80% 


b. 7-day running average surface RH should be < 98%


c. 24-h running average surface RH should be < 100% .


3. To avoid rot, moisture content of wood should remain <28%


ASHRAE 
160-2009







Interior Conditions
• 21°C temperature, 


45% relative humidity 
during the 2016 
winter; 


• 22°C temperature, 
uncontrolled humidity 
(allowed to float) 
during the summer; 


• 22°C temperature, 
35% relative humidity 
during the 2017 
winter. 


1-day running average of Interior Temperature and Relative Humidity







Moisture content in Wall A (baseline)
Framing
Sheathing







Moisture content of Wall B sheathing behind intact VIPs







Moisture content of Wall C sheathing behind compromised VIPs







Balancing design priorities
Thermal 


Resistance


Buildability
Moisture 
Resilience







Conclusions: Project Outcomes vs Objectives


1. Double R-value without increasing thickness
– R-values > RSI 8 (R-45) achieved in 150 mm (6”) assembly


2. Use well-understood, simple assemblies and details 
– Even protected with XPS, VIPs are not suited for field installation. Best suited for factory 


environment


– Limitations in VIP sizes limits design flexibility


– Perhaps best suited for modular construction


3. Mitigate moisture risk
– Elevated levels of moisture content (particularly behind failed VIPs) relative to baseline 


assembly


– Risk reduced by increasing outboard R-value, or mechanically controlling interior humidity


– Longer term testing necessary







Next Steps
• Continued monitoring


• Controlled wetting events


• Enhancing designs to reduce risk
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ABSTRACT 


High performance housing (R-2000, Net-Zero Energy, Passive House) standards in Canada require high 
levels of insulation compared to code-built homes. Homebuilders have traditionally employed thick wall 
assemblies that are often twice as deep as conventional walls to achieve the necessary thermal resistance 
[typically RSI 5.0-8.8   (R 28-50)].  Because walls cannot protrude beyond zoning setbacks, these thick 
walls negatively affect the livable area. This has a real cost to buyers (as high as $25,000 per home in some 
markets,) on top of the additional materials and labour necessary. This has been identified as a barrier to 
adoption of such housing. 


To help address this, CanmetENERGY in partnership with Owens Corning and Carleton University 
developed and evaluated an extruded polystyrene/vacuum insulation panel insulating system for thin, high 
R-value wood-framed walls. Prototype assemblies were constructed and installed in a test hut. The thermal 
resistance of the test assemblies was determined to be between RSI 7.6 to 9.0 (R-43 to R-51), twice that of 
today’s code built homes. Moisture content of the wall sheathing was measured over a 1-year period. 
Potential for resilience issues were observed in both intact and compromised vacuum insulation panels 
when high interior relative humidity was present. The experimental tests showed it is imperative to control 
interior relative humidity in dwellings to prevent failure from accumulated moisture within a vacuum-
insulated wall assembly. 


INTRODUCTION  


Residential buildings in Canada currently account for over 18% of the total secondary energy consumption 
in Canada, with 62% of this being for space heating (NRCan, 2013). To reduce this demand, residential 
buildings are now being built with more insulation and to a higher level of air tightness. Additionally, an 
increasing number of residences are being built to voluntary performance standards, including R-2000 
(NRCan, 2017), Net Zero and Net Zero Ready (CHBA, 2017), and PHIUS+ 2015 (PHIUS, 2015). When 
built in Canada, buildings built to these standards require significantly higher levels of insulation and air-
tightness compared to code-built homes.  Homes built to these standards often have twice as much 
insulation compared to typical new construction. To meet the needs of the next generation of residential 
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buildings, significant research is required on high thermal resistance building envelopes, including their 
optimization in terms of reduced costs, reduced thickness and increased durability and buildability.   


To satisfy this demand for high thermal resistance, low profile wall assemblies, the use of vacuum insulation 
panels (VIPs) show significant potential. VIPs consist of a porous core, wrapped in a membrane and placed 
under vacuum. This eliminates or significantly reduces convective and conductive heat transfer within the 
panel. Literature (Mukhopadhyaya et. al, 2014) has shown that a VIPs can obtain thermal conductivities as 
low as 0.0034 W/m·K, at the centre of panel. However, VIPs face several integration challenges before 
they can be implemented into Canadian residential construction, namely: 


1) Fragility: If the membrane is compromised, the vacuum and associated thermal resistance is 
substantially (~75%) reduced. 


2) Constructability: Due to the fragility, VIPs are likely not suitable for a construction site. They need 
to be incorporated into a system that protects them and does not impose labour intensive 
installation. 


3) Thermal bridging: Structural members to support fasteners can lead to significant thermal bridging.  


4) Drying potential: VIPs are vapour impermeable. This needs to be considered in the design of the 
assembly to mitigate moisture related issues.  


To address these challenges, CanmetENERGY and Owens Corning have incorporated VIPs within a 
commercial insulated sheathing product. This system helps to protect the VIPs. While additional care is 
necessary to ensure that an errant nail doesn’t penetrate the VIPs, installation is otherwise standard. The 
integration of the VIPs within the insulated sheathing product however, could introduce a second, undesired 
moisture barrier, preventing the wall’s drying potential to the exterior. This is of particular concern in cold 
climates. To determine how the composite insulation/VIP layer impacts moisture transfer, two vacuum-
insulated wall assemblies were exposed to the elements for one year in an in-situ test facility. This paper 
outlines the current state of high performance housing in Canada, the proposed wall assemblies 
incorporating VIPs, the testing methodology and results.  A discussion of the hygrothermal testing and 
constructability evaluation of and recommendations for further development and implementation are 
included.  


RECENT TRENDS IN CANADIAN HIGH PERFORMANCE HOUSING CONSTRUCTION 


Over the past five years, CanmetENERGY has been using computer optimization coupled with cost data 
and building energy simulation software to identify cost-optimal pathways for constructing net-zero energy 
and net-zero ready homes in Canada. CanmetENERGY developed a Housing Technology Assessment 
Platform (H-TAP) to conduct this analysis. The findings from this research have contributed to significant 
cost savings to achieve Net-Zero Energy Housing (NZEH) performance, compared to the first generation 
of Canadian NZEH. One of the clear H-TAP recommendations, is that significantly reducing space-heating 
demand is a key to cost-effective net-zero energy designs. H-TAP recommends high RSI above grade wall 
assemblies in order to accomplish this. In some climate zones, the cost-optimal level of thermal resistance 
is twice that required by code.  
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The H-TAP research findings have had a direct impact on the most recent NZEH built in Canada. These 
include those built and rated as part of the R-2000 Net Zero Energy Pilot (NRCan, 2013) and the Owens 
Corning Net-Zero ecoEII project entitled: Integrating Renewables and Conservation Measures in a Net-
Zero Energy Low-Rise Residential Subdivision (NRCan, 2016).  


 


Table 1: Above grade wall assemblies and associated thermal resistance of recent Canadian Net-Zero Energy homes. 
Comparative 2012 NBC code requirement is RSI 3.24 (R-18.4) in all of these locations. 


Location Guelph Calgary Edmonton Ottawa Montreal 
Form Detached Detached Detached Attached MURB 


Year built 2015 2015 2015 2015 2015 
HDD [18°C] 3890 5000 5120 4500 4200 


Wall assembly R24 batt + 
R15 XPS (3") 


R24 + 
R22.5 XPS 


(4.5") 


2x4 double 
stud c/w 12” 


cellulose 


R24 + 
R10 XPS 


(2") 


R24 + 
R10 XPS 


(2") 
Effective thermal resistance 


[K·m²/W (ft²·°F·h/Btu)] 
RSI 6.5 
(R37) 


RSI 7.5 
(R43) 


RSI 7.0 
(R40) 


RSI 5.5 
(R31) 


RSI 5.1 
(R29) 


Assembly thickness 
[mm (inches)] 


216 
(8.5) 


254 
(10) 


305 
(12) 


190 
(7.5) 


190 
(7.5) 


Table 1 above summarizes the wall assemblies used in some of Canada’s most recent NZEH. Homebuilders 
seeking to build to these standards have traditionally employed thick wall assemblies that are sometimes 
twice as deep as conventional walls to achieve necessary thermal resistance [RSI 5.0-8.8 (R 28-50)].  For 
production builders who are increasingly required to build on tighter lots, this has a real cost. Because walls 
cannot protrude beyond zoning setbacks, these thick walls negatively affect the livable area in the home. 
For example, if building-in from plates, a 405 mm (16”) thick double stud wall contributes to a 7% loss of 
floor area compared to a code-built 165mm (6.5”) thick wall, in a typical 225 m2 (2400 ft2) new home. 
This has a real cost to buyers which is reported to be as high as $25,000 per home in some markets (Sachs, 
2014) on top of the additional materials and labour necessary to construct these assemblies. This has been 
identified as a barrier to adoption of high-performance housing. 


To help address this barrier, CanmetENERGY is developing and evaluating High-R, Thin Wall systems. 
Compared to conventional code-built wall assemblies, this research aims to:  


1) Double the thermal resistance of a conventional code-built wall [ie, RSI 7.9 (R-45)] in a similar 
thickness [ie,180 mm (7”) thick];  


2) Not introduce any additional moisture-related durability risks; and 


3) Ensure similar “buildability” of the assembly and not introduce excessive labour requirements. 


This paper describes two design variations of a vacuum-insulated wood frame wall assembly. This assembly 
has been evaluated to exceed the thermal resistance target in a 150 mm (6”) depth (from the inside of studs 
to the inside of the ventilated rainscreen). Results of the assessment of moisture-related risk and buildability 
are discussed.  
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DESIGN OF WALL ASSEMBLIES 


To meet the requirements demanded by industry for High-R, thin walls, the following principles were 
applied in the conception and design of wall assembly incorporating VIPs: 


1) 2x4 structural framing ought to be used. The thermal benefit of 2x6 framing is minimal. The extra 
2 inches of thickness can be put to much better use providing high resistivity, continuous insulation. 
Structural requirements can be met with 2x4s. In Canada, under Part 9 of the National Building 
Code (Housing and Small Buildings),  38x89mm (2x4”) framing with 400mm (16”) stud spacing 
is suitable for 2 storey construction. 38x89mm (2x4”) framing with 300mm (12”) stud spacing can 
be used up to 3 storeys (NRC, 2015). 


2) Weather and air barrier and continuous exterior insulation ought to be placed outside of the 
structural framing in order to protect it.  


3) Sufficient conventional insulation must be present that in the event of VIP failure, condensation 
will not occur within the structural layer.  


4) To minimize thermal bridging:  
a. The VIPs should be positioned directly over the framing members where possible. 
b. VIP coverage should be as close to 100% as practically feasible. 
c. Materials surrounding the VIPs should have low thermal conductivity.   


5) Due to their fragility, VIPs ought to be sandwiched between and protected by other materials, and 
ideally installed in a factory environment.  


6) The handling of VIPs on site should be minimal and assembly details should be conventional and 
well understood by trades.  


With these principles in mind, the assembly shown in Figure 1 was conceived, described from interior to 
exterior: 


 
Figure 1: Schematic of developed wall system using VIPs 


This is a fairly conventional assembly and doesn’t require any special construction techniques or 
complicated detailing. The insulated sheathing could serve the role of an exterior air barrier system.  


VIP Insulated Sheathing Design Evolution 
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If the seal on a VIP is compromised, so is the majority of its insulation value. Consequently, it’s critical 
that VIPs are not cut or punctured in the construction process. To protect the VIPs, an insulated sheathing 
layer has been designed that uses rigid foam (extruded polystyrene) to encapsulated the VIPs, providing the 
VIPs some protection, while also creating nailing strips at standard construction spacing (12 in, 16 in, 24 
in). Normally, rigid foam used as insulated sheathing would be fastened to framing (studs and plates) with 
cap nails at 6 inches on centre around the perimeter of the board and 8 inches on centre in the field. In this 
case, VIPs would only be safe from nails if they were aligned with the stud cavities.  


A disadvantage of this approach is that if VIPs are aligned with the cavities, thermal bridging through the 
studs and the XPS joints would become significant. This is depicted in Figure 2 below. This increases 
condensation risk associated with high localized heat flux which results in lower local temperatures and 
consequently lower dew points. This increases the chance of condensation forming on the structural and 
wood sheathing surfaces 
 
A secondary downside to this approach is that the panels can only be used for very specific stud spacing. If 
a builder uses 19” or 24” stud spacing, this panel design will not work. A different panel design would be 
required. 
 


 


 
Figure 2: Isotherms and heat flux through thermal bridges 


To minimize thermal bridging, while allowing flexibility to frame on 12, 16, 19 or 24” centres, a different 
approach was taken.  The composite panel pictured below (Figure 3) would be applied horizontally to 16” 
or 19” centre framing or vertically on 12” or 24” centres. It features a 25mm (1”) nailing strip XPS surround 
around the perimeter.  
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Figure 3: XPS / VIP composite panel layout schematic – location of smaller VIP is variable and based on design requirements of 
the application 


Two different configurations (walls B and C) were designed and constructed. The first wall (Wall B) 
consists of 2x4 studs placed at 16” OC. This wall would be suitable for a single family bungalow or two 
storey home, still the most prevalent form of new housing start in Canada. The use of 2x4 studs as opposed 
to the more common 2x6 studs reduces the in cavity insulation, but with the large outboard insulating value, 
this loss in thermal resistance is a very small percentage of the overall thermal performance. The 50 mm 
(2”) reduction in wall thickness provides a significant increase in usable area. The second wall (Wall C) 
follows the same design principles but has 2x4 studs framed at 12” OC. This allows for 3-storey building 
to be constructed, common in today’s multi-unit residential buildings (MURBs). Key metrics, including 
framing factor (percentage of the wall that is wood framing), VIP coverage and the overlap of XPS and 
framing, for each of the wall designs, based on a 2.44 m (8’) clear wall section are provided in Table 2. 
Schematics of the two wall sections as tested are shown in Figure 5 below. 


Table 2: Key metrics of Wall B and Wall C 
Measurement Wall B (16” OC Framing) Wall C (12” OC Framing) 
Framing Factor 13.7% 16.7% 
VIP Coverage 85.9% 85.9% 
Aligned XPS and Stud Coverage 4.7% 9.0% 


EXPERIMENTAL METHODOLOGY 


To experimentally evaluate the performance of the developed wall designs, full-scale test specimens were 
constructed and installed in CanmetENERGY’s Building Envelope Test Hut (CE-BETH). This facility has 
been designed to experimentally determine both the thermal performance and moisture transfer occurring 
within a building envelope. To experimentally determine the thermal resistance of the wall, a test procedure 
outlined in ASTM C1155 (ASTM, 2013) was utilized. The interior temperature of the test hut was kept 
constant at 21°C ±1°C while the exterior of the wall specimens were exposed to the natural elements and 
subject to daily cyclical exterior temperature cycles. Using a 4-month (January to April) average of the 
measured interior and exterior temperatures and point heat fluxes through the wall, the thermal resistance 
of each measurement point, representing a unique cross section, was determined. The 4 unique cross 
sections for each wall can be seen in Figure 5. The overall thermal resistances of the wall specimens were 
then calculated using a weighted average by area. These values were then compared to guarded hot box 
testing conducted at Carleton University of the same wall specimens. The complete thermal analysis and 
comparison between the testing methods can be found in (Conley et.al. 2016), and a summary of the overall 
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effective thermal resistance of the two walls being tested is shown in Table 3. 


Table 3: Summary of Overall Thermal Resistances measured In-Situ and by Guarded Hot Box 


Assembly 
In-Situ Guarded Hot Box 


(K·m2/W) (ft2·°F·hr/Btu) (K·m2/W) (ft2·°F·hr/Btu) 
Wall A (baseline) 4.3±0.4 24.2±2 N/A N/A 
Wall B  8.61±0.6 48.9±3 8.97±0.25 50.9±1.4 
Wall C  7.68±0.6 43.6±3 8.97±0.25 50.9±1.4 


In addition to determining the thermal performance of the wall specimens, moisture transfer through the 
wall specimens was also measured. To maintain a constant internal boundary condition, temperature and 
relative humidity (RH) were held at 21°C ±1°C and 45% ±5% respectively. During the summer months, 
only the interior temperature was controlled, and humidity floated in response. Consequently, interior RH 
peaked in July and was 54% on average for that month. Although higher than usual in Canadian homes in 
the winter, an RH of 45% was selected to represent a worst case scenario. This level of RH is observed in 
cases with very high airtightness, very high occupancy or other moisture loads.  Towards the end of the 
testing period, the relative humidity inside the test hut was lowered to 35%, and the impact of this change 
in boundary conditions was noted. 


To measure moisture transfer within the wall, a number of sensors were installed. These include relative 
humidity sensors in the internal cavities of the wall, and moisture content sensors (MCS) in the structural 
members and the plywood sheathing between the structural members and the exterior insulation. Readings 
from these sensors were taken every 5 minutes and recorded using an automated data logger. The MCS 
measure the resistance between 2 stainless steel screws installed at a fixed distance apart and depth in the 
wood. As the moisture content of the wood decreases, the resistance measured between the pins increases. 
The combination of the MCS and the data acquisition systems were able to measure percent moisture 
content down to ~13%, however as  moisture content dropped below this, the resistance between the screws 
exceeded the maximum value that could be read by the system (1 giga-Ohm). As the primary concern in 
monitoring the moisture content within the wall was to ensure high moisture was not observed, it was 
assumed that if the channel read >1 giga-Ohm, no potential existed for either rot or mold growth.  


A total of nine MCS were installed within each wall, with four in the structural members (2x4 framing) and 
five installed within the plywood sheathing. In the sheathing, two MCS were installed inline with the edge 
of the VIPs, one in the middle of the seam between with two VIPs and the last two installed behind the VIP, 
with the first 100 mm (4”) from the VIP edge and the second dead center of the VIP. Sensor placement can 
be seen in Figure 5 below.  


A number of VIPs had obviously lost their vacuum once delivered. This was immediately apparent, as they 
had lost rigidity and the foil film was no longer taught. Instead of discarding these VIPs, they were 
incorporated into a special composite panel and instrumented. The thermal and moisture data from this 
panel would provide insight into the performance and potential for condensation behind a punctured VIP. 
Since the R-value is significantly diminished outboard of the framing, the dew-point could be moved into 
the framing layer. Monitoring the moisture levels and temperatures would allow a determination of the risk 
of condensation occurring within this layer and the potential for rot and mold growth. To examine this 
scenario, the MCS in Wall C were installed behind the punctured VIPs. 
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To compare the moisture transfer observed in the experimental vacuum-insulated walls, a wall constructed 
to current building code performance and representing common industry practice was built and labelled as 
Wall A. This wall was used as a baseline to compare how a standard wall and the experimental VIP walls 
react to changes in the boundary conditions. The baseline wall assembly is shown in Figure 4 below:  


 
Figure 4: Schematic of the baseline wall assembly built to current building codes 
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Figure 5: Schematic of the two designed wall sections as experimentally evaluated using framing at 16" OC (Wall B - left) and 12" OC (Wall C - right)


Wall B Wall C 
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MOISTURE PERFORMANCE ASSESSMENT CRITERIA 


In order to be considered a durable assembly, conditions that may lead to mold growth or rot of organic 
materials within the assembly must be avoided. The following criteria were established to evaluate results. 
Criterion 2 and 3 are based on ASHRAE 160-2009 (ASHRAE, 2009). It is recognized that ASHRAE 160-
2016 supersedes the 2009 revision. However, at project imitation, the 2009 version was most recent. The 
authors submit that the results are still valid, given that the 2009 version of Section 6.1 “Conditions necessary 


to Minimize Mold Growth” is generally viewed to be more stringent.  


1) The surface RH and moisture content of the structural members of the experimental walls should not 
be significantly higher than those of the baseline assembly when subjected to the same interior and 
exterior boundary conditions over the course of a year;  


2) To minimize the potential for mold growth:  


a. 30-day running average surface RH should be < 80% when the 30-day running average surface 
temperature is between 5°C (41°F) and 40°C (104°F), and, 


b. 7-day running average surface RH should be < 98% when the 7-day running average surface 
temperature is between 5°C (41°F) and 40°C (104°F), and, 


c. 24-h running average surface RH should be < 100% when the 24-h running average surface 
temperature is between 5°C (41°F) and 40°C (104°F); and 


3) To avoid structural damage due to moisture, for wood and wood products, recurring moisture 
contents above the fiber saturation point for longer than one week shall be avoided (ASHRAE, 2016). 
The average fibre saturation point for the wood framing and OSB or plywood sheathing is assumed 
to be 28% (CWC, 2017).  


If any of these conditions are not met, the potential for failure within the wall system is present, and steps to 
mitigate the moisture accumulation should be examined. 


MOISTURE MONITORING 


No specific wetting mechanisms were designed into the experiment. Interior relative humidity and air 
temperature were controlled and held constant at the following set-points: 


 21°C temperature, 45% relative humidity during the 2016 winter;  


 22°C temperature, uncontrolled humidity (allowed to float) during the summer;  


 22°C temperature, 35% relative humidity during the 2017 winter.  


The 1-day running average of measured interior conditions over the duration of the test are plotted in Figure 
6. The conditions were selected to represent a “worst-case” scenario of high interior humidity over the winter. 
The exterior of the assemblies were exposed to the elements. Consequently, the assemblies were subject to 
all of the real-world moisture transfer phenomena, including vapour diffusion, air infiltration / exfiltration, 
wind driven rain and solar vapour drive. The exterior of the walls face North-east. This orientation historically 
receives the most wind-driven rain in the Ottawa, Ontario climate as per the ASHRAE design year 2.  
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Relative humidity within the stud cavity and moisture content of the sheathing and bottom plates were 
monitored continuously at a sampling period of 5 minutes. Monitoring was carried out from January 2016 to 
February 2017 for Wall A and Wall B and until November 2016 for Wall C. This prolonged testing period 
provides insight into the annual wetting and drying cycle experienced within the assemblies being tested. 
The resistance read by the MCS installed within the structural members for both walls B and C exceeded the 
maximum measurable. This indicated that no significant moisture accumulation occurred. The 5 sensors 
installed within the sheathing however did indicate measurable change in moisture content within the 
plywood.  The precise location of each of these sensors for Wall B and Wall C is shown in Figure 5. The 
sheathing moisture content is plotted and the results are discussed in further detail in the following section.  


 
Figure 6: 1-day running average of Interior Temperature and Relative Humidity 


Wall A 


Two moisture content sensors were installed within the baseline wall. The first (1A) was installed within the 
bottom plate of the test wall, while the second sensors (2A) was installed in the OSB sheathing. The results 
of these two sensors have been plotted in Figure 7. When testing began in January 2016, Wall A had a low 
moisture content (<15%) in both the sheathing and the structural members. Moisture content of the sheathing 
did increase over the course of the winter, but only exceeded 20% for a period of less 3 days. These spikes 
were the result of control failures within the test hut, where interior temperatures exceeded the set points, 
briefly approaching 40°C. The humidifier released very large amounts of water vapour in response to try and 
maintain the RH setpoint. This introduced a high moisture load (but relatively low RH due to the moisture 
capacity of the air at 40°C) into the air that then transferred into each of the wall components. Although the 
response of the wood members in the wall to this large moisture load was immediately apparent, once control 
was restored, the walls quickly returned to their previous moisture levels.  The sheathing began to dry at the 
end of the heating season and continued to dry throughout the summer. The baseline wall was removed in 
the fall of 2016, once a moisture content and surface RH baseline over a complete heating and cooling season 
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established. Interior surface RH of the sheathing never approached 80%. The moisture content of framing 
and sheathing never exceeded 28%. Moisture content readings are plotted below in Figure 7. 


 
Figure 7: Moisture content of the framing (1A) and sheathing (2A) of wall A 


Wall B  


Nine MCS were installed within wall B, however four of those were installed in the structural members and 
showed no measurable moisture content change as a result of the maxed out sensors. The remaining 5 MCS, 
as shown in Figure 5, were installed in the sheathing. Measured moisture content is plotted and the results 
are shown in Figure 8. The exterior of Wall B was clad and closed to the elements over the winter 15/16 
holidays. However, the batts, vapour barrier and drywall were not installed until mid January 2016. This 
allowed the bare cavities and interior of the sheathing to be exposed to the high humidity and moisture load 
of CE-BETH. Despite the VIPs, the interior surface of the plywood sheathing became cold (especially at the 
VIP seams) causing an even larger increase in local relative humidity at the sheathing surface. This resulted 
in local moisture content of the sheathing behind the VIP seam (points 3B, 4B, and 5B) to exceed 30% at the 
outset of testing. This likely exceeded the fibre saturation point, however as soon as the cavities were 
insulated and the vapor barrier was installed, these locally high readings began to drop.   


While the moisture content 100 mm from the edge of the VIP initially started at a lower moisture content, it 
increased to the point where all five points read in excess of 20%. Drying to <20% MC took 43 days. 
Sheathing moisture increased over the summer, but the mean of the 5 readings within the sheathing remained 
below 20% MC save for a period of about 20 days from July 14th to August 3rd. This showed that with the 
VIPs, the area between the panels is much more susceptible to moisture accumulation. This is likely the result 
of the lower temperatures of the sheathing when compared to the center of panel; despite the relatively higher 
vapour permeance of the composite panel at the VIP seam. When compared to the baseline wall, Wall B 
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accumulated additional moisture, showing greater potential for long term problems (criterion 1 failed). It 
should be noted, however, that interior surface RH of the sheathing never approached 80% (criterion 2 
passed). The moisture content of framing and sheathing did not exceed 28% for more than a week (criterion 
3 passed).  


 
Figure 8: Moisture content of sheathing in Wall B 


Wall C 


Nine MCS were also installed within wall C, however, like Wall B, four of those were installed in the 
structural members and showed no measurable moisture content change as a result of the maxed out sensors. 
The remaining five MCS, as shown in Figure 5, were installed in the sheathing behind the punctured VIP 
panels, and the results are shown in Figure 9. Wall C was insulated and the vapour barrier and drywall were 
finished prior to Wall B. This significantly slowed the rate of wetting of the sheathing from the interior. A 
general wetting trend was observed from January to April 2016.  This was likely a result of the higher relative 
humidity being experienced by the sheathing due to its colder temperature behind the failed VIPs compared 
to the intact VIPs in Wall B.  


The mean moisture content of the sheathing exceeded 20% for a period of approximately 51 days (March 4 
– April 24). This is considered to be an excessive period of elevated moisture content. It is difficult to attribute 
this elevated moisture to a specific wetting mechanism. Air infiltration is assumed to have been insignificant, 
as the panels were well sealed on the exterior. However, infiltration was not measured.  Pressure differential 
across the assemblies was not measured, but no differential was mechanically induced. Given the orientation, 
the ventilated cavity and the cladding and its lack of moisture storage, the effect of solar moisture drive is 
assumed to be minimal as well. Wind driven rain is expected to have had a minor effect as there were no 
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penetrations, all seams were sealed with tape and the XPS forming the rainscreen is hydrophobic (maximum 
water absorption of 0.10% by volume). Consequently, this wetting is presumed to be the result of vapour 
pressure drive from the interior and air exchange with the interior (the air barrier was located on the exterior). 
By mid-April, moisture content in the sheathing had peaked and drying to the exterior continued until the 
interior RH was reduced.   


When compared to the baseline wall, Wall C accumulated additional moisture, showing greater potential for 
long term problems (criterion 1 failed). It should be noted, however, that interior surface RH of the sheathing 
never approached 80% (criterion 2 passed). The moisture content of framing and sheathing did not exceed 
28% for more than a week (criterion 3 passed).  


 
Figure 9: Moisture content of sheathing in Wall C, behind compromised VIPs 


DISCUSSION 


Composite Panel Performance 


The composite XPS/VIP panels were designed to provide a very high thermal resistance insulation layer 
outboard of framing, with the goal of keeping the sheathing warm in a thin, high-R wall. Through thermal 
testing, these assemblies were found to have RSI values ranging from 7.6 to 9 (R-42 to 51).  The goal of 
doubling R-value in a wall no thicker than current code was therefore achieved. This was the principal focus. 
The second goal was to ensure that the designs were resilient and would not introduce moisture-related risk.  


Through the moisture measurements, it was found that both VIP-insulated walls exceeded the 1st failure 
criterion outlined in the test methodology. That is, the surface RH and moisture content of the sheathing in 
the experimental walls was significantly higher than those of the baseline assembly when subjected to the 
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same interior and exterior boundary conditions over the course of a year. This is not necessarily an indication 
that these assemblies would fail under these conditions. It is, however, an indication that the risk is higher 
compared to the code-built baseline assembly.  


It was also observed that the interior moisture content of the air in the test hut has the greatest correlation to 
the moisture content present in the wall assemblies. The moisture content of the VIP insulated walls exceeded 
20% during the winter months, when warm, moist air migrated through the wall.  As the temperature profile 
dropped, the RH profile rose contributing to elevated moisture content.  The primary driver of this was high 
humidity levels of 45% over the first winter.  When the humidity level was reduced during the second winter 
to 35%, substantial drying of the wall assemblies occurred. This showed that one of the most influential ways 
to prevent failure within such assemblies that do not allow significant outward drying is to closely control 
the humidity present within the dwelling through mechanical methods. The ability to control humidity levels 
during winter months is imperative to the resiliency of wall assemblies with VIPs on the exterior. A passive 
strategy may be to increase the R-value outboard of the sheathing, in order to keep it warmer. The RH in 
most Canadian houses would not approach the levels introduced in the test.  However in specific locales, and 
in homes built to a very high level of air tightness, these levels of RH are observed. In these applications, an 
energy recovery ventilator or dehumidifier should be installed to regulate the relative humidity level. It is 
presumed that eliminating the interior vapour barrier to allow some inward drying would not aid in this 
scenario, given the high interior moisture load.  


Buildability  


The design of an exterior insulated sheathing panel with embedded VIP must strike a balance between 
maximizing VIP insulated areas, minimizing risk of punctured VIPs and providing sufficient space for 
fastening.  


The composite XPS/VIP panels built and tested for this project featured a 25mm (1”) strip of solid XPS 
around the perimeter, and a 50mm (2”) strip of solid XPS between VIPs. This allowed for a narrow nailing 
strip for attaching panels to framing or sheathing. The researchers installed the panels themselves and went 
to painstaking lengths to ensure that VIPs weren’t punctured. Though they don’t swing hammers for a living, 
they were likely far more careful than could be expected by typical framing crews. The researchers observed 
that a 25mm (1”) nailing strip is likely insufficient for stick-built applications. In this case, a minimum nailing 
strip width of 38mm (1-½”) is likely called for. However, the larger nailing strip will reduce the effective 
area insulated by VIP and will have a negative effect on overall thermal resistance.  


It would be prudent to print lines on the exterior surface of the composite panels to denote what areas are 
safe to nail or cut through and which areas cannot be compromised.  


Though encasing VIPs in XPS provides some protection from puncture, the composite panels are still 
relatively fragile and likely not suited for field application. An errant fastener could easily penetrate 13mm 
(½”) of foam and puncture the underlying VIP. Any unintended load, such as standing on the panels could 
snap the XPS surround. A framer may decide to cut through or trim a panel. Furthermore, if such panels are 
stored on site, there is always a risk they may be damaged by excavation or hoisting equipment. For these 
reasons, they are likely best handled and installed in a factory environment where better quality assurance 
protocols can be implemented. The use of a CNC galley nailer would also allow far tighter tolerances on 
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nailing patterns, and consequently a smaller nailing strip could be used.  


Due to the standard sizing of VIP and the inability to cut them, their use would be best suited to modular 
construction. A recommendation for future study would be to optimize panel designs and sizes to 
accommodate typical residential wall modules.  


CONCLUSIONS 


1) Through the use of a composite XPS/VIP outboard insulation panel, thermal resistances in excess of 
RSI 8 were obtained in 150 mm thick wall assemblies. This represents a greater than 100% 
improvement on current code built homes. Such assemblies have significant potential to deliver 
required thermal resistance in thin profiles in future homes built to R-2000, Net-Zero, Net-Zero 
Ready or Passive House standards. 


2) Although promising thermal benefits exist, durability risks in the form of potential for decay and 
mold growth need to be further studied and reduced. Through the long term experimental evaluation 
of moisture content in the wall assemblies, when high interior humidity is present, moisture content 
in the sheathing of vacuum-insulated walls was considerably higher than the code-built wall. This 
high moisture content was mitigated when the interior humidity within the test hut was reduced.  The 
ability to control humidity levels during winter is imperative to the resiliency of wall assemblies with 
VIPs on the exterior. Increasing the R-value outboard of the sheathing, consequently keeping it 
warmer would also likely reduce moisture accumulation. This risk increases if the VIPs are 
punctured.  In this situation, controlling relative humidity though mechanical means and ensuring 
sufficient thermal resistance is even more important. These initial results indicate that more work is 
required to better understand the effects of boundary conditions and design strategies to mitigate risk.  


3) The evaluation of the constructability of the vacuum-insulated assemblies concluded that in order to 
control costs, the process for assembling and fabricating VIP composite panels needs to be simple 
and streamlined.  The installation of such panels ought to be done in the factory. Even protected with 
XPS, VIPs are not suited for field installation.    
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General Corrosion of Embedded Metal Fasteners
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Effects of Wood, Preservatives, Coatings and Other 
Factors on Metal Fasteners


Corrosion of Metal Fasteners Other Than Steel
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History of Wood Preservation


Early 18th to19th century: Zinc chloride and oil-based    
treatments (Creosote and Pentachloraphenol)


1938: Chromated Copper Arsenate (CCA)


AWPA standardized formulations of CCA


Later modifications: ACA and ACZA
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History of Wood Preservation


December 31, 2003: US Environmental Protection 
Agency phased out use of CCA


Substitute wood treatments emerged:


ACQ, CA and CuHDO (CN)


Boron treatments: sodium borate


Future


Non-biocidal preservation methods


Chemical modified wood


Wood-plastic composites


Use of heartwood


Wood Preservation and Its Corrosive Effects on Metal Fasteners







General Corrosion of Embedded Metal Fasteners


Wood Preservation and Its Corrosive Effects on Metal Fasteners


Corrosion of metals can be viewed as similar to a dry cell 
(e.g. alkaline battery) that generates voltage


Cathode


Anode


Electrolyte: ammonium chloride paste (battery) and water (fastener)


Cathode


Anode


Anode


Cathode







General Corrosion of Embedded Metal Fasteners
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Migration of soluble copper ions


Cupric ions are reduced as fastener is oxidized


Zelinka, Guide for Materials Selection and 
Design for Metals Used in Contact with 


Copper Treated Wood







Effect of Moisture in Wood


Corrosion cannot take place without moisture.
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Zelinka et al. 2012







Effect of Moisture in Wood
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Baker, 1992


High atmospheric humidity compared to being buried in soil







Effect of Moisture in Wood


What weather factors affect corrosion?
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Effect of Moisture in Wood


Not only is total annual rainfall a factor but so time and 
frequency of rain events
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Zelinka et al. 2011







Effect of Moisture in Wood


Maximum corrosion occurs not a the wood surface but a 
short distance below it
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Zelinka et al. 2011







Effect of Wood on Metal Fasteners


Wood is inherently acidic (acetic acid):


Wood Preservation and Its Corrosive Effects on Metal Fasteners


Corrosion is prolific < 4.3 pH and


significantly decreases > 5 pH


Density of wood is a factor


Consider the source of the wood







Effect of Wood on Metal Fasteners
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Corrosion Rate Isotherm In Wood Extracts As a Function of pH and Tannin Content


Zelinka and Stone, 2013







Effect of Wood on Metal Fasteners
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Heartwood is less corrosive


Simm and Button, 1985







Effect of Preservatives on Metal Fasteners
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Baker, 1992


ACQ’s Reduction of Strength Capacity







Effect of Preservatives on Metal Fasteners


Oil based preservatives: OK


Waterborne preservatives: Depends on composition
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Zelinka et al. 2010







Effect of Preservatives on Metal Fasteners


Wood Preservation and Its Corrosive Effects on Metal Fasteners


Corrosion by water borne preservatives are largely governed by 
composition in the following order of importance:  Cu, Cr, As.


Left - Zelinka, 2011
Right - Zelinka and Rammer, 2011







Effect of Preservatives on Metal Fasteners
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Typical preservative compositions


The increase in copper (soluble copper ions) and lack 
of chromate inhibitors are the primary factors in the 
corrosive nature of ACQ. 







Effect of Preservatives on Metal Fasteners
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Waterborne Wood Preservatives and Above Ground Retentions


Anon (2007b),  
Lebow (2010)







Effects of Fastener Coatings
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Electroplated Coatings


Matéria (Rio J.) vol.12 no.4 Rio de 
Janeiro Dec. 2007


Industrial Galvanizers, Specifiers Manual







Hot Dipped Galvanized Coatings


Effects of Fastener Coatings


Wood Preservation and Its Corrosive Effects on Metal Fasteners


Wesley Narciso, Bacon Donaldson, 
sometime between 2002 and 2007







Hot Dipped Galvanized Coatings


Effects of Fastener Coatings
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American Galvanizers Association







Other Factors Effecting Corrosion


Fixation Time
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Fire Retardant 


Chemicals
Temperature
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Other Factors Effecting Corrosion


Residual Stresses
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Grain Angle Metallurgical 


Characteristics
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Corrosion of Non-Steel Fasteners


Corrosion is generally governed by the galvanic series table
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Corrosion of Non-Steel Fasteners


Dezincification
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George Langford, Sc.D., Massachusetts Institute of Technology, 
Cambridge, MA, 1966


Corrosion and Materials Consultancy Inc.







Corrosion of Non-Steel Fasteners


When in doubt, use stainless steel (with some exceptions)
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www.corrosionsource.com


Bengelsdorf, 1983







Summary and Conclusion
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WOOD PRESERVATION AND ITS CORROSIVE EFFECTS  


ON METAL FASTENERS 


Wesley Narciso, P.Eng. 


 


 


ABSTRACT 


Wood is one of the most commonly used building materials, especially in British Columbia. Ironically, our 
buildings are susceptible to moisture related deterioration for the same climatic reasons that forestry is a 
major industry in BC: high levels of rain within a relatively small range of temperatures, allowing sustained 
humidity levels and an inability for any incident moisture to dry out if building envelopes are not carefully 
designed and built. 


Over the past two centuries, there have been numerous advances in wood preservation chemicals, processes, 
and applications. Wood treatments have been around for over 70 years; however, there are little to no 
practical guidelines for designers and builders as to how a wide variety of treatments interact with a wide 
variety of metallic fasteners. 


This research paper will include a brief chronology of wood preservation materials, processes and 
techniques, then focus on the effects of corrosion between the more common wood treatment chemicals 
(CCA, ACQ, CA) and the most common fastener materials (steel, aluminum, copper, bronze, stainless steel) 
as well as some of their more common coatings. 


This paper uses earlier papers focussing on wood-metal corrosion as a starting point, and subsequent papers 
that cited the earlier papers were added. Interconnected publications, related articles and relevant papers 
were further used as additional information in order to fully document and conclude how the evolution of 
wood preservation has affected the use of embedded metal fasteners in wood frame construction. As a 
practical summary, the author has tabulated the most common types of wood preservatives and fastener 
types into a matrix and ranked their suitability of use together 


HISTORY OF WOOD PRESERVATION (FREEMAN ET AL. 2003, SCHULTZ ET AL. 2007)   


Wood preservation was carried out by the early settlers in the “New World” as far back as the 17th century. 
Its use expanded significantly during the industrial revolution, especially within the application of railroads, 
cross ties and switch ties. These heavy timbers needed long term, reliable resistance to biological attack. 
The earliest related patent, known as “Spirit of Tarr”, belonged to Dr. Wm. Crook in 1716. Although zinc 
chloride was used in 1815, coal-tar creosote was employed in most heavy timber applications during the 
18th century. Creosote originated from a patent granted to Franz Moll in 1836 and its process of being 
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pressure treated was patented by John Bethell two years later. Bethell’s patent remains the basis for modern 
pressure treating methods. In 1847, a similar process was used with zinc chloride, called the Burnett 
treatment. As the price of oil increased, an empty cell process was patented in 1902 (Ruping Process) and 
a second empty cell process was patented in 1906 (Lowry Process). Both processes initially compress air 
inside the wood so that when this air pushes excess preservative out, the preservative only coats the cell 
walls rather than saturating the cell voids. Creosote is still used today for railroad ties and marine piling. 


Other chemical wood preservatives include the following: Copper naphthenate was commercially used in 
Germany in 1911; pentachlorophenol (oil-based) was patented in Britain in 1928; and Fluor Chrome 
Arsenate Phenol (FCAP) was used in Germany in the 1930s by diffusing it into green wood. 


Chromated Copper Arsenate (CCA) was patented in 1938 and standardized by the AWPA (American Wood 
Preservation Association) in 1949. Up to 2004, it was the most widely used wood preservative. Three types 
of chemical formulations were developed using varying ratios of copper, chromium and arsenate (Type A 
– 1953, Type B – 1964 and Type C - 1969):   


Table 1: AWPA Standardized Formulations of CCA. 


CCA 
Copper Chromium Arsenate 


(wt% as CuO) (wt% as CrO3) (wt% as As2O5) 


A 18.1 65.5 16.4 
B 19.6 35.3 45.1 


C 18.5 47.5 34 


The later Type C strikes a balance between the earlier two formulations. Other preservatives with similar 
active ingredients such as ACA (Ammoniacal Copper Arsenate) and ACZA (Ammoniacal Cooper Zinc 
Arsenate) were also developed – the latter is still being used primarily for industrial applications. 


CCA is relatively inexpensive, highly effective, and poses negligible risk when used for residential and 
garden construction, outdoor furniture, and playground equipment (Freeman et al. 2003). Regardless of its 
outstanding performance and environmental record, public perceptions of leached arsenic led to the US 
Environmental Protection Agency (EPA) announcing eventual phase out of CCA from most residential 
applications after December 31, 2003. In 2004, the voluntary withdrawal led to a market share loss of 68% 
and similar changes have occurred in over 26 countries (Freeman et al. 2003). An amendment in the 
European Union Commission Directive 76/769/EEC stated that arsenic compounds could only be used for 
industrial applications. The Austrailian Pesticides and Veterinary Medicines authority (APVMA) ceased 
the use of CCA for timber applications that have human impact in March 2006. However, arsenic is 
naturally found in soil, and research in Wood and Fibre Science (Vol 36, pp 119-128, 2004) shows that soil 
contamination due to the presence of CCA-treated wood after 45 years was minimal. Subsequent studies 
have found that CCA does not pose a risk to children as was publicly perceived (Barraj et al. 2007, Lew et 
al. 2010). In North America, CCA is still used in a wide range of industrial and farm applications such as 
utility poles, guardrail posts, bridge timbers, and farm fence posts. It is also approved and used for some 
residential applications such as shingles and shakes, permanent wood foundations and other uses for treated 
wood. 
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This controversial withdrawal of CCA, from most residential applications, led to the use of other wood 
preservatives such as ACQ (Alkaline Copper Quarternary), and CA (Copper Azole) and in the USA, the 
less widely used CuHDO (Copper bis-N-cyclohexyldiazeniumdioxy) or copper xuligen. Most recently, 
Micronized Copper Azole (MCA) has been commercialized, first in the USA, then later in Canada. 


Pressure treatment with boron compounds such as Sodium Borate (SBX) was introduced in the late 
1990s. These are effective as preservatives, versatile in use, less corrosive to metals, and lower in 
mammalian toxicity than most other preservatives. However, these leach easily and should be limited to 
uses where they will not be continually exposed to rain. 


The science of wood preservation is comprehensive and its potential is abundant given the fact that 
significant growth has been seen in every decade since Bethell originally impregnated timber with creosote 
in the 1830s. Promising research for the future includes non-biocidal preservation methods (polymerizing 
in situ – although this does not stop decay), chemically modified wood (acetylating), physically modified 
wood (heat treating), wood-plastic composites (hybrid of natural wood and plastic fibres) and bringing back 
the basics by returning to mankind’s historical use of naturally durable heartwood (genetically developing 
plantation-grown trees, which would develop heartwood quicker) that could have durability characteristics 
similar to wood treated with second or third generation biocides. 


GENERAL CORROSION OF METAL FASTENERS IN WOOD 


Corrosion of metals in wood can be viewed similarly to a dry cell that generates voltage (e.g. alkaline 
battery), simply because materials at a higher energy state tend to revert to materials of a lower energy state. 
The zinc electrode in the dry cell (anode) gives up electrons, making it the negative electrode. During a 
similar process within a metal fastener (e.g. steel), an excess of electrons occurs at the anode (embedded 
fastener shank) and a lack of electrons is created at the cathode (fastener head).  


Chemical reaction at the anode: Fe  Fe2+ + 2e- 


Chemical reaction at the cathode: O2 + 2H2O + 4e-  4OH- 


Because of this voltage difference between anode (shank) and cathode (head), electrons flow through the 
fastener, completing the electrical circuit, and corrosion proceeds. Distances between the anode and cathode 
can range from extremely small (microscopic) to several feet (Graham et al. 1976). Corrosion in fasteners 
embedded in wood is generally located in the shank, directly below the fastener head (Simm et al. 1985)  – 
mainly confined to the first centimetre, with the largest amount of corrosion occurring between 1 mm to 5 
mm from the wood surface (Zelinka et al. 2011a). 


A majority of wood preservatives are copper based. Therefore, the primary cathodic reaction in these 
preservatives is the reduction of cupric ions. Three year tests of eleven fastener types, embedded in wood 
treated with copper-containing waterborne salt preservatives, show that metals anodic to copper are more 
susceptible to corrosion and therefore fastener materials that are cathodic to copper should be chosen (Baker 
1980). These results were later confirmed by Baker (1992). 
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Corrosion of embedded metal fasteners is very different from atmospheric corrosion. The former is much 
less dependent on atmospheric relative humidity and more dependent on moisture content in the wood. 
Another difference is that the rate of atmospheric corrosion decreases with time due to passivation (
W=Ktn), whereas corrosion in wood is linear with time. The latter is activation controlled, exhibiting a 
constant corrosion rate with time (Zelinka 2013b). This has been confirmed on multiple occasions by Baker 
(1992), Zelinka et al. (2008) and Zelinka and Rammer (2009).  


EFFECTS OF MOISTURE IN WOOD ON METAL FASTENERS 


Metal fasteners will not corrode without the presence of an electrolyte (water). Theoretically ionic transfer 
requires a medium, and this is quite apparent in literature as it is mentioned in almost every paper written 
on this topic. This paper will be no exception: the amount of moisture in the wood, as influenced by material 
factors (e.g. permeability, density, grain angle) and environmental factors (e.g. temperature, atmospheric 
relative humidity, amount and frequency of wetting), is the primary factor governing corrosion of metallic 
fasteners in wood. This has been understood and accepted by the scientific community as far back as 1949 


(Baechler 1949), when the first major paper on this topic was published.  


The critical moisture content in wood, above which corrosion starts to noticeably occur, will vary depending 
on a number of factors. The agreed upon range for this critical moisture content is between 15% to 20% 
(by mass of wood): Graham et al. in his annotated bibliography (Graham et al. 1976) and The Norwegian 
Institute of Wood Working and Wood Technology in 1973 indicated 15%; Farmer stated 16% to 18% 


(Farmer 1962); Dennis et al. suggested 18% (Dennis et al. 1994); Baker in 1980 implied 20% (Baker 1980) 
and approximates 18% in 1988 (Baker 1988); Dennis et al concludes 18% to 20% (Dennis et al. 1994); and 
Bailey and Schofield accepted 20% (Bailey et al. 1984). As moisture increases past this threshold, the 
corrosion rate increases significantly. The corrosion rate also plateaus at a certain moisture content and 
therefore varies in a sigmoidal fashion. 


 
Figure 1: Corrosion Model used in hygrothermal simulations (Zelinka et al. 2012). 


This graph is noteworthy because consultants concerned with mould growth and wood decay aren’t 
typically alarmed with moisture contents in the high teens. This range is, however, when the corrosion rate 
of metals tend to increase significantly.  
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With respect to relative humidity, the agreed upon percentage under which corrosion will not occur is 60% 
to 75%: Wallin’s investigation of past literature showed 60% to 65% (Wallin 1971); Graham’s annotated 
bibliography stated 70% as the critical humidity at normal temperatures (Graham et al. 1976); and Smith 
stated a critical humidity of 75% (Smith 1982), which was later confirmed by Bailey and Schofield (Bailey 
et al. 1984) as well as Simm and Button (Simm et al. 1985). Of some interest is what happens to metal 
fasteners when the wood substrate is buried in soil. Obviously, these are not ideal conditions; however, it 
should be noted that embedded fasteners at conditions exposed to 100% RH, at 27oC (with an abundant 
amount of O2) are worse off than if they were buried in soil where oxygen availability is limited (Baker 
1980) – this was also confirmed by Baker in 1992, as can be seen in the graph below. 


 
Figure 2: Weight loss of HDG nails in CCA treated wood over time for both exposure conditions. The difference between the 
solid and dashed line or simply formulations in the CCA (Baker 1992). 


Note that after 10 years, embedded Hot Dipped Galvanized (HDG) nails will corrode five and half times 
more at 100% RH than if buried in soil. 


Macro climates based on geography must also be taken into consideration. Based on a combined 
hygrothermal-corrosion model, corrosion depths range from 5 m in Phoenix, Arizona, to 45 m in Hilo, 
Hawaii (Zelinka et al. 2011a). However, not only should the total annual rainfall be considered, but so 
should the distribution of these rain events. To help demonstrate this point, see the table below summarizing 
maximum predicted corrosion depths for nine US cities. Seattle has the second highest maximum predicted 
corrosion depth, even though it has the third lowest amount of total annual rainfall. What is important here 
is that it ranks as the second highest in total number of rain hours. Therefore, the walls stay wetter longer 
and in the case of Seattle, the average temperatures and humidity levels do not allow for high drying 
potential.  


Table 2: Summary of climatic data used in simulations (Zelinka et al. 2011a). 







 


 


Paper 1                                                                                                     Page 6 of 19 
 


 


Another example of this can be seen when comparing Chicago and Minneapolis. Even though the former 
has about 25% more annual total rainfall, both cities have similar predicted corrosion depths, confirming 
that the total number of hours of rain is the more governing factor. 


However, it should be noted that it’s not just the total hours of rain but the distribution of rain events is also 
a factor. Comparing Miami and New Orleans will confirm this point. They both have similar total annual 
rainfalls and similar hours of precipitation, but predicted corrosion depths are higher in New Orleans. This 
is because rain events in New Orleans are spread more evenly throughout the year, whereas rain events in 
Miami are typically confined to only two thirds of the year leaving a dry season (Figure 3). 


 
Figure 3: Cumulative precipitation as a function of time of the year for Miami and New Orleans (Zelinka et al. 2011a). 


The group of relatively dry months in Miami allow the moisture content in the wood to remain below the 
corrosion range longer than in New Orleans, where the wood is more likely to stay wet due to the constant, 
more evenly dispersed rain events. 


Zelinka et al. (2011a) further summarized the predicted corrosion depths compared to the fastener depths 
for all nine cities. 
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Figure 4: Amount of corrosion after one year as a function of depth below the wood surface for each of the climates simulated 
(Zelinka et al. 2011a). 


The shapes of all the curves show that there is a maximum corrosion depth and this maximum occurs below 
the wood’s surface. This can be explained by the hygrothermal aspects and sorption characteristics of the 
wood during and between rain events. During a period of rain, the wood surface is saturated above the 
corrosion threshold, corrosion occurs and its depth is related to the amount of rain during the rain event. 
The further along the fastener shank (distance from wood surface), the less moisture there is in the wood, 
and the electrolytic medium required for corrosion disappears. After the rain event, the wood begins to dry 
out at the surface, which drops quickly below the corrosion threshold. The first few millimetres of the wood 
are at the capillary saturation threshold moisture content, which is why the maximum amount of corrosion 
is not at the surface that gets wet by rain, but a short distance below it (Zelinka et al. 2011a). 


EFFECTS OF WOOD PROPERTIES ON METAL FASTENERS 


Without preservation treatments, embedded metals would eventually corrode in wood given sufficient 
moisture contents because most woods are naturally acidic. Even though heartwoods are generally more 
acidic than sapwoods of the same species (Farmer 1962), increasing the amount of heartwood can help as a 
“green” way to minimize corrosion (Figure 5). 







 


 


Paper 1                                                                                                     Page 8 of 19 
 


 


 


 


 


 


 


 


 


 


 
Figure 5: Relationship between heartwood and corrosion rate for mild steel (Simm et al. 1985). 


The table below summarizes the pH ranges of some of the more familiar typical woods used in construction. 


Table 3: Reference pH values of some common timbers. 


Softwoods pH Hardwoods pH 


Spruce 4.0 - 5.5 Chestnut 3.6 
Pine 3.8 Oak (Europe and US) 3.3 - 3.9 
Douglas Fir 3.1 - 4.4   
Western Red Cedar (US) 2.9 - 4.0   


As can be seen above, embedded fasteners are already off to a poor start, given that their environments in 
wood are already in a state where corrosion is likely. Based on early literature (Farmer 1962), corrosion is 
more prolific under a pH of 4.3 and significantly decreases over a pH of 5. It is possible that during the kiln 
drying process, certain timber constituents break down into acetic acid (Smith 1982), helping contribute to 
the lower pH values. This is why oak can be quite corrosive, because of its increased amount of acetic acid. 
These acids can increase the solubility of the primary corrosion product and exacerbate the corrosion 
process.  


Other factors that should be considered are the permeability and density of the wood. Less permeable, 
denser woods provide longer service lives than more permeable, less dense woods. One example of this can 
be found with beech wood, which is highly permeable and therefore lends itself to higher corrosion rates. 
The source of the wood should also be considered. Logs floating in salt water, such as nyatoh timber from 
southeast Asia, have been known to corrode embedded metals (Farmer 1962).  


When using nails in western cedar, using stainless steel would be prudent and aluminum, as an amphoteric 
material, could be a possible alternative. Based on Graham’s annotated bibliography, both perform much 
better than plain, coated or galvanized steel and for redwoods - steel fasteners should be galvanized at a 
minimum (Graham et al. 1976). 
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EFFECTS OF WOOD PRESERVATIVES ON METAL FASTENERS 


The earlier wood preservatives consisted of zinc chloride, which somewhat increased corrosion, assuming 
sufficiently high moisture content1, and Creosote, an oil based preservative, that showed less corrosion 
compared to non-treated woods, due to its protective film surrounding the metal (Farmer et al. 1962, Wallin 
1971, Graham et al. 1976). These wood preservation treatments are not used in residential applications 
today due to the creation of more effective and economical treatments. 


The next and most impactful evolution in wood preservation was the use of CCA. The copper acts as a 
fungicide, while arsenic serves as an insecticide and protects against fungi tolerant to copper, and chromium 
improves fixation and leach resistance of the treatment (Dennis et al. 1994). Almost all studies show that 
CCA treated wood will corrode metals faster than untreated wood – approximately 2 times more corrosive 
than untreated wood (Cook 2004). Most of the preservative is fixed (bonds to the wood) but not all. Some 
of the preservative remains in ionic form and these soluble copper ions deposit themselves onto the fastener 
creating a galvanic couple. This is why, as mentioned earlier, only metal fasteners cathodic to copper 
(higher in nobility or electropotential) should be used unless protected with a robust coating. Aside from 
helping the preservative bond to the wood, the chromium, in the form of chromates, have been found to act 
as corrosion inhibitors (Baker 1980). For instance, Type A – CCA (65.5% chromates) is less corrosive than 
Type C – CCA (47.5% chromates) (Barnes et al. 1984). It should also be noted that older formulations of 
CCA were salt based, whereas for the last 30 years, the formulations have all been oxide-based. The former 
were more corrosive (Barnes et al. 1984) – up to 5 times more corrosive (Cross 1991). In 1993, Davis and 
Allen found that CCA salts increase the corrosion rates for mild steel, zinc plated steel and aluminum alloy 
fasteners (Davis et al. 1993). Lastly, the arsenates may play a role as a corrosion inhibitor (Zelinka et al. 
2010), although a much lesser corrosion-inhibiting role than the chromates. 


As mentioned in the previous history of wood preservation, one of the later wood preservatives that gained 
significant market access was ACQ. Virtually all studies conclude that ACQ treated wood is more corrosive 
than CCA treated wood. Zelinka and Rammer (2009) showed that ACQ is more corrosive than CCA for 
carbon steel nails, HDG nails, aluminum alloy nails, electroplated galvanized steel screws and stainless 
steels - more than 6 to 10 times more corrosive than CCA for HDG fasteners (exposed to 100% RH) and 
more than 5 to 7 times more corrosive than CCA for aluminum (Zelinka and Rammer 2009). ACQ 
formulations contain more soluble copper and chlorides, which can attack the metal and increase 
conductivity. A formulation where the chloride is replaced with a carbonate is less corrosive. 


Based on the graph below, 8d galvanized decking nails embedded in wood treated with ACQ will exhibit a 
50% loss of structural capacity at about 10 years. However, it should be noted that the tests were short term 
and the initial rapid corrosion rate from ACQ treated wood due to free copper and ethanolamine drops 
rapidly once these have been leached out.  
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Figures 6 and 7: Reduction in capacity of an 8d galvanized decking nail for two different corrosion rates exhibiting a Mode IV 
failure (left) and Mode IV failure illustrated (right): wood bearing failure with two plastic hinges (Zelinka and Rammer 2011b 
and Baker 1992). 


Because Mode IV failures are inversely related to the square of the diameter, the lateral capacity will 
decrease quite rapidly with time as the corrosion rate increases (Zelinka 2013b). This is why steel fasteners, 
even when hot dipped galvanized, should be used very cautiously with ACQ treated wood, especially if 
applications consist of primary structural applications or if there is a chance of increased humidity 
levels/moisture in the wood. In humid and temperate climates, it may be prudent to simply specify stainless 
steel fasteners on wood, unless you are certain of the wood preservation treatment (e.g. borate). However, 
there should not be great concern for thicker diameter fasteners such as through bolts. Though not immune 
to corrosion, the reduction in cross sectional area of thick bolts is minimal and not expected to cause a 
significant reduction in strength (Bailey et al. 1984). This is important in roof trusses and other primary 
structural joints, where thick bolts are used, as just the sight of corrosion product on bolt heads can cause 
panic.  


With respect to CA treated timbers, they are considerably more corrosive than CCA (with the same copper 
concentration) based on weight loss studies - Zelinka and Rammer showed this to be by a factor of 3 to 11 
times (Zelinka et al. 2013a). CA and ACQ typically have more copper than CCA, which is likely why they 
are more corrosive. A technical bulletin published by Simpson Strong Tie in 2008 stated that both CA and 
ACQ are roughly twice as corrosive as CCA (Zelinka et al. 2009). It should also be noted that a variation 
of CA, known as MCA (Micronized Copper Azole) exists and has recently been commercialized in Canada. 
This formulation contains the same amount of copper but uses particulate copper carbonate, which has 
extremely low solubility and is therefore like its counterpart, micronized copper quaternary, but less 
corrosive (Zelinka et al. 2010). 


To help compare the corrosive effect of these wood treatments, a graphical summary of 1 year corrosion 
rates for plain and HDG fasteners is shown below. 
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Figure 8: Corrosion rate measured in the 1-year, 27oC, 100% RH exposure test for HDG (white) and steel (gray) fasteners for 
different wood preservative treatments (Zelinka et al. 2010). 


The graph shows the relative corrosive effects of various wood treatments on bare and galvanized steel. For 
explanatory purposes, the increased corrosion rates in galvanized fasteners accounts for the fact that zinc is 
a strongly oxidizing metal - the very reason it is used as a sacrificial protective constituent.  


The more corrosive nature of ACA and ACQ can be explained by their higher amounts of mobile copper 
ions, are soluble and deposit themselves on the fastener surface causing galvanic coupling. These ions also 
contribute to a lower resistance in the electrolyte. See the table below for typical formulations of ACQ, 
CCA and ACA. 


Table 4: Retention and composition of the wood preservatives used in the study (Zelinka et al. 2009). 


 


 
 
 


 
 


 


Also note that ACA contains no chromates, which recall act as corrosion inhibitors, and is therefore more 
corrosive than CCA (Baker 1980). This was later confirmed by Barnes et al. in 1984. ACA is no longer 
used in North America. 


Understanding the balance of how these preservatives are harmful and helpful is required for many facets 
in design. For instance, at foundation slabs, one can use a double sill plate, where the bottom is treated or 
consists of a more naturally durable species. Another consideration would be to use a half inch of inert 
material between untreated wood and concrete. Sometimes, designers employ the use of spacer materials 
between fasteners and treated wood by using EPDM or plastic washers. These solutions are not perfect, as 
there is still metal to wood contact and EPDM washers can retain moisture, but these solutions can provide 
visible means of achieving required engineering results. 
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OTHER FACTORS INFLUENCING CORROSION 


Fixation Time. The time between treatment and embedding fasteners is important. Seasoning the wood 
before embedding fasteners will ensure less corrosion (Baechler 1949).  This is obvious as sufficient time 
is required for copper to bond to the wood before they get a chance to deposit on the fastener surface. This 
was later confirmed by Simm and Button in 1985 who indicated that treated wood ideally be allowed to dry 
for 1 to 2 weeks to let the preservative salts “fix” into a more insoluble state (Simm et al. 1985). 


Fire Retardant Chemicals. Due to the brackish nature of fire retardants, they can increase the conductivity 
and therefore increase ionic flow. Boric acid, borax, ammonium sulfate, aluminium sulfate, and other 
phosphates are corrosive to metals in humid or moist environments (Baker 1980). 


Temperature. Corrosion of metal is generally increased with temperature. Based on past studies, fastener 
weight loss at 21oC was much less than at 52oC (Bengelsdorf 1983), which was later confirmed by Barnes 
et al. (1984). The corrosion rate of mild steel in CCA treated redwood increased fiftyfold when the 
temperature increased from 10oC to 25oC.  


Residual Stresses. Internal stresses have always been known to increase the propensity of stress corrosion 
cracking. In tests where metal coupons were sandwiched between treated wood wafers and placed in 
beakers containing water at 38oC, the most significant corrosion was observed at identification stamps, 
implying exacerbation of corrosion due to metal stresses (Barnes et al. 1984). Therefore, the galvanizing 
process with steel fasteners adds another advantage of tempering the steel and relieving it of unwanted 
residual stresses. 


Grain Angle. The grain angle affects water flow and therefore affects ion transfer. Corrosion has been found 
to be greater in the transverse direction (Jack et al. 1987). This is because diffusion of moisture is greater 
down the open tracheids than across them. In 1991, Cross indicated that corrosion of mild steel in CCA 
treated redwood at 26% MC was 50% greater along the grain than across the grain, due to the increased 
ionic conductivity along the grain (Cross 1991).  


Chemical Composition of Treatment. As mentioned earlier, corrosion will increase with the amount of 
copper content and decrease with the amount of chromium content. 
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Figures 9 and 10: Corrosion rate of carbon steel nails as a function of copper concentration at 6 and 24 months of exposure at 
27oC, 75% RH (left, Zelinka et al. 2011b). Corrosion rates for stakes treated with copper arsenate and copper chromate (right, 
Zelinka et al. 2011b). 


The graph illustrates the linear effect of copper and the table shows the effect of chromium. When 
comparing the lightly retained Cu+Cr preservative with the untreated wood, there is no difference in 
corrosion rate, but when the Cu+Cr preservative is compared to its arsenic counterpart (without chromium), 
the corrosion rate is quadrupled. 


Metallurgical Characteristics. The inherent properties and conditions of the metals will undoubtedly 
contribute to the propensity of corrosion. A uniform surface is less likely to corrode because of its 
homogeneity in chemical potential. However, fastener surfaces have an abundant amount of irregularities 
and non-uniformities such as its chemical composition, roughness, grain boundaries, areas of stress and 
strain, surface inclusions. The slightest difference in electrochemical potential will lead to the formation of 
anodes and cathodes (Graham et al. 1976).  


Also as a final note, the presence of oxygen, salts, low pH, stray current and depolarizers will all accelerate 
corrosion.  


CORROSION OF METAL FASTENERS OTHER THAN STEEL 


Up to this point, we discussion around corrosion has largely focussed on steel (iron based alloy). The 
corrosion of all types of metal fasteners embedded in wood generally follows the order given in the galvanic 
series chart (with the exception of copper, brasses and bronzes when considering chloride attack). For 
instance, copper and brass show corrosion rates of about 20% or lower compared to ordinary steel (Wallin 
1971). Brass screws show little attack - except at 90% RH, where they can become quite brittle due to 
dezincification (Baechler 1949) and stress corrosion cracking (Wallin 1971). This was later confirmed by 
Graham et al. in 1976.  


Interaction between aluminum and treated wood can have mixed results. In some situations, aluminum can 
be found contacting treated wood quite safely, especially when anodized. The corrosion rate of aluminum 
was lower than both HDG and electroplated steel in ACQ, ACA and CCA (Zelinka et al. 2009). 
Furthermore, two separate experiments by two different researchers, using four different preservatives 
found corrosion rates to be lower for aluminum compared to galvanized steel (Zelinka et al. 2009). Even 
though aluminum is anodic steel, steel is usually galvanized or plated with zinc, which is more anodic than 
aluminum. However, pitting can occur when aluminum flashing is exposed to concentrated wood leachate 
in above grade conditions. Therefore, some aluminum suppliers recommend a sheet barrier between the 
metal and wood to be on the safe side. 


It should also be noted that copper containing aluminum alloys corroded more than pure aluminum (Farmer 
1962) (Graham et al. 1976), which tends to be more sensitive to copper compounds (Farmer et al. 1962). 
The figure below shows a graphic illustration of how various groups of metals stand up to accelerated 
exposure. 
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Figure 11: Weight loss of fasteners in ACA treated ground wood during accelerated exposure (Bengelsdorf, 1983). 


Polyvinyl Chloride (PVC) and Fibre Reinforced Polymer (FRP) fasteners are also currently being utilized. 
FRP fasteners consist of fibreglass dust, encapsulated in high strength polymers. They can be cheaper than 
stainless steel and have no risk of corrosion, but will however experience other forms of environmental 
degradation such as crazing, embrittlement, or even softening. Zelinka and Rammer showed that FRP 
fasteners exposed to accelerated weathering (ASTM G154) experienced consistent shrinkage (albeit small) 
and lost approximately 1% of overall mass, indicating some UV attack. Furthermore, the fasteners, which 
were exposed to 100% RH, increased their total mass, which was likely due to minor water ingress and 
retention. The most remarkable changes were caused by moisture, but the data showed that FRP fasteners 
can be used in wet and humid environments. 


EFFECTS OF COATINGS ON STEEL FASTENERS 


The most common type of metal fastener is steel and its most common type of coating is zinc based. Aside 
from its sacrificial action, the zinc layer will also shield the steel from the soluble copper ions depositing 
on the steel surface. However, it should be stated that this zinc layer has to be of sufficient thickness and 
composition to have any practical advantage. For instance, electroplated zinc is usually too thin to offer 
sufficient protection from corrosion and wear in most wet conditions. HDG coatings are thicker (10 to 20 
times), more durable (Fe is alloyed into coating via diffusion) and adhere better (given the interfacial alloy 
exchange). Many nail guns are compatible with HDG fasteners and therefore cannot be used as an excuse 
for contractors and designers. 


Earlier PVC coated nails showed an almost embarrassing amount of corrosion at nail heads because the 
coatings were destroyed as they were driven (Wallin 1971). This was later confirmed by Bailey and 
Schofield in 1984. Some polymer coatings in wood screws can be completely stripped while being driven 
into wood. Polymer coating technology has gotten better but caution should always be used when relying 
on these layers to eliminate corrosion. Polymer-coated electroplated galvanized fasteners have shown better 
performance. 


EFFECTS OF METAL ON WOOD 
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Much discussion and a study on past literature has focussed on damage borne by the fasteners, yet there are 
deleterious effects on the wood as well. This is often referred to as “nail sickness”. This is the decomposition 
of cellulose originating from soluble metal ions and molecular oxygen. Essentially, the polysaccharides are 
oxidized and cellulose is depolymerised. The following is a possible scenario: ferrous hydroxide, Fe(OH)2, 
is first formed; then it is absorbed by cellulose in solution, exposed to air and oxidized to form ferric 
hydroxide, Fe(OH)3, which is responsible for the addition of oxygen to the cellulosic molecule forming 
oxycellulose, which is brittle and mechanically weak (Wallin 1971). The corrosion product is in effect 
digesting the cellulose and making it weaker. It could occur directly adjacent to the metal or deep within 
the wood. This reduces the tensile strength of the wood but not the compressive strength (Farmer 1962), 
indicating that the lignin is not as affected as other polysaccharides upon which the tensile strength of wood 
depends on.  


Tropical hardwoods are generally more durable woods. Sapwood is more susceptible to this breakdown 
than heartwood (Bailey et al. 1984) (even though the latter is more acidic), which was later confirmed by 
Simm and Button (Simm et al. 1985), partly due to the majority of the preservative being taken up by 
sapwood. Based on past literature, the lowest corrosion rates were found in wood with the highest 
proportion of heartwood (Simm et al. 1985). Tracheids in heartwood contain deposits, which block the cell 
capillaries, reducing the permeability to oxygen, water and the preservative, therefore lowering its 
permeability and ability for ionic transfer.  


It should be noted that the deleterious effects of metals on wood are not typically the case for HDG fasteners, 
copper, brass or aluminum fasteners. On the contrary, HDG fasteners may corrode in a way that actually 
wedges the fastener more robustly into the wood, creating a tighter embedment (Wallin 1971). The leached 
zinc product can also serve as a biocide towards unwanted organic growth. 


CONCLUSION 


The history of wood preservation has continued to grow at a relatively steady pace for the past two centuries. 
More recently, its evolution has focussed on minimizing environmental impact and damage to other 
components, while maintaining its preservation characteristics. As can be seen, moving in any one direction 
may have unintended consequences on another. It is important when designing or building with treated 
wood to thoroughly review all material, environmental and installation factors. 


Based on the literature review of publications related to the corrosion of metals embedded in treated wood, 
the author has created a matrix of wood preservation treatments and types of metal fasteners and opined on 
the suitability of their use together. The design matrix is not intended to replace a thorough analysis of 
individual situations but meant to provide general guidance given typical environmental conditions in the 
Pacific Northwest.
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IT’S TIME TO CHANGE BAIT: WHY AND HOW TO USE THERMAL 
COMFORT ANALYSIS IN DESIGN STAGE TO INFLUENCE      


ENCLOSURE AND HVAC DESIGNS. 


Robert Bean, R.E.T., P.L. (Eng.) 


 


 


ABSTRACT 


This case study demonstrates the use of thermal comfort analysis in pre-construction document stages to 
improve enclosure performance; and drive choices in HVAC systems, improve plant efficiency and reduce 
building energy consumption. 


North American building efficiency incentive programs carry universal messages of, “upgrade to lower 
energy bills” or “save money with building improvements”. But statistically the buy-in by society to this 
messaging has been dismally low considering the dollars spent since the late 70’s on public relations, 
marketing and program management (Sachs, 2014). In contrast, the rocky mountain institute (2015) reports 
that comfort (73%) and sound reduction (63%) was cited as the key reasons for enclosure improvements. 
That is to say metrics of indoor environmental quality (IEQ) drove decisions to improve the enclosure not 
energy efficiency. This messaging is at the root of the well building standard, active house, and living 
building challenge and to some extent r-2000 and passive house.  


If a large part of the populace participating in upgrades is doing so for reasons other than energy; then one 
would think the brain trust concerned about energy would grasp on to this “free of friction” direction and 
reallocate funds towards promoting IEQ. Why? Because the end result reduces energy use (Bean, 2015).  
Indeed all the energy-centric crowd needs to do is look to the people of the oceans and seas who need to 
put fish in the boat, sometimes one has to change bait.  


This “go with the flow” road is much easier to travel when considering sensing and perception of the indoor 
environment is programed into people’s DNA; i.e., it’s not necessary to teach people about discomfort - 
they already come conditioned to take steps to avoid it. On the other hand concepts around building and 
energy efficiency requires education; and while that exercise might be enjoyable for practitioners, an 
education on building science is not on the bucket list of most building owners and their inhabitants. It 
would be far easier, faster and more economical to teach the building industry the vocabulary of ieq and 
use this communication tool to improve buildings. The following case study is an example of this strategy 
using the metric of thermal comfort. The other metrics of IEQ including the quality of sound, air, light, 
odours, air and vibrations are equally important. 
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PROJECT DESCRIPTION 


The original 116 m2 (1250 ft2) bungalow located in Calgary, Alberta was constructed in the early to mid-
1900. The home was demolished with the exception of the original basement foundation walls, slab and 
subfloor. A new home was constructed on top of the existing basement and a new foundation for a new 
floor area of 381 m2 (4100 ft2) (see Figure 1). The original forced air system had been replaced by the 
owner with a relatively new (and oversized) 150 MBH condensing boiler to fan/coil system for the main 
floor; radiant floor heating in the basement and indirect fired domestic water heater. A DHW solar thermal 
system was installed shortly after 2010. 


 
Figure 1: Southeast view of original and new home. Note the reclaimed solar system on roof. 


Results of Thermal Comfort Analysis 


Thermal comfort analysis was done prior to construction drawings using the ASHRAE Standard 55 
Thermal Environmental Conditions for Human Occupancy tool, a proprietary Radiant and Downdraft 
Risk Assessment Tool and ASHRAE RP1383 Radiant Performance Explorer. ASHRAE RP1383 is a 3D 
modeling tool that explores the effects of inside surface temperatures on the mean radiant temperature, 
predicted percent dissatisfied and predicted mean vote as described by ASHRAE Standard 55. 


Table 1: Original specifications and modifications post thermal comfort analysis. Note the non-compliance and compliance 
results. 


 


Based on the Predicted Percent Dissatisfied (PPD) for each zone, recommendations were made to first 
improve the window performance from U = 1.87 to 1.08 (U = 0.33 to 0.19), and walls performance from U 
= 0.34 to 0.22 (U = 0.06 to 0.04). For example, using the living and dining rooms, Table 1 presents the 
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original specifications and necessary enclosure and HVAC modifications post thermal comfort analysis. 


By making the enclosure modifications for comfort, a 23% reduction was achieved on the overall building 
load and 18% on the zone load shown above. However, due to the client’s preference for the large window 
to wall ratio (WWR) for viewing Calgary’s downtown, the discomfort risk assessment still demonstrated 
non-compliance with ASHRAE Standard 55. To compensate for the resulting low Mean Radiant 
Temperature (MRT) from the glass, it was necessary to switch the HVAC system from forced air to radiant 
floor heating (RFH). The RFH was able to raise the MRT from 20.4°C to 24.5°C (69°F to 76°F) moving  
the non–compliant PPD of 20% to a compliant 7% as shown in Figure 2.  


 
Figure 2: ASHRAE RP 1383 Discomfort risk assessment tool: inputs for general factors and personal factors. Results showing 
non-compliant with forced air system (l), compliant with radiant floor heating (r). 


 
Figure 3: Large WWR (l) lowered the MRT even with window and wall performance improvements (r). 


Key metrics within ASHRAE Standard 55 were modelled in 3D using the ASHRAE RP-1383 tool. The 
color coded output screen paints the values for MRT, PPD and Predicted Mean Vote (PMV) as shown in 
Figure 4. As one would suspect discomfort risk increases as one approaches the colder surfaces of the 
enclosure. This discomfort is due to the negative downdraft and radiant effects caused by the large WWR. 
Such effects prey on the human body’s ability to release approximately 60% of its sensible heat to colder 
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surfaces via radiation and another 15% by convection (Young et al, 2016). 


 


 
Figure 4: ASHRAE RP-1383 models in 3D the MRT, PPD and PMV as per ASHRAE Standard 55. Showing non-compliant 
HVAC  system at 20% PPD (l) and compliant system at 7% (r). (Note: color slides available.) 


CONCLUSION 


Thermal comfort analysis is an under-utilized strategy. Since it speaks with a vocabulary easily accessible 
to consumers it can be a powerful tool to improve enclosure performance (Bean, 2016). It can also drive 
choices in HVAC systems, improve plant efficiency and reduce building energy consumption. In this 
practical example it was used to predict discomfort risks that were mitigated through improvements in the 
enclosure which led to reductions in energy loads. It also illustrates that even when improvements are made, 
thermal discomfort remains a byproduct with excessive WWR. Such excesses lead to low mean radiant 
temperatures in winter and high mean radiant temperatures in summer which can be solved with radiant 
solutions such as floor heating and cooling. Though not discussed here, the analysis also revealed that the 
condensing boiler would not have achieved its high efficiency rating since the intended fan/coil was selected 
based on a high log mean temperature difference (LMTD) temperatures rather than the low LMTD and 
resulting higher boiler efficiencies afforded by the radiant system.  
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ABSTRACT 


Regular building inspections and retrofits ensure continued thermal performance of building envelopes. 
Thermographic imaging equipment, also known as infrared cameras, has established an important role 
within these processes. Current practices for thermographic building envelope inspections, involving both 
internal and external surveys, are time consuming. Traditional means of collecting external imagery often 
provide only an overview of each façade, missing smaller details and defects which require higher 
resolution imagery that cannot be taken by unaided ground crew or traditional lift equipment in most 
cases. Depending on the size and height of a structure, a comprehensive thermographic inspection of all 
façade elements becomes a tedious and disruptive process.   


Small unmanned aerial vehicles (UAVs) stand to provide a cost effective solution for the capture of 
comprehensive external building façade imagery. However, the use of thermographic imaging sensors for 
external façade surveys requires special consideration for environmental parameters and the subject’s 
surroundings, and the use of a UAV requires compliance with Canadian Aviation Regulations.  


This paper showcases the utilization of a UAV carrying a thermographic sensor for qualitative external 
thermographic building envelope inspections and energy auditing purposes. Current methodologies will 
be discussed and compared to initial field results. The impacts and benefits, current limitations, and 
regulatory requirements surrounding UAV deployment in Canadian airspace will also be discussed.  


INTRODUCTION 


Space heating and cooling in residential, commercial, and institutional buildings accounted for roughly 
20% of Canada's overall energy use in 2010 [1]. Energy audits and regular building envelope inspections 
help to ensure defects and anomalies within the envelope are identified and retrofitted or repaired quickly, 
helping to maintain the overall thermal performance of the envelope for the duration of the structure’s 
lifespan. 


External passive thermography surveys have become a popular method in this regard. Unlike other 
methods, little to no access inside the structure is necessary, and a thermal stimulus, such as a heat lamp is 
not required. As a result, these surveys can be performed frequently, with little impact on building 
occupants [2,3,4]. 
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Commonly misunderstood, thermographic sensors, also known as infrared cameras, do not provide direct 
surface temperature measurements, but rather, based on the infrared radiation sensed, an approximated 
temperature based on black body radiation theory and Plank’s law.  The sensitivity of today’s infrared 
cameras is as low as 20 mK, providing a very detailed thermograph; a 2D image representing the apparent 
temperature gradient of the subject, highlighting minute thermal anomalies [5].  


Unmanned aerial vehicles, UAVs, also known as drones, are remotely operated aircraft providing 
researchers with a unique opportunity to collect aerial imagery for a fraction of the cost of traditional 
methods, and with much greater operational flexibility at a local scale. In particular, small multi-rotor 
UAVs, capable of vertical take-off and landing and the ability to hover in midair, are rapidly being 
explored as a platform for affordable, flexible, and timely aerial imagery.  


CURRENT IN-SITU THERMOGRAPHIC SURVEY PRACTICES 


Although some energy audit methodologies use theoretical building construction properties such as 
nominal U-Values in their evaluation of a building, it is commonly accepted in literature that these values 
often differ greatly from the measured in-situ values of a built structure. Likewise, the emissivity of 
façade materials, a property which describes the ratio of infrared radiation emission and reflection, also 
changes over time due to wear and exposure to the elements. As a result, it’s imperative that energy audits 
be performed in-situ to ensure the most accurate representation of the buildings performance [6].   


Current standards for thermographic study of structures instruct the thermographer to conduct a 
preliminary investigation into the building’s construction, noting expected defects for a given 
construction type. An initial sweep of the structure can then be completed with a thermal imaging system 
to locate any thermal anomalies which may warrant further investigation [7]. Each type of defect, whether 
delamination of cladding, damaged or missing insulation, or moisture penetration, may only be visible 
under certain heat transfer regimes, or at specific points within a regime, thus the thermographer must 
also consider the heat transfer regimes of the structure and each façade to appropriately time 
thermographic surveys [8, 9].  


The thermographer must also determine the most appropriate positions from which to capture the 
thermographic imagery. The sensor must be positioned close enough to the subject to observe the 
expected size of defects, too far from the subject and the thermograph will lack the resolution necessary to 
discriminate the defect from its surroundings. Images must be taken from a viewing angle that make the 
defect visible, often this is perpendicular to the surface under study. The surroundings of the subject must 
be considered, as no subject will be a perfect black body. Some portion of the sensed radiation will be 
reflected radiations from nearby surfaces and the sources of these reflections must be identified to 
minimize the potential for false positives in the interpretation of the final thermographs [10].  


IMPACTS OF UAV TECHNOLOGY ON EXTERNAL SURVEY METHODOLOGIES 


Small UAVs, particularly those capable of vertical take-off and landing, VTOL, known commonly as 
multi-rotor aircraft, have the ability to fly to and persist at viewpoints not previously reachable by 
traditional ground crews and equipment. This gives the operator unprecedented flexibility, when 
conducting thermographic surveys, to position the camera to overcome obstructions and reflections from 
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nearby buildings and other radiative sources. As shown in Figure 1, a traditional survey from ground level 
is unable to capture a recessed third floor façade element due to an obstruction from another building 
section. Figure 2 shows the subject element as viewed from the UAV hovering ten meters above the 
ground crew’s position. In each figure the same concrete member of the structure is marked with a black 
line. 


 
Figure 1: Thermograph captured by traditional ground crew 


 
           Figure 2: Thermograph captured by UAV 


When conducting audits of taller structures, where only internal surveys were possible for the upper floor 
façade elements, a UAV can collect comprehensive imagery of most, if not all external surfaces. In 
addition, when thermal anomalies are found, the UAV can be maneuvered closer to the subject to verify 
the anomaly and document it with greater resolution, or identify a false positive created by reflections. 


Today’s flight controllers, the small onboard computer controlling the aircraft, offer powerful automation 
features, which can further minimize the time required to conduct a survey. Automation allows for 
collection of data in a repeatable and consistent manner, ensuring survey parameters such as viewing 
angle and distance from subject façade, are kept near constant while surveying both flat and curved 
building elements.  


REGULATORY CONSIDERATIONS AND LIMITATIONS 


All transportation activities in Canada, whether by ground, air, or sea, are overseen by Transport Canada, 
a federal body mandated to create policies, standards, and regulations to ensure public safety and mitigate 
risk. To address the recent rapid expansion of the consumer UAV market, a number of regulations and 
policies regarding the commercial and research application and deployment of UAVs within Canadian 
Airspace have been developed in the interest of public safety. 


As an initial proof of competence, UAV operators are to apply for and secure a Special Flight Operations 
Certificate, or SFOC. This legal agreement between the operator and Transport Canada will stipulate a 
number of conditions and procedural requirements of the operator prior to flight to help ensure a safe 
operation. In addition, operators must know and comply with other applicable laws, including but not 
limited to the Canadian Aviation Regulations (CARs), BC Trespass Act, and the Canadian Privacy Act.  


For novice operators without a proven record with Transport Canada, these conditions can be quite 
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restrictive in comparison to the true capabilities of today’s UAVs. This may include restrictions to Visual 
Line-of-Sight operations only (VLOS), in which the operator must maintain un-aided direct line of sight 
to the aircraft at all times during the operation, potentially preventing a complete external survey from a 
single launch point as discussed previously, and lengthening the overall survey time, and complexity of 
flight plans. 


Additionally, all operators are required to have a working knowledge of the management of Canada’s 
National Airspace, a fundamental understanding of the principles of flight and the operation of their 
aircraft. They will be required to create and use checklists, placards, and standardized and documented 
operating procedures to ensure consistent execution of risk mitigation activities, while integrating 
themselves into Canadian airspace through collaboration and authorization with local air traffic 
controllers and other aviation authorities. The operator is also required by law to acquire and maintain a 
liability insurance policy for their flight operations, in the event of injury or damage to property. 


CONCLUSIONS 


With the rapid development of unmanned aerial vehicle technology, UAVs are proving to be a reliable, 
cost effective platform for the collection of aerial imagery. The maneuverability of multi-rotor UAVs and 
the ability to hover in place give thermographers and building inspectors a powerful new tool for the 
external inspection of building facades. Utilizing UAVs, inspectors can now survey external elements 
previously out of reach of traditional ground crews and equipment, reduce the impact to building 
occupants, and pave the way to automated, repeatable external building inspections in the future. 
However, inspection teams will first need to tackle the requirements of Canadian UAV Regulations 
before being able to utilize these machines.  
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Up to 40% of Total Energy demand is Consumed by Buildings 
(Up to 60% for Urban Areas). 







Some Countries are Doing Better 


(Energy Use in the New Millennium -Trends in IEA Countries)
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Background 


How to Decarbonize GDP ?







• Passive Solar Design
• Heat Recovery Ventilation
• Heat Pump
• LED lighting


• Highly Insulated Walls, Roofs, Floor etc.
• Energy efficient Windows & Doors
• Air Leakage
• Building-Integrated Photovoltaic


IEA Technology Roadmap: Energy Efficient Building Envelopes


Available Options







Background


• Sustainable buildings
• Passive house
• Green buildings
• Net-zero buildings
• Net-zero ready buildings
• LEED buildings
• Energy code compliance buildings (NECB, 


ASHRAE, BC Step Code …… etc)
• ……







Principles of Thermography


Infrared / Thermographic Cameras
• A technology which allows for easy and accurate non-


contact surface temperature measurements? No.


• High Level – Conversion of Sensed Radiative Flux to 
Surface Temperature Estimate


• More accurately, it is the estimation of surface temperature 
based on sensed radiative flux and an idealized model of 
emission and reflectivity 







Principles of Thermography


Bands of Thermographic Imaging
Short, Medium, and Long Wave IR Bands


Plank’s Law informs the use case
Short / Medium Wave  - High Temperature Subject
Long Wave – Ambient Temperature Subject







Principles of Thermography


What an IR Camera ‘Sees’
A complex signal, composed of many components, whose 
influence is subject to many factors!


Source: FLIR 







Principles of Thermography


Types of Thermography 
• Passive vs Active
• Capture Methods – instantaneous, Time-sequence, 


Continuous
• Common Methods in Building Science







Today’s IR Cameras


• Since first commercial availability of real-time sensors in 
the late 1960s, IR cameras have only grown smaller in 
size, while increasing in portability, sensitivity, and 
affordability. 


• Several common types of sensors for different 
applications and regions of the IR Spectrum exist
– SWIR – 0.5 – 1.7 µm
– MWIR – 3 – 5 µm / 1 – 5 µm
– LWIR – 7.7 – 9.5 µm / 7.5 – 12 µm / 7.5 – 13.5 µm


• Sensitive to changes as small as 0.02°C / 20 mK
• 8-bit False Colour Images, 12 to16-bit                


Radiometric data







All Shapes and Sizes! [and Prices]


FLIR Boson


FLIR T1030sc FLUKE Ti10


FLIR X8500sc FLIR One







Estimating Surface Temperatures


• IR Cameras pack small on-chip computers which perform 
image analysis of the sensed radiative flux, comparing to 
factory calibration data
– Based on Black Body Radiation and Plank’s Law, and periodic NUC 


(non-uniformity compensation)
• Advanced sensors provide inputs to compensate for a 


limited number of factors including
– Emissivity 
– Apparent Reflected Temperature
– Atmospheric Attenuation
– These values are collected in the field at the time of inspection







Current Applications in Building Science


Current Standardized Practices in Qualitative Investigation
ASTM C1060 – Thermographic Inspection of Insulation
Installations in Envelope Cavities of Frame Buildings
ASTM C1153 – Location of Wet Insulation in Roofing Systems
Using Infrared Imaging
ASTM E1934 – Examining Electrical and Mechanical
Equipment with Infrared Thermography







Current Applications


• Detection of Thermal Anomalies


How many parked cars were running recently?







Public Safety and Security
• Night Vision, Search and Rescue, Fire Fighting, 


Surveillance


Current Applications







Electrical Systems Inspection
• Malfunctioning components often ‘run hot’


Current Applications







Heating Systems Inspection


Current Applications







Finding Insulation Voids
• With a thermal stimulus, or large temperature gradient, 


insulation voids are easy to spot!


Current Applications







Locating Failing Windows
• High Performance Windows incorporate a sealed gas section 


which acts to offer greater insulation, if intact


Current Applications







Air-tightness Inspections
• Detecting ventilation and draught issues


Current Applications







Finding Thermal Bridging


• Thermal bridges bypass insulation efforts and increase 
energy loss, but they are easy to find for repair with IR


Current Applications







Current Applications in Building Science


Detecting Envelope Leakage and Optical Gas Imaging







Many other applications


• All of the applications above utilize a
passive thermography methodology


• Several other applications in Building Science alone


• Even more in other industry segments
– Heavy Industry – Mining / Pulp + Paper / Oil + Gas
– Tailing and Waste Water Pond Management
– Renewable Energy Generation 
– Agriculture, Forestry, and more!


Current Applications







Current Applications in Building Science


In-situ U-Value of Building Elements using Thermography 


• Albatici, Tonelli and Chiogna (2015) over the past 
few years have devised and validated a method for 
in-situ U-value measurement of a building element 
using Thermography. 


• Compliment to existing ASTM C1046/C1155 
Practice using HFS







Current Applications in Building Science
Infrared Photo Mosaics and 3D Reconstructions


Applying photogrammetry to infrared thermography,
Lopez-Fernandaz et al (2016) showed the ability to
construct complete 3D thermographic models







Current Applications in Building Science


Energy Loss Estimation


Gonzalez et al (2013) shows a simple 3D approach
to the calculation of heat loss through a façade
based on surface temperature estimates of an
exterior façade and idealized internal temperature







Challenges in Building Science Applications


Building Material Properties
• Emissivity (ε)
• Changes over building lifespan and with viewing angle
• Modern Building Designs involve many materials: Wood,


Sheet Metal, Concrete
• Standardized In-situ Calibration Method ASTM E1933







Challenges in Building Science Applications


Building Surroundings
• Ambient Radiation Sources
• How do we model the surroundings?
• Today’s IR Cameras idealize the surroundings as a


uniform black body at a temperature equal to the
ambient air, negating potential ‘hot spots’


FLIR, Radiometry Application Note, May 2014







Challenges in Building Science Applications


Meteorological Conditions 
• Rain - Affects on Building Material Properties
• Evaporation from a surface changes the apparent 


temperature sensed by an IR camera [Barreira 2007]
• Wind – Convective and Radiative Losses
A need exists to minimize the wind condition before, and more importantly, 
during exterior surveys to minimize convective losses [Albatici 2015]







Challenges in Building Science Applications


Meteorological Conditions 
• Sun – Solar Loading and Shading
• Existing methods do not account for the thermal mass of 


the element [Fox 2014]
• Ambient Temperature – Affects on Building Material 


Properties
Small variations in emissivity in the LWIR band were 
observed over ambient temperature ranges [Avdelidis 2003]







Opportunities Ahead


• Infrared/Thermographic cameras continue to drop in price
and size, with increasing sensitivity and resolution.


• Rapid exterior surveys for regular energy use inspections,
and long exposure surveys for quantitative study and
ongoing building design optimization


• Drone surveys…
• Create a ‘best practices’ guide for thermographic surveys


of building envelope exteriors.
• Move to larger scale experiment and validate energy


model to simple scale structure.







Opportunities Ahead


Source: http://www.flir.co.uk/uploadedFiles/sUAS/Products/Drone-Packages/FLIR-Aerial-Tech-Note.pdf







Thank You !!


Questions ??
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1. INTRODUCTION


In Yukon, temperatures can reach -55 °C 
– lower in more isolated Northern areasPhoto credit:Robert Postma, https://500px.com/photo/60049380/blackstone-valley-by-robert-


postma?ctx_page=6&from=user&user_id=6797214


Photo credit: Robert Postma, https://500px.com/photo/60049380/blackstone-
valley-by-robert-postma?ctx_page=6&from=user&user_id=6797214







1. INTRODUCTION


VIPs have a high 


thermal resistance per 


unit of thickness, and 


use much less space 


than conventional 


insulation alternatives







 lower insulation 
transportation cost,
(transportation cost can 
equal material cost),


 lower construction cost 
(e.g., less framing & labour),


 less construction time 
(important weather 
benefit), and


 potential higher customer 
satisfaction.


1. INTRODUCTION
Vacuum Insulation Panels 
(VIPs) with their lower 
volume, weight, & 
thickness offers the North:







1. INTRODUCTIONThere is a recognized need 
for pilot projects for this 
promising new product to 


 see what local adaptations 
may be needed, and


 evaluate durability in the 
North.







1. INTRODUCTION
In all cases, the VIPs used 


 were 457 x 558 x 12 mm 
(18” x 22” x 0.5”) in size; and 


 have a centre of panel 
thermal resistance of 
RSI 3.7 (R 21).







2. PILOT OF VIPs ON A COMMERCIAL BUILDING















Infrared Images


2011 Pre-retrofit 2011 Post-retrofit


2014 Post-retrofit 2016 Post-retrofit


 VIPs reduced 
heat loss and 
thermal 
bridging.


 No failure 
of any VIPs 
over time.


3. MONITORING RESULTS







3. MONITORING RESULTS
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4. CONCLUSIONS
• Policy, regulatory, environmental, economic, 


and developmental concerns in Northern 
Canada are driving forces for the development 
of energy efficient building envelope 
construction, and use of advanced thermal 
insulation materials such as vacuum insulation 
panels (VIPs) is a practical necessity.
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4. CONCLUSIONS (continued)


• There are and will continue to be concerns 
about the long-term thermal performance of 
VIPs.
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4. CONCLUSIONS (concluded)


• Field performance data over a period of six 
years (2011-2016) show insignificant aging 
of VIPs in an exterior retrofitted wall 
assembly construction located in 
Whitehorse, Yukon. 


Hyatt Regency, Vancouver BC


November 6 – 8, 2017 







5. ACKNOWLEDGEMENTS
We would like to thank:


 The National Research Council of Canada (NRC) for introducing 
vacuum insulation technology to Northern Canada,


 Panasonic Canada Inc. and Panasonic Corporation -- for supplying 
the vacuum insulation panels used for these pilot projects and for 
their technical expertise and support,


 Yukon Housing Corporation -- for allowing us to use a wall 
of one of their buildings for a pilot project and for providing 
monitoring equipment,


 Yukon College -- for financial help and technical contributions, and
 The University of Victoria for their technical expertise.


Thank you!


Hyatt Regency, Vancouver BC


November 6 – 8, 2017 







REFERENCES
[1] National Energy Code of Canada for Buildings (NECB), 2016, 2011, 1997. National 


Research Council Canada, 1200 Montreal Road. Building M-58. Ottawa. Ontario. 
K1A 0R6. Canada.


[2] Dumont, R. (2007) “On the road to net zero energy homes in cold climates: Canadian 
prairie contributions”, Sustainable Northern Shelter in a World of Diminishing 
Resources, Fairbanks, Alaska, USA (http://www.cchrc.org/docs/sns/Dumont.pdf). 


[3] Mukhopadhyaya, P., MacLean, D., Korn, J., van Reenen, D., and Molleti. S. (2014) 
“Building application and thermal performance of vacuum insulation panels (VIPs) in 
Canadian subarctic climate’, Energy and Buildings, Volume 85, Dec 2014, pp. 672-680.


[4] Mukhopadhyaya, P., MacLean, D., Korn, J., van Reenen, D., and  Molleti, S. (2013) 
“Field Application and Long-term Thermal Performance of Vacuum Insulation Panels 
(VIPs) in Canadian Arctic Climate”,  Proc. of 11th International Vacuum Insulation 
Symposium (IVIS-XI), Switzerland, September 2013, pp. 97-98.


Hyatt Regency, Vancouver BC


November 6 – 8, 2017 








 


 


Presentation 102                                                                                                     Page 1 of 4 
 


IN SITU THERMAL PERFORMANCE OF VIPS IN NORTHERN CANADA 


Phalguni Mukhopadhyaya1, Doug MacLean2, Juergen Korn3, Stephen Mooney4,                                


Matthew Ooms3, Shane Andre3 


 


 


 


ABSTRACT 


In the extreme cold climate of northern Canada, there is great potential to use Vacuum Insulation Panels 
(VIPs) for building envelope construction, particularly with interest created by the introduction of Canada’s 
new national energy code for buildings. The introduction of the new energy code for buildings has increased 
interest in better building insulation in general, and in VIPs in particular. VIPs have thermal resistance values 
much greater than those of conventional thermal insulation materials. However, the long-term thermal 
performance VIPs has yet to be fully quantified. In Yukon, VIPs have been used as thermal insulation in two 
applications: in a retrofit of a commercial building, and in a new home. This extended paper abstract for 
presentation summarizes the long-term performance of VIPs in commercial buildings. The field thermal 
performance monitoring results, gathered over a period of six years, and the lessons learned, are presented to 
help the building enclosure construction community, researchers, designers, and end-users around the world 
to make the best use of the unique properties and performance of VIPs for energy efficient building envelope 
construction. 


INTRODUCTION 


Although little-known in the construction industry, vacuum insulation panels (VIPs) have thermal resistance 
values up to about 10 times greater than those of conventional thermal insulation materials, for the same 
thickness. However, VIPs are slowly but steadily gaining recognition for their potential use in building 
envelope construction. In Canada, the potential to apply VIPs in the building construction industry is 
estimated to be enormous, particularly with the introduction of the new National Energy Code of Canada for 
Buildings [1] that aims to achieve 25% less energy use in buildings than the energy code requirements set in 
1997. Quite naturally, VIPs can play a major role in Canadian buildings to meet the requirements of the new 
energy code. However, lack of long-term performance credentials and various constructability issues are 
perceived to be the major barriers to mass application of VIPs in the Canadian construction industry.   


Yukon, located in Northern Canada, is known for its sub-arctic weather, and because of its climate, thermal 
insulation plays a very important role in building envelope construction in this region. Use of high 
performance, lightweight, and thin VIPs in northern buildings is potentially an attractive option for the 
construction industry because of its high insulation value per unit of thickness, and low material volume. 
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In this project, regional stakeholders and researchers collaborated to retrofit a portion of the exterior of an 
institutional building in Yukon with VIPs. This extended abstract paper outlines the construction details of 
the retrofitted wall assembly, instrumentation details, and long-term in situ thermal performance of VIPs.  


CONSTRUCTION AND INSTRUMENTATION 


The construction and instrumentation details are shown in Figure 1 below. The existing wall selected for 
retrofitting with VIP insulation was made of 50 mm x 150 mm (2”x6”) stud construction with fiberglass batt 
insulation and a concrete block exterior with a nominal total insulation value of RSI 3.5 (R20). The insulation 
goal for this wall after retrofit was based on previous studies that showed that the economic wall insulation 
level in northern locations was in the order of RSI 8.8 – 10.5 (R50 to R60) [2]. Thus, it was originally 
proposed to install two layers of VIPs with a total nominal RSI value of 10.5 (R60).  


 
Figure 1: Construction of retrofitted wall and locations of temperature sensors [3] 
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IN SITU THERMAL PERFORMANCE OF VIPS  


As an initial step, a thermal image of the wall was taken at the site and is shown, along with a picture of the 
wall, in Figure 2. Note the virtual absence of thermal bridging in the post-retrofit wall.  


 
Figure 2: Infrared Image of the wall before and after retrofit [3] 


The thermal performance of retrofitted composite exterior insulation (XPS-VIP-XPS) is shown in Figure 3 
[3-4]. Figure 3 indicates that relative contribution (indicated by % temperature drop) of VIP towards the 
overall thermal insulating capacity of the exterior composite insulation (XPS-VIP-XPS) did not change 
significantly over a period of six years.  


 


 


 


 


 


 


 


 


 


 


 


Figure 3: In situ thermal performance of VIP during 2011-2016 


 


Pre-Retrofit Post-Retrofit
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CONCLUSIONS 


1. Policy, regulatory, environmental, economic, and developmental concerns in Northern Canada are 
driving forces for the development of energy efficient building envelope construction, and use of 
advanced thermal insulation materials such as vacuum insulation panels (VIPs) is a practical 
necessity. 


2. There are and will continue to be concerns about the long-term thermal performance of VIPs. 


3. Field performance data over a period of six years (2011-2016) show insignificant aging of VIP in an 
exterior retrofitted wall assembly construction located in Whitehorse, Yukon.  
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DESIGN LIMITS FOR FRAMED WALL ASSEMBLIES DEPENDENT ON 


MATERIAL CHOICES FOR SHEATHING MEMBRANES                         


AND EXTERIOR INSULATION 


Ivan Lee, Patrick Roppel, Mark Lawton 


 


ABSTRACT 


There are many opinions in industry with regard to appropriate material choices for sheathing membranes 
and exterior insulation of framed wall assemblies.  Opinions vary on what is sensible for the vapour permance 
of materials outboard of the framing so that not only will wetting and drying will be in harmony, but other 
interests such as costs, wall thickness, and energy efficiency targets can be met.  Some common positions 
held by industry stakeholders in heating dominated climates include: 


1) Drying to the exterior is paramount, therefore the higher the permeance the better,  


2) Vapour flows in both directions, so there is a “Goldilocks” permeance that should be determined on 
projects, especially for walls with absorptive cladding, 


3) The vapour permeance of the materials outside of the sheathing is irrelevant as long as enough 
exterior insulation is provided outboard of the sheathing.  


Many of these opinions rely on assumptions for rational test conditions such as indoor humidity, construction 
moisture, air leakage, and rain penetration, which may or may not represent realistic conditions.  In addition 
the majority of past work is focused on field area of the wall rather than at framing and junctions.  This is an 
oversight since walls often get wet by rain at framing junctions, during and after construction, and the 
membranes at junctions are often not the same as in the field area.   


Many industry stakeholders struggle to make sense of these seeming contradictory viewpoints and how to 
assess the benefit of specific products beyond the context of code minimums.  An approach to overcome this 
struggle is to develop design guidelines that outline the design limits of materials applied to specific 
configurations, where hygrothermal performance criteria will be satisfied.  An example of a design limit is 
the maximum amount of moisture that can penetrate past the moisture barrier due to a rain leak without the 
framing being at risk of deterioration.   


INTRODUCTION 


With an increasing trend towards higher building envelope insulation levels to meet more stringent building 
energy requirements many designers have looked to split insulated framed wall assemblies as a means of 
achieving higher building envelope R-values.  However, higher levels of insulation, when not entirely 
outboard of the structure, often raises questions about hygrothermal performance.  The selection of weather 
resistive barriers (WRB) and insulation are important considerations when trying to balance hygrothermal 
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performance with costs, wall thickness, and energy targets.  Designers often rely upon collective wisdom to 
help select materials for their wall assemblies.  Many of these positions are based on broad assumptions that 
apply to specific conditions which may or may not be relevant to the conditions that the assemblies will be 
exposed to in service.  For example, some designers value the importance of drying to the exterior based on 
the assumption that the dominant direction of vapour flow in a cold climate is to the exterior and choose 
exterior insulations and WRB membranes with higher vapour permeance.  Others may be concerned with 
inward vapour flow from rain held in absorptive cladding in the summer and look to avoid highly vapour 
permeable membranes.  Others may deem the vapour permeance of the insulation and membrane materials 
irrelevant as long as enough exterior insulation is provided to control moisture accumulation of the exterior 
sheathing as a result of exfiltration in the winter and trust that rain leaks are adequately controlled through 
proper detailing.  While the science behind these assumptions are sound, not all of these assumptions apply 
to all wall assemblies and conditions.  Moreover, simplistic viewpoints often overlook risk mitigating factors, 
such as the removal of moisture from absorptive cladding via ventilated rain-screen cladding.  Conversely, 
some views are too simplistic, such as overlooking the impact of a rain leak below an impermeable sub-sill 
membrane.  


Often the focus of detailing at critical junctions, such as window sills or base of wall, is on air- and water-
tight details.  This focus is well supported by past research that showed that a large percentage of building 
envelope failures can be attributed to inadequate detailing at these same junctions (Morrison Hershfield, 
1996).  However, hygrothermal analysis often focuses on the centre or field area of the wall, while ignoring 
the structural framing where impermeable membranes are often used.  This practice often contributes to 
differing opinions about the real risk of deterioration due to rain-leaks when selecting acceptable insulation 
and membrane materials.  The underlying point of disagreement is that the analysis that supports the selection 
of one product over another is often based on too simplistic models of natural phenomena that walls are 
subject to in service.  The three most common culprits are: 


1) Advocating one type of insulation and/or membrane based on analysis done for static assumptions 
and comparing the relative difference, but not relating the difference to any performance threshold 
or consequences, 


2) Evaluating the risk of rain-leaks using one-dimensional models and arbitrary quantities of rain-leaks, 
such as 1% of the water reaching the exterior surface (ASHRAE Standard 160), and 


3) Neglecting to evaluate both the wetting and drying characteristics of air leakage, which can neither 
be practically eliminated with regard to wetting nor relied upon for drying. 


This paper discusses why some of these practices are too simplistic and outlines a holistic approach to 
hygrothermal modeling for framed wall assemblies in both the field area of the wall and at the framing.  The 
objective of the paper is to show how this approach can be applied to design limits that will aid designers 
and decision making on projects.  Hygrothermal design limits such as insulation ratio, maximum indoor 
humidity load, and maximum allowable rain penetration are introduced with examples for consideration and 
discussion.               
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METHODOLGY 


This section presents the methodology and example scenarios to demonstrate how design limits can be 
employed in practice.   


Hygrothermal analysis presented in this paper was done with 1-D and 2-D finite element heat-air-moisture 
transient simulations using DELPHIN.  This program was developed by the Technical University of Dresden 
(TUD) and is capable of simulating the combined effects of heat flow, airflow and moisture flow.  Heat flow 
is by conduction, convection, radiation and phase change.  Airflow is laminar and the path is determined by 
the user.  Moisture flow is by convection, vapour diffusion, capillary suction and adsorption.  Material 
properties are based on published properties from ASHRAE RP-1018 and from Task 3 of the MEWS project 
(Kumaran et al, 2002).  


Wall Assembly 


The example generic wall assemblies presented in this paper are split insulated steel frame and wood frame 
walls with insulation in the stud cavity and outboard of the structural framing.  An overview of the wall 
assemblies is provided in Figure 1.  A wood stud sill plate and sheathing are included in the 2-D wall assembly 
for models evaluating vapour permeable membranes on the wetting and drying of sill plates.     


 


Exterior 


 Generic lightweight rainscreen cladding 
(fiber cement) or brick veneer 


 Mineral fiber insulation or 
polyisocyanurate insulation 


 Weather resistive barrier (WRB) 
membrane 


 ½” (13mm) plywood sheathing  


 2x4 steel or wood framed stud cavity with 
R-13 batt insulation or 2x6 steel or wood 
framed stud cavity with R-19 batt 
insulation 


 Interior drywall with interior vapour 
control (0.5 perm) 


Interior 


Figure 1: Overview of evaluated framed wall assembly       
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Climates 


Examples for Vancouver, Toronto, and Edmonton are presented, which are representative of mild, mixed, 
and cold Canadian climates, respectively.  Selected years based on representative wet years with the highest 
wetting index as determined by the MEWS study (Cornick, 2002) were selected for the analysis.  These wet 
years represent periods with the greatest potential for wetting and the lowest potential for drying.  A list of 
representative wet years is provided in Table 1.   


Table 1: Representative wet years evaluated in the analysis 


Location Climate 
Zone 


Simulated Climatic Data ASHRAE 90.1 – 
2013 Climatic Data 


Wet 
Weather 


Year 


Annual 
Rainfall, 
inches 
(mm) 


Heating 
Degree 


Days 65oF 
(18oC) 


Cooling 
Degree 


Days 50oF 
(10oC) 


Heating 
Degree 
Days 
65oF 


(18oC) 


Cooling 
Degree 
Days 
50oF 


(10oC) 


Vancouver, BC 4C 1980 47 (1206) 5810 
(3109) 


1291 
(717) 


5682 
(3157) 


1536 
(853) 


Toronto, ON 6 1982 28 (714) 7601 
(4117) 


1955 
(1086) 


7306 
(4059) 


2703 
(1517) 


Edmonton, AB 7 1988 18 (460) 9381 
(5095) 


1215 
(675) 


11023 
(6124) 


1069 
(594) 


Acceptance Criteria 


Performance criteria based on established 
damage criteria and issues related to high 
moisture levels, such as mold growth, is needed 
to move beyond analysis that relies solely on 
comparing between assemblies to make 
decisions.   


Wood products experience moisture related 
problems such as mold growth and loss of 
structural integrity occur over prolonged periods 
of elevated moisture content (Wang et al, 2010).  
The amount of damage is dependent on the 
moisture content, temperature, and material.  
While lab studies have shown some wood 
products such as OSB and plywood sheathings 
are able to withstand decay while subjected to 
elevated moisture levels, greater than 28% MC, 
for periods longer than 21 weeks (Wang et al, 
2010), it is widely recognized that wood products will decay at moisture levels greater than 28% MC (CMHC, 
1999, Canadian Wood Council, 2000).  Based on these studies, an acceptance criteria of 7-day running 
average moisture content below 28% MC was selected for assessing the design limit with regard to wood 


 


 


 


 


 


 


 


Figure 2: Comparison of hourly and 7-day running average 
plywood sheathing moisture content of east-facing split insulated 
wood-frame wall in Vancouver with 1% rain penetration, not 
subjected to air leakage. 
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decay.  The 7-day running average filters out identifying false positives, such as spikes in moisture content 
that momentarily raises moisture levels but quickly dries out without resulting in any moisture related 
problems.  Momentary spikes in from air leakage and rain penetration that raises moisture levels for a short 
period of time are filtered out.     


Gypsum based products also experience moisture related problems when exposed to elevated moisture levels.  
Mold growth on gypsum based products, such as paper-faced drywall, will occur starting at a relative 
humidity of 80% when exposed for an extended period of time (Viitanen et al, 2007).  In addition, gypsum 
based products will also start to decay when exposed to moisture for long periods.  An acceptance criteria of 
30-day running average surface relative humidity of less than 80% was selected since moisture accumulation 
increases at higher humidity levels.  This acceptance criteria is based on assessing the risk of condensation 
and decay as the main failure modes similar to most building codes.  While mold growth may negatively 
affect indoor air quality, it typically does not significantly reduces the structural integrity and durability of 
gypsum based products.  There is also a high variability with mold growth as it is dependent on interior 
conditions, duration and material type.  Due to this variability setting design limits based on mold growth 
may not be practical.    


ENVIRONMENTAL LOADS AND DESIGN LIMITS 


Design limits for environmental loads can be established to relate the maximum allowable limits a wall 
assembly can withstand and meet the established performance criteria.  Environmental loads may be 
considered as uncontrollable, (e.g. climate, exterior temperature, humidity, rainfall, wind), influenced by 
design (air leakage rate, rain penetration rate etc.), or fully controlled by design (indoor humidity).  The 
following section introduces these loads and how they are incorporated into the design limit approach.            


Defining Indoor Moisture Loads and Limits 


Interior humidity is an important design load when assessing the hygrothermal performance of building 
assemblies.  High indoor humidity can result in moisture accumulation in the exterior sheathing due to vapour 
diffusion and exfiltration from the interior air.   The indoor moisture load can be related to a design limit for 
a wall assembly by determining the maximum indoor moisture that a wall assembly can be subject to within 
the acceptance criteria.  


Indoor humidity is often neither directly controlled nor constant in many buildings.  Instead the indoor 
humidity is a function of the occupant activity, ventilation rate, and outdoor humidity.  The moisture 
generated by occupants is balanced by its removal via ventilation and buildings with similar average 
ventilation and moisture production rates will have similar excess of moisture in the indoor air during the 
heating season compared to the outdoor air regardless of the climate.  Ultimately, the indoor humidity of 
buildings with uncontrolled humidity fluctuates with the outdoor temperature, or more specifically, by the 
moisture content of the outdoor air.  Work related to establishing indoor moisture levels for design is reported 
to date back to the 1970s (Roppel et al 2009, Kalamees et al 2009, Kumaran et al 2008).  Buildings with air 
conditioning and dehumidification are not covered in this paper but can fit into the same framework of design 
limits.      


Defining the indoor humidity using the concept of the difference of moisture in the indoor air compared to 
the outdoor air by vapour pressure difference (∆VP) is convenient in establishing design limits because the 
limits are supported by physics and moisture balances, by monitoring of buildings in operation, and defines 
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the “load” directly with a single quantity, rather than many dependent factors such as indoor temperature, 
occupancy type number of occupants, ventilation rate, etc.  Using this approach, the baseline scenario for the 
results presented in this paper is a vapour pressure difference of 540 Pa, representative of a medium indoor 
humidity load, while higher indoor humidity scenarios is a vapour pressure difference of 750 Pa.  These 
vapour pressure differences describe an average excess of moisture in the indoor air compared to outdoor 
conditions rather than instantaneous spikes in indoor humidity from short term occupant activities such as 
cooking or bathing.  The vapour pressure difference varies depending on the outdoor temperature to account 
for seasonal variations, with the greatest vapour pressure difference during cold temperatures below 0oC and 
reducing with higher temperatures.  The vapour pressure difference functions for medium and high humidity 
loads are presented in Figure 3.  This approach is similar to other interior humidity calculations based on 
vapour pressure difference such as the European Climate Class Model (ISO Standard 13788-01) and British 
Research Establishment (BRE) model.  The vapour pressure differences chosen are representative of design 
conditions for residential buildings with uncontrolled humidity and adequate ventilation.  While these 
approaches do not account for spikes in interior humidity, the spikes ultimately do not significantly affect 
moisture accumulation as shown by Roppel et al, 2009.     


 


 
 


Figure 3: Variation in vapour pressure difference based on 
temperature 


 


Figure 4: RH % at the interior surface of exterior sheathing of 
a monitored building for calculated and measured indoor 
moisture conditions (Roppel et al, 2009) 


A summary of the indoor conditions with interior humidity and temperature for the example climates is listed 
in Table 2.   
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Table 2: Simulated Indoor Conditions during the Heating Season 


Climate Scenario Indoor Temperature 
oC (oF) ∆VP Indoor RH 


Vancouver, BC 
Medium Indoor Humidity 21 (70) 540 35% - 55% 


High Indoor Humidity 21 (70) 750 40% - 60% 


Toronto, ON 
Medium Indoor Humidity 21 (70) 540 25% - 30% 


High Indoor Humidity 21 (70) 750 35% - 50% 


Edmonton, AB 
Medium Indoor Humidity 21 (70) 540 20% - 40% 


High Indoor Humidity 21 (70) 750 25% - 45% 


Part of minimizing moisture accumulation in the wall cavity is by placing interior vapour control on the warm 
side of the insulation as stipulated by building codes in cold climates.  However, vapour control layers are 
not the same as air barriers and even a very small amount of exfiltration can have a bigger impact on moisture 
accumulation on the exterior sheathing than having no interior vapour control.  High indoor humidity and air 
leakage can lead to problems (Wilson, 1961).  Therefore, design limits for indoor moisture levels are 
dependent on wetting as a result of exfiltration.  However, exfiltration can also dry out walls under some 
conditions.  The challenge is that a designer cannot count on uniform exfiltration and the related drying 
benefits.  The following section outlines how to deal with this challenge so that issues related to high indoor 
humidity and exfiltration can be avoided, but not rely on the benefits of drying as a result of exfiltration.  


Defining Exfiltration Loads 


Air leakage can have a significant impact on the hygrothermal performance of framed wall assemblies and 
both the impact of wetting and drying should be evaluated in hygrothermal analysis.  For example, exfiltration 
during the winter can bring warm humid air into the wall cavity resulting in higher moisture levels near the 
entry point into the wall assembly.  Exfiltration during the summer may bring drier air into the wall cavity 
and remove moisture.  In both cases significant amounts of moisture may be added or removed in comparison 
to vapour diffusion since air is able to carry a significant amount of moisture through the assembly.     


Since exfiltration cannot be eliminated, it must be taken into account for the hygrothermal analysis of wall 
assemblies.  The amount of moisture accumulation where the air enters the wall cavity is relatively the same 
regardless of the path.  However, drying by air leakage cannot be counted on and is dependent on the air flow 
path.  Therefore, the wetting aspect of exfiltration needs to be taken into account to establish design limits of 
some wall assemblies.  However, the same scenarios should also be evaluated without air leakage to ensure 
that the scenarios subject to wetting and drying by exfiltration are more conservative than if there was no air 
leakage.     


The airflow paths for both the 1-D and 2-D models presented in this paper assumed air transfer from the 
interior to the exterior as exfiltration.  The airflow paths were assumed to provide wetting at both the field 
area and window sill.  In the field area the air leakage path was simulated with air entering the assembly near 
the bottom of the assembly and exiting near the top of the wall similar to the air leakage path from Brown et 
al. (2007).  Detailed 2-D models of this scenario with top and bottom plates were first evaluated to determine 
representative airflow from air leakage through gaps in the interior drywall.  The results showed peak 
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sheathing moisture content typically occurred 1/3 from the bottom of the wall assembly for this scenario as 
shown in Figure 5.  Despite being further away from the entrance of the airflow path where the air has the 
most moisture, thermal bridging from the framing warms the lower part of the sheathing enough to reduce 
the amount of moisture accumulation.  The resulting sheathing moisture content at the lower 1/3 of the 
assembly is similar to a simplified 1-D model subjected to the same air leakage rate and path without the top 
and bottom plates.  The simplified 1-D model was subsequently used for this study for the hygrothermal 
performance in the field area of wall assemblies.  


At the window sill the airflow path is simulated with the entrance directly below the sill plate and down in 
through the wall assembly.  This simulates a flow path around the perimeter of the window where moisture 
accumulates directly on the underside of the sill.  The airflow path at the window sill is illustrated in Figure 
6.       


  


 


 


 


 


 


 


 


Figure 5: Simulated air leakage path in field area of wall  


 


 


 


 


 


 


 


 


Figure 6: Simulated air leakage path and rain leak at window 
sill  


The simulated airflow rate presented in this paper is calculated based on a pressure difference across the wall 
assembly calculated from hourly weather conditions and a characteristic air leakage rate of 0.1 L/s.m2 at 75 
Pa.  This characteristic air leakage rate is based on the maximum recommended air leakage rate for cold 
climates with interior RH between 27% and 55% as listed in the NBCC 2015.  Hourly airflow rates were 
calculated based on the characteristic rate and pressure differences from stack pressures from the height of 
the wall, wind direction, and a constant over pressure of 10 Pa from imposed by mechanical equipment.     


While the air leakage rate may be higher or lower at different locations in a building, the objective of this 
study is to determine how air leakage effects the hygrothermal performance of wall assemblies.  Scenarios 
highlighting how air leakage can result in moisture accumulation in wall assemblies are shown by comparing 
the same assemblies with and without air leakage.     


The impact of exfiltration is dependent on the amount of exterior insulation, the vapour permeance of the 
WRBs, air leakage rate, climate, and interior humidity.  How the impact of exfiltration is impacted by these 
factors is discussed later in this paper.      
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Defining Rain Penetration Loads and Design Limits 


Rain penetration is a potential significant source of wetting of framed wall assemblies.  Rain leaks into the 
wall occur at deficiencies in the moisture barrier and are often localized to junctions of components, such as 
at windows, base of wall, or balconies as seen in Figure 7.  


Predictable drying in the building envelope is mostly achieved by vapour diffusion to the outside in heating 
dominated climates, which is dependent on the material choice of the exterior WRB and insulation.  However, 
drying can also occur via exfiltration, as discussed already, and to the interior space if the indoor air for 
scenarios where the indoor air is not a potential source of wetting. 


Where, how much, and how often are the questions 
that must be answered when assessing the impact of 
rain penetration as a wetting mechanism for framed 
wall assemblies.  Rain penetration and the impact of 
drying of wall assemblies has been the focus of 
numerous field and lab studies.  There has been many 
ways that studies have wetted wall assemblies to 
simulate rain penetration and study how walls dry 
(Ojanen, 1998, Hazleden, 2001, Bomberg, et al, 2002, 
Straube et al, 2004, St-Hilaire, 2006, Smegal et al, 
2012, Trainor, 2014).   Approaches have varied from 
trying to add defects and direct water into the 
assembly, uniform distribution of moisture on the 
sheathing, immersion of wall panels, and other controlled patterns as seen in Figure 8.    These approaches 
all have approximated the impact of rain penetration by introducing fixed amounts of moisture and introduce 
the moisture at the start of the study or at regular time intervals as a means to conduct a controlled experiment. 


 
Figure 8: Examples of wetting methodologies in field and lab studies  


While these approaches strived to be repeatable and help to study the drying behaviour of framed wall 
assemblies, they do not completely connect the risk of water penetration to service conditions.  


Figure 7: Example of sheathing damage due to rain 
penetration at window sills  
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Rain events are variable by nature in duration, frequency, and intensity.  As a result, the amount of rain 
penetration that enters through a 
deficiency in the moisture barrier is highly 
variable and difficult to predict.  An 
approach to incorporate rain penetration in 
hygorthermal models to simulate 
duration, frequency, and intensity is to 
introduce a percentage of incident rain 
into the wall assembly as described by 
ASHRAE Standard 160 (2009).   


A complication with evaluating the impact 
of rain penetration beyond simplified one 
dimensional analysis and trying to 
simulate how walls function in service is 
that the “where” and “how much” 
questions regarding rain penetration are 
not well addressed by past studies and 
current standards.  For example, a small 
defect that resulted in a small area of high 
moisture levels only when it rained, but 
otherwise the rest of the component is dry 
a couple of inches away will not result in 
a failed wall assembly.  In such cases, 
scenarios with longer periods of high 
moisture content at the leak location are 
more likely to have elevated moisture 
levels adjacent to the leak since there is 
more time to distribute moisture across the 
sheathing or framing.    


The variation in moisture levels also vary 
across the thickness of the materials.  
Figure 9 compares the simulated and 
measured sheathing moisture content of a 
split insulated wood frame wall with OSB 
sheathing, XPS insulation and rainscreen 
stucco cladding that was monitored as part 
of a study conducted by BSC and Gauvin 2000 Construction Limited (Smeagel et al, 2012).  The simulated 
models were calibrated to the field hut study with the equivalent of 450 mL (15 oz) of moisture introduced 
on to the face of the sheathing per wetting event at similar periods.  The first, second, and fourth wetting 
events introduced moisture on the exterior face of the sheathing while the third wetting event wetted the 
sheathing on the interior face.  From Figure 9, there is some variation between the measured moisture levels 
and simulated moisture levels on the exterior face, sheathing midpoint, and interior face.  The measured 
sheathing moisture content were recorded at the midpoint of the sheathing by moisture pins installed through 
the interior face of the OSB sheathing (Smeagel et al, 2012) as shown in Figure 11.  This means that the pins 


        


 


 


 


 


 


 


 


Figure 9: Comparison of simulated and measured OSB sheathing moisture 
content at various monitoring locations 


 


 


 


 


 


 


 


 


Figure 10: Comparison of simulated and measured OSB sheathing 
moisture content on the exterior face, midpoint, and interior face, during 
wetting event on outside of sheathing 
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were penetrating the wetted sheet for the interior wetting event.  The pins were coated to try and isolate the 
readings to depth, but higher moisture readings compared to the simulated results is not un-expected given 
the experimental set-up.  The moisture readings for the exterior wetting evens showed good agreement with 
the exterior and interior monitoring being within similar ranges.  


Another consideration when evaluating the impact of rain leaks is that some moisture barriers will allow 
moisture to distribute more easily behind the moisture barrier from a defect than others.  For example, a loose 
sheet will allow water to run down the sheathing as a result of a defect.  This pattern will not happen for a 
defect in a fully applied liquid or sheet membrane unless the defect is at a joint.  As a result, one may consider 
the “where” and “how much” of the surface is exposed rain penetration differently depending on the type of 
moisture barrier applied to a wall assembly.   


For this paper and related studies, the authors considered simulating the rain leaks as specific quantities at 
variable intervals to try to establish design limits with regard to rain penetration.  However, ultimately this 
approach was abandoned because it is not consistent with measured rainfall in terms of frequency and 
intensity.  As previously discussed rain events are variable in both duration and intensity and short-intense 
period of rain may saturate wall assemblies resulting in spikes in moisture content and be followed by dry 
periods, while extended periods of light rain may not cause spikes in moisture content but may prevent drying 
resulting in prolonged periods of high moisture levels.  An example of wetting following a regular wetting 
schedule and wetting following measured rainfall is provided in Figure 12. 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Figure 11: Location of moisture sensors in sheathing of field 
experiment (Trainor, 2014) 


Figure 12: Comparison of sheathing moisture content following 
regular wetting schedule and recorded rainfall 


The frequency and intensity of rainfall also varies throughout the year, making it difficult to find an 
appropriate wetting schedule and quantity that is representative of the simulated climate.    Ultimately, rain 
was simulated as a percentage of the incidental rain, similar to ASHRAE 160, at the exterior face of the 
sheathing beneath the WRB in the field area and at the top corner of the window sill beneath the sub-sill 
membrane.  The monitoring locations are located at the leak locations at the sheathing midpoint in the field 
area and at the top corner of the sill framing at the window sill as shown in Figures 5 and 6. 


COMBINING THE LOADS AND ESTABLISHING DESIGN LIMITS 







 


 


Paper 103                                                                                                    Page 12 of 18 
 


The objective of the paper is to show how the effects of interior humidity, air leakage, and rain penetration 
can be combined into an approach that enables design limits to be established using hygrothermal analysis 
of generic wall assemblies.  These design limits can help designers make decision on projects without relying 
or limiting the need for project specific hygrothermal analysis.  In this section design limits relating to 
minimum insulation ratio, maximum allowable interior humidity, and maximum allowable rain penetration 
are introduced.  The design limits are discussed with respect to WRB and exterior insulation vapour 
permeance for the design of heating dominated climates.  Concerns of inward vapour drive for absorptive 
claddings are also discussed in the context of the design limits.     


Minimum Insulation Ratio 


The amount and location of insulation in framed 
wall assemblies can have a significant impact on 
the hygrothermal performance in the field area of 
a wall.  Insulation can be placed in the stud cavity 
and/or outboard of the exterior sheathing.  In cold 
climates, moisture accumulation is influenced by 
the amount of exterior insulation outboard of the 
sheathing.  Exterior insulation reduces the 
amount of moisture accumulation in the 
sheathing by raising the temperatures and 
decreasing the relative humidity at the sheathing.   
In framed wall assemblies the amount of exterior 
insulation and stud cavity insulation is expressed 
as a ratio between the amount of insulation 
outboard of the sheathing to the amount of 
insulation inboard the sheathing.  This is known 
as the Insulation Ratio and building codes such 
as the NBCC have recommended minimums based on heating degree days to avoid moisture accumulation 
and deterioration.  Walls with higher Insulation Ratios are more tolerant of high humidity conditions.  The 
effect of Insulation Ratio on sheathing moisture content of a split insulated wall in Edmonton is shown in 
Figure 13.  Highly vapour permeable insulation and WRB can tolerate lower minimum Insulation Ratios than 
assemblies with less vapour permeable materials that translate to different design limits.  It is worth 
highlighting that this information can help determine when low permeance materials will work just as well 
as higher permeance materials or alternatively where there are benefits to higher permeance materials.   


Minimum Insulation Ratios are set by evaluating wall assemblies with air leakage at various ratios of exterior 
to interior insulation to determine ratios that maintains the 7-day average sheathing moisture levels below 
28% MC.  Examples of minimum Insulation Ratios is summarized in Table 3.  The insulation ratios presented 
in Table 3 do not include the impact of rain penetration. 


Table 3: Minimum Insulation Ratio for wood-frame wall assemblies 


Location WRB Vapour Permeance 
US Perms (ng/s.m2.Pa) 


Medium Indoor Humidity 
Load (540 ∆VP) 


High Indoor Humidity 
Load (750 ∆VP) 


Vancouver SBS - 0.03 (1.7) 0.20 0.40 
1 (57.2) 0.20 0.40 


 


 


 


 


 


 


 


Figure 13: 7-day Average Sheathing Moisture Content of North 
Facing Wood Frame Wall in Edmonton with Air Leakage      
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10 (572) 0.15 0.40 
50 (2860) 0.15 0.30 


Toronto 


SBS - 0.03 (1.7) 0.20 0.40 
1 (57.2) 0.20 0.40 
10 (572) 0.20 0.40 
50 (2860) 0.15 0.30 


Edmonton 


SBS - 0.03 (1.7) 0.20 0.60 
1 (57.2) 0.20 0.60 
10 (572) 0.20 0.55 
50 (2860) 0.15 0.55 


Maximum Interior Humidity 


Interior humidity can have a significant 
effect on the amount of moisture 
accumulation within wall cavities if 
subject to exfiltration and/or there is not 
interior vapour control for heating 
dominated climates.  Managing the risk 
of high indoor humidity can be achieved 
by increasing the Insulation Ratio and/or 
by vapour permeable materials outboard 
of the exterior sheathing.  An example of 
the effect of interior humidity on 
moisture levels at the sill plate for 
medium and high indoor humidity loads, 
with vapour permeable and 
impermeable sub-sill membrane, is 
shown in Figure 14.  


Maximum interior humidity levels for 
steel-framed walls following 
prescriptive insulation requirements for 
ASHRAE 90.1 is summarized in Table 4.   


Table 4: Maximum interior humidity for steel-framed wall assemblies following ASHRAE 90.1 prescriptive path requirements 
subject to air leakage without rain penetration 


Location WRB Vapour Permeance 
US Perms (ng/s.m2.Pa) Maximum Interior Humidity Load 


Vancouver 


SBS - 0.03 (1.7) 


Medium (540 ∆VP) 1 (57.2) 
10 (572) 
50 (2860) 


Toronto 


SBS - 0.03 (1.7) 


High (750 ∆VP) 1 (57.2) 
10 (572) 
50 (2860) 


Edmonton SBS - 0.03 (1.7) High (750 ∆VP) 1 (57.2) 


 


 


 


 


 


 


 


 


Figure 14: 7-day average sill plate moisture content of north facing wood 
frame wall in Vancouver with high indoor humidity and low and high 
vapour permeable sub sill membranes subject to air leakage      
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10 (572) 
50 (2860) 


Maximum Allowable Rain Penetration 


Vapour impermeable membranes, such as SBS rubberized asphalt with polyethylene film, provides no 
opportunity for drying to the exterior and is less tolerable to rain penetration. This is also true at window sills 
where rain leaks can occur due to defects.  As a result, assessing the tolerance of wall assemblies to bulk 
moisture from rain penetration is important when selecting materials outboard of the wall structure.   


The maximum allowable rain penetration is determined by varying the percentage of incidental rain 
introduced at the leak location until the acceptance criteria is no longer satisfied.  An example of the 
maximum allowable rain penetration for east-facing wood-frame assembly at the window sill in Toronto is 
provided in Table 5.        


Table 5: Maximum allowable rain penetration for wood-framed wall assemblies not subject to air leakage at a window sill in 
Toronto 


Sub Sill Vapour Permeance 
US Perms (ng/s.m2.Pa) 


Maximum Allowable Rain Penetration 
Percentage of Incident Rain 


SBS - 0.03 (1.7) 0.5% 
1 (57.2) 0.5% 
10 (572) 1% 
15 (8923) 1% 


Minimum Insulation and Membrane Vapour Permeance 


Low vapour permeance insulation such as Extruded Polystyrene (XPS) and polyisocyanuarate (polyiso) 
allow little drying to the exterior via vapour diffusion when the insulation is installed tight against the 
sheathing.      
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However, an interesting finding 
surfaced as part of this analysis when 
the impact of a small drainage gap is 
introduced between the low 
permeance insulation and high 
permeance sheathing membrane.  A 
small gap (1/4 inch or 6mm) with a 
vapour diffusion path to the bottom 
of a 10 foot wall allows enough 
moisture to diffuse to the exterior, so 
that a wall with polyiso behaves the 
same as a wall with mineral wool.  
Figure 15 shows the relative 
humidity levels at the interior face of 
the gypsum sheathing for a split 
insulated assembly with mineral 
wool and polyiso insulation with and 
without a drainage gap.  This 
example illustrates that sufficient 
drying capacity maybe provided with low vapour permeable insulations and vapour permeable WRBs, but 
this possibility would likely require more validation before widely adopted by practitioners.  The examples 
shown in Figure 15 are not subjected to air leakage, since air leakage reduces the amount of variance between 
the wall assemblies because air flow through the stud cavity dominates both wetting and drying.   


Inward Vapour Drive   


High vapour permeable membranes with absorptive cladding and inward vapour drive is sometimes a concern 
for some scenarios.  One of the most commonly cited examples is a wall with brick veneer cladding, where 
the bricks can be saturated from the rain and then is heated by the sun.  Although the exterior vapour pressure 
was increased due to solar heating the saturated bricks, there is very little increase in the wall cavity moisture 
levels even with a highly vapour permeable WRB when used with a vented rain-screen.  The brick cavity 
will remove most of the vapour held within the brick.  The analysis revealed that the sheathing wall cavity 
moisture levels were sensitive to ventilation, but not sensitive to the assumed ventilation rate in the order of 
magnitude of 1 to 10 ACH.  Various ventilation rates were tested including ventilation rates based on stack 
pressures from temperature difference between the rainscreen cavity and the exterior as well as ventilation 
rates between 1 to 10 ACH (Straube et al, 2009).  All three ventilation rates modeled resulted in similar 
sheathing moisture levels.  Differences in moisture levels were only noted for cases without vented rain-
screens as shown in Figure 16, however, the differences were minor and did not significantly affect the design 
limits determined in this study.       


Another concern with vapour permeable WRBs and inward vapour drive is at window sills due to standing 
water at the sill.  This scenario was also evaluated for a window sill in Vancouver with 100% RH on the 
outside to simulate the vapour drive associated with standing water.  The simulation was carried over the 
course of the year and showed very little difference in moisture levels of a similar sill without standing water.  
Provided that the sub sill membrane remains water-tight when subject to standing water, high vapour 
permeable membranes will not result in higher moisture content at the sill when subjected to standing water 


 


 


 


 


 


 


 


 


Figure 15: 30-day average relative humidity of gypsum exterior sheathing at the 
interior face of north facing split insulated steel-frame assemblies in Toronto, not 
subjected to air leakage with 50 Perm WRBs without rain penetration. 
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and provides greater drying capacity making it more tolerant of moisture from exfiltration, rain leaks, and 
construction moisture.  


 


 


 


 


 


 


Figure 16: 30-day Average Interior Drywall Relative 
Humidity on Exterior Face of East Facing Interior Insulated 
Wood Frame Walls in Toronto, without Air Leakage, with 
Vented and Unvented Rainscreen Cavity and Brick Cladding 


Figure 17: 7-day average sill plate moisture content of east 
facing wood frame wall in Vancouver with medium indoor 
humidity and low and high vapour permeable sub sill 
membranes not subjected to air leakage with and without 
standing water on sill 


CONCLUSIONS 


A primary objective of this paper was to outline how to establish design limits for the design and selection 
of insulation and membrane materials for framed wall assemblies using hygrothermal analysis from a holistic 
standpoint of establishing loads and performance criteria.    Examples were provided to show how 
environmental loads, such as rain penetration and air exfiltration, can be related to design limits such as 
indoor humidity, Insulation Ratio, and maximum allowable rain penetration. This work expands upon normal 
practice for hygrothermal analysis by introducing concepts that are not widely utilized in practice and 
explores the impact not only to the clear field assembly, but also to critical junctions, such as window sills.  
Critical junctions such as window sills are often overlooked at practice and warrants more attention when 
striving to closer align hygrothermal analysis with reality.  A fresh viewpoint to how walls assemblies are 
assessed has yielded interesting findings that do not completely align with some conventional wisdom and 
have reinforced other long standing beliefs for the selection of insulation and membranes of framed wall 
assemblies.  High level findings include:   


 High vapour permeable membranes and insulation provide more capacity for drying of moisture in 
the field area than with lower permeable membranes, but the difference can be minimized with 
higher insulation ratios for the walls with lower materials. 


 High vapour permeable sub-sill membranes at window sills are more tolerant of rain penetration 
and the benefit outweighs the concern of standing water on top of sub-sill resulting in inward vapour 
drive and moisture accumulation of a wood sill.  


 Assemblies with low vapour permeable insulation, such as polyiso, can benefit from a high vapour 
permeable membrane if a small drainage gap is provided between the insulation and sheathing.  
Such assemblies with vapour permeable WRB have the potential to have similar performance to 
the same scenario with a high perm insulation such as mineral wool, in a cold climate.  
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The design limits presented in this study provides guidance for designers to assess the hygrothermal 
performance of framed wall assemblies not only in the field area of the wall but also at junctions, such as 
window sills.  Applying this methodology to more climates and scenarios to develop a design tool can aid in 
making decisions about material selection and wall configurations for project specific designs.  Findings 
from this work highlights that there is no “goldilocks” permeance and industry does not need to ban the use 
of low vapour permeance materials outboard of the structure nor be afraid of highly permeable membranes.  
There are only design limits and benefits that can be quantified to determine what makes sense on a project 
to balance all design constraints and considerations such as costs, wall thickness, and energy efficiency 
targets.  
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Interior Humidity


 Based on vapour pressure difference


 Two scenarios:
 Medium humidity load: ΔVP 540 Pa
 High humidity load: ΔVP 750 Pa


Location
Interior 


Temperature 
oC (oF)


Medium 
Humidity 


Indoor RH


High 
Humidity
Indoor RH


Vancouver 21 (70) 35% - 55% 40% - 60%


Toronto 21 (70) 25% - 30% 35% - 50% 


Edmonton 21 (70) 20% - 40% 25% - 45%







 Extfiltration from interior bypassing interior vapour control layer
 Interior face of sheathing
 Underside of wood framing at sill


Air Leakage


 Cases with and without air leakage considered 







Rain Penetration
 Simulated rain leak behind WRB







Rain Penetration Rates
 Various ways of wetting done


 Tests favoured regular wetting intervals
 Rain varies in intensity, frequency, and duration







Rain Penetration Rates
 Rain penetration rate based on percentage of incidental driving rain







Acceptance Criteria


 Wood products:
 7-day running 


average                 
MC ≤ 28% wt


 Gypsum products:
 30-day running 


average surface     
RH  ≤ 80%







Inward Vapour Drive


Absorptive brick 
cladding in field area


Drywall RH of wood frame wall 
with brick cladding without air 
leakage in Toronto







Inward Vapour Drive


Simulated standing 
water over sill


Sill moisture content with 
medium humidity without air 
leakage in Vancouver







Maximum Indoor Humidity


 Membrane permeance is 
critical to moisture 
accumulation at window 
sills


Membrane
Permeance
(US Perms)


Max. Humidity


0.03 (SBS) – 15 Medium 
(540Pa ΔVP)


Sill moisture content in Vancouver







Insulation Ratio and Permeable Membranes


 Insulation ratio is more 
effective at reducing sheathing 
moisture accumulation than 
high perm membranes


Membrane 
Permeance
(US Perm)


Medium 
Humidity 


(540Pa ∆VP)


High Humidity 
(750Pa ∆VP)


0.03 (SBS)


0.20
0.60


1


0.5510 


50 0.15
Sheathing MC with Air Leakage in Edmonton







Maximum Rain Penetration
 Greater tolerance to rain leaks with high perm 


membranes Wall Membrane 
Permeance


Max. Allowable 
Driving Rain %


0.03 US Perm (SBS) 5.50%
1 US Perm 5.50%
10 US Perm 5.50%
50 US Perm 5.75%


Sub Sill Membrane 
Permeance


Max. Allowable 
Driving Rain %


0.03 US Perm (SBS) 0.5%
1 US Perm 0.5%


10 US Perm 1%
15 US Perm 1%


Split insulated wood frame wall in Toronto


Wood sill in Toronto


Sheathing MC in Toronto







Low Permeable Insulation
 Drying can be provided with a diffusion path
 Benefits of high perm membranes realized with ¼” (6mm) gap


Gypsum sheathing RH with 50 Perm WRB 
membranes without Air Leakage in Toronto







Conclusion
 Design limits quantify performance of assemblies


 High vapour permeable membranes have greater tolerance for moisture at 
window sills 


 Vapour permeance of membranes less relevant at higher Insulation ratios 
 Benefits of high vapour permeable membranes outweigh concerns of inward 


vapour drive from standing water at sill
 Low vapour permeable insulation can benefit from high vapour permeable 


membranes with a small drainage gap between the insulation and sheathing
 Identify locations in assembly more susceptible to moisture and how 


best to deal with them
 Design tool that includes other assemblies and climates to help 


designers
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Ivan Lee
Building Science Consultant
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Using Airflow Modelling Software to Predict Airtightness 
Improvements in a High-Rise Residential Building:


A Case Study


Presenter: David Stanton


Co-Authors: Kim Pressnail, Lorne Ricketts







Outline


• Introduction


• Case Study Building


• Predicting Airtightness
• Approach


• 3k factorial analysis


• Results


• Conclusions
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• Energy models are used to help 
designers and estimate savings


• Infiltration accounts for large 
amount of the heating load


• Current models use defaults or 
engineering judgment to 
estimate infiltration


• Need a tool to estimate 
potential improvements


3


Introduction







• Data from Ricketts (2014)


• 13 Storeys


• 4 Unique Floor Plans


• Built in 1986


• Retrofit in 2012


• Retrofit involved:
• Replacing windows and doors


• Improving sealing


• New roof


4


Case Study Building: Introduction


Ricketts, L. 2014. A Field Study of Airflow in a High-Rise Multi-Unit Residential Building. Masters, Civil Engineering, Univerisity of Waterloo, Waterloo, ON.
Image Source: Stanton, D. 2018. Using Component Air Leakage Models to Predict the Post-Retrofit Airtightness of a High Rise Building: A Case Study. 


Masters, Civil Engineering, University of Toronto, Toronto, ON.







• Testing was done with purpose 
provided openings unsealed


• Suite Based Airtightness Testing
• Converted to whole floor results 


for this study


• Estimated building airtightness 
from floor airtightness


5


Case Study Building: Airtightness Testing


Image Source: Stanton, D. 2018. Using Component Air Leakage Models to Predict the Post-Retrofit Airtightness of a High Rise Building: A Case Study. 
Masters, Civil Engineering, University of Toronto, Toronto, ON.


Floor 1


Floor 3


Floor 11


Floor 13







Predicting Airtightness Improvement


6


• Break building leakage up 
into component leakage


• CONTAM was used to 
simulate the airtightness 
test


Controls to 
record flow


Flow Path for 
each component


Control to 
record pressure


Frame


Operable Window


Fixed Window


Frame Door







Predicting Airtightness Improvement


• General approach to predicting the post-retrofit airtightness


7


• Determine likely pre-retrofit 
component leakage rates


Calibrate Pre-Retrofit Model


• Estimate post-retrofit component 
leakage rates


Adjust Component Leakage Rates


• Run and extract airtightness 
predictions


Run Post-Retrofit Model







• Use component leakage data
• Component leakage databases:


• AIVC database


• ASHRAE database


• Data is outdated—typically 
measured pre-2000


• Can still be used for older 
buildings


• Test leakage rates using 3k


factorial analysis (or sampling)


8


Calibrate Pre-Retrofit Model







Calibrate Pre-Retrofit Model


9


• 3k factorial analysis


Level 1 Level 2 Level 3
Component 1


31


Level 1 Level 2 Level 3 Level 1 Level 2 Level 3 Level 1 Level 2 Level 3Component 2
32


⋮ ⋮
Component k


3k Level 1 Level 2 Level 3 Level 1 Level 2 Level 3⋯







• Test at Min, “Average”, and Max 
from the databases


• Two Models: Model 4 and 
Model 5
• Model 4 uses 8 variables (over 


6000 iterations)


• Model 5 uses 10 variables (over 
55,000 iterations)


Model 4 Model 5


• Does not include fixed 
window leakage


• Coupled the concrete 
wall leakage rate with 
the concrete roof 
leakage rate


• Leakage rate for fixed 
walls taken from 
another study1


• Wall and roof varied 
independently


10


Calibrate Pre-Retrofit Model


1Weidt, J., and Weidt, J. 1980. Air Leakage of Newly Installed Residential Windows. United States Department of Energy.







Calibrate Pre-Retrofit Model


11


• Criteria to be part of calibration set
• Each floor less than 10% different from measured rate


• Range of percentage difference across the floors has to be less than 10%


Iteration Floor 1 Floor 3 Floor 11 Range Calibrated?


1 5% 2% 12% 10%
No. Floor 11 


Fails.


2 −9% 5% 9% 18% No. Range Fails.


3 −2% 7% 5% 9% Yes


Percentage Difference =
𝑄75 modelled − 𝑄75 measured


𝑄75 measured
× 100







Pre-Retrofit Calibrated Air Leakage Rates
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Consistently 
Over-Predicted







• Component Leakage Rates 
adjusted using literature and 
specifications
• 3k factorial analysis for 


components using literature


• Single value used for specifications


• Orme et al. (1998) would not 
agree
• Outdated conclusion?


Orme, M., Liddament, M.W., and Wilson, A. 1998. Numerical data for air infiltration and natural ventilation calculations. Air Infiltration and Ventilation 
Centre. 13


Adjust Component Leakage Rates







Post-Retrofit Air Leakage Rates
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4 to 37% 46 to 85%


57 to 104%


−25.1 to 1.6%


36 to 70%







Post-Retrofit Air Leakage Rates


15


4 to 40% 46 to 87%


57 to 105%


−25.1 to 8.6%


36 to 73%







Post-Retrofit Airtightness Improvement


16


21 to 40%


13 to 31% 7 to 29%


60 to 71%


22 to 38%


42%


53% 55%


61%


54%







Post-Retrofit Airtightness Improvement


17


19 to 40%


12 to 31% 7 to 29%


58 to 71%


21 to 38%


42%


53% 55%


61%


54%







What About Infiltration?


• Need to extrapolate flows


• Typically use power law equation:


18


𝑄 = 𝐶(Δ𝑃)𝑛


Flow


Flow Coefficient


Pressure Difference


Flow Exponent


Graph from: Stanton, D. 2018. Using Component Air Leakage Models to Predict the Post-Retrofit Airtightness of a High Rise Building: A Case Study. 
Masters, Civil Engineering, University of Toronto, Toronto, ON.







Flow Exponents


19


0.59







Conclusions


• Reasonable airtightness predictions can be made


• The more variables, the better…for predictions…


• Should use the full range for workmanship components


• Extension to infiltration is possible—with care


• Needs to be tested with more buildings


• Need to test with buildings that were tested with purpose provided 
openings sealed


• Test with buildings that have component leakage measured


20







Other Techniques


21
Graph from: Stanton, D. 2018. Using Component Air Leakage Models to Predict the Post-Retrofit Airtightness of a High Rise Building: A Case Study. 


Masters, Civil Engineering, University of Toronto, Toronto, ON.







Questions?


22


David Stanton
david.Stanton@mail.utoronto.ca







Other Techniques—Update


23
Graph from: Stanton, D. 2018. Using Component Air Leakage Models to Predict the Post-Retrofit Airtightness of a High Rise Building: A Case Study. 


Masters, Civil Engineering, University of Toronto, Toronto, ON.
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USING AIRFLOW MODELLING SOFTWARE TO PREDICT 


AIRTIGHTNESS IMPROVEMENTS IN A HIGH-RISE RESIDENTIAL 


BUILDING: A CASE STUDY 


David Stanton1, Kim Pressnail2, Lorne Ricketts3 


 


ABSTRACT 


Energy loss through air leakage is an important component that can account for 30–40% of heat loss in 
buildings. Evaluating airtightness improvements can be a challenging problem, particularly in tall 
buildings. This study presents a modelling technique that can be used as a starting point for evaluating 
various airtightness retrofits in buildings. To illustrate the applicability of the proposed modelling 
technique, a building with both pre-retrofit and post-retrofit airtightness measurements was examined. A 
factorial sensitivity analysis was used to calibrate a CONTAM model using literature values for the pre-
retrofit component air leakage rates. Next a series of models were tested to see whether the calibrated model 
could be used to predict measured post-retrofit whole-envelope air leakage rates. Construction 
specifications and literature values were used as the inputs in the series of tested models. Using this 
technique, the whole building post-retrofit air leakage rates were predicted to within 36% of the measured 
rate. However, on a floor by floor basis, the accuracy of the modelling was significantly less, with one of 
the floors having a predicted air leakage rate that was 58% higher than the measured rate. The predicted 
post-retrofit flow exponents are also discussed. The modelling methods used provided reasonable 
airtightness predictions that can serve as a good starting point for estimating the potential energy savings 
of retrofit options. 


1. University of Toronto, 35 St. George St., Toronto, ON, Tel. (289) 339 9063 
2. University of Toronto, 35 St. George St., Toronto, ON, Tel. (416) 978 1501 
3. RDH Building Science, 224 W8th Ave., Vancouver, BC, Tel. (604) 873 1181 


INTRODUCTION 


As energy costs rise and as awareness of our environmental responsibility grows, the need to improve the 
energy performance of existing buildings increases. Significantly improving the thermal performance of 
buildings often means considering major thermal retrofits. Such thermal retrofits can include over cladding, 
window replacement, and improvements in airtightness. Addressing the airtightness of a building can lead 
to significant energy savings. Researchers have found that air leakage can be responsible for up to 30–40% 
of the heat loss through a building enclosure (Fennell and Haehnel 2005, Younes et al. 2011). Addressing 
airtightness, in addition to saving energy dollars, can enhance the durability of the building envelope and 
improve indoor environmental quality (Fennell and Haehnel 2005). 
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However, before decisions about which airtightness measures should be implemented, designers need to 
weigh the potential energy savings of the various measures against the costs. This evaluation is normally 
carried out with the assistance of building energy modelling software. Unfortunately, modelling air leakage 
and estimating the potential effectiveness of retrofit measures, particularly in tall buildings, can be 
challenging. Designers often have to rely on reported leakage values found in databases or on default 
settings incorporated into modelling software. In their review of airtightness predictive models, Prignon 
and Moeseke (2017) suggested that the most promising models were those that were based on component 
air leakage values. Unfortunately, these authors also found that the currently available component air 
leakage data were largely outdated. Upon inspection of the available databases, it is found that a large 
portion of the data pertain to buildings built in the 1980s. While this is somewhat limiting, many buildings 
that were built in the 1980s are in need of retrofit, and therefore, these data are still very useful. Further, for 
other building vintages, this data can still be used as a starting point when models are calibrated. 


The accuracy of predicting the effects of various airtightness retrofit measures can be improved if actual air 
leakage data are gathered prior to retrofit. In an effort to reveal the potential benefits of using actual air 
leakage data, this study examines the case of a 13 storey building located in Vancouver, British Columbia.  
In this case study, some pre- and post-retrofit airtightness data were available. The data were originally 
gathered and reported by Ricketts (2014). In the sections that follow, these data have been incorporated into 
a CONTAM, an airflow modelling software (Dols and Polidoro 2015). The CONTAM model was 
calibrated using existing airtightness data. Then the effect of the retrofit measures were incorporated into 
the model, and air leakage predictions were made. These post-retrofit predictions were then compared to 
the actual post-retrofit air leakage measurements. 


THE STUDY BUILDING 


Pre-Retrofit Building Description 


A brief description of the residential building and the retrofit measures have been provided here. For more 
detailed information regarding the building and the retrofit measures, see Ricketts (2014). The residential 
building was built in 1986, and has a gross floor area of approximately 5,000 m2 (53,819 ft2) spread across 
13 floors. The envelope has a surface area of approximately 3,800 m2 (40,902 ft2) and is composed of 
approximately 45% glazing, 44% opaque wall, and 11% roofs and decks. The original windows were 
double glazed insulated glazing units (IGUs) with a non-thermally broken aluminum frame. Most of the 
windows had an operable portion. The opaque portion of the envelope is cast-in-place concrete. The original 
roof was a protected membrane roof with a number of penetrations through it from the lower floors. The 
penetrations were found to be poorly sealed in the pre-retrofit building. For some of the penetrations running 
through the roof into the mechanical room, which is open to the outdoors through passive vents, the sealing 
was poor enough that it was possible to see daylight around the penetrations. The balconies on all floors 
are enclosed. The suites above the 8th floor all have gas fireplaces. Each fireplace does not have a damper 
and is separately vented by means of a B-vent through the roof. The suites on floors 12 and 13 have small 
areas that have glass curtain wall instead of windows; these suites also include small areas with skylights.  







 


 


 


Paper 104                                                                                                     Page 3 of 14 
 


 


Retrofit Measures 


The enclosure retrofit was completed in December of 2013. The measures included the installation of a new 
protected membrane roof, the replacement of windows and doors, and the overclad of the concrete walls. 
As part of the retrofit, air sealing was carried out around windows, doors, and other penetrations. Although 
a new air barrier was not installed, sealing of cracks and transitions along the walls was performed using a 
liquid applied membrane. The retrofit on the roof included a new protected membrane and improved sealing 
around all penetrations. The replacement windows were triple-glazed IGUs with low-conductivity 
fiberglass frames. All operable windows were casement style windows. The gas fireplaces and the venting 
were not modified in any way. 


Airtightness Testing and Results 


Both pre- and post-retrofit air leakage testing were carried out on this residential building. The air leakage 
testing performed used the sequentially neutralized pressurization/depressurization test technique. In this 
technique, a zone in the building is chosen to be the “test” zone. Air leakage testing is then performed in 
this zone with the adjacent zones either at the same pressure as the test zone or unpressurized. This allows 
the tester to control the zones between which air can flow. If the test zone is adjacent to the exterior, the 
tester can measure the airtightness of the building envelope in that zone by testing with it and all the adjacent 
zones at the same pressure. This was the approach used to test the suite and whole floor envelopes in the 
case study building. A complete description of the test method used at the case study building is given in 
Ricketts (2014). 


The building envelope was evaluated on floors 1, 3, 11, and 13. The envelope evaluation carried out on 
floors 1 and 13 involved the testing of individual suites as well as whole floor testing. This testing revealed 
that the whole floor test results were much higher than the aggregated suite-based results. It is possible that 
the whole floor testing measurements included air leakage that was not part of the envelope. For example, 
whole floor testing would necessarily include leakage through elevator doors, which are not part of the 
envelope. On floors 3 and 11, only suite based testing was completed. All of the testing was completed with 
the vents and other intentional openings unsealed. 


To obtain a whole floor envelope leakage rate, the normalized suite test results given in Ricketts (2014) 
were averaged for each floor. This value was then multiplied by the entire envelope area of that floor to 
obtain the whole floor air leakage. Since whole building testing was not performed, a whole building 
envelope leakage rate was estimated using the whole floor leakage rates. The results of these calculations 
are shown in Table 1 for the pre-retrofit and post-retrofit building. 
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Table 1: Pre- and Post-Retrofit Air Leakage Results by Floor Based Upon Averaged Suite Measurements 
 Pre-Retrofit Post-Retrofit 


Floor n 
Q75 [L/s] 


(Q0.3 [cfm]) 


q75 [L/s·m2] 


(q0.3 [cfm/ft2]) 
n 


Q75 [L/s] 


(Q0.3 [cfm]) 


q75 [L/s·m2] 


(q0.3 [cfm/ft2]) 
Reduction 


1 0.61 879 
(1862) 


1.73 
(0.34) 0.67 509 


(1078) 
1.00 


(0.20) 42.2% 


3 0.59 791 
(1676) 


3.34 
(0.66) 0.66 373 


(790) 
1.57 


(0.31) 52.9% 


11 0.57 1047 
(2218) 


4.41 
(0.87) 0.59 476 


(1009) 
2.01 


(0.40) 54.6% 


13 0.61 2283 
(4837) 


4.35 
(0.86) 0.63 890 


(1886) 
1.70 


(0.33) 61.0% 


Whole 
Building – 13,476 


(28,554) 
3.48 


(0.67) – 6,182 
(13,099) 


1.60 
(0.31) 54.1% 


Where: Q75 (Q0.3) is the airflow at a pressure difference of 75 Pa (0.3 inH2O), and q75 (q0.3) is the airflow at a pressure 
difference of 75 Pa (0.3 inH2O) normalized by the envelope area. 


USING CONTAM TO PREDICT AIRTIGHTNESS 


The pre-retrofit results shown in Table 1 were used to calibrate a pre-retrofit CONTAM model. Calibration 
began by breaking up the existing whole-floor envelope air leakage rate into its components. With the 
exception of the bathroom vents, envelope component leakage testing was not performed in the case study 
building. Therefore, literature values were used to estimate the component leakage rates. The main sources 
of component leakage rates used in this study were the databases provided by Orme et al. (1998) and by 
ASHRAE (2001). Much of the data provided in these databases have been compiled from component 
testing completed before 1990 on buildings constructed in the 1970s and 1980s. 


Different techniques were attempted for assigning component air leakage rates, including factorial analysis 
and Monte Carlo simulation.  However, only factorial analysis is discussed here. The factorial analysis was 
used to determine the combination of component leakage rates that would lead to the best approximation 
of the pre-retrofit air leakage rate. 


Factorial Analysis Using Literature Values for Pre-Retrofit Model Calibration 


Two distinct models, based on the underlying assumptions, were created: Model 4 and Model 5. It was 
assumed in the first model, Model 4, that the fixed windows were airtight and that the concrete roof leakage 
rate was the same as the concrete wall leakage rate. This first assumption was tested because the component 
air leakage rate for fixed windows was not found in either of the two databases, Orme et al. (1998) and 
ASHRAE (2001). The second assumption was made to reduce the number of variables used in the factorial 
sensitivity analysis. However, upon completion of the first model, a second model, Model 5, was developed. 
In Model 5, air leakage rates were assigned to the fixed windows using values from Weidt and Weidt (1980) 
and the roof air leakage rate was separated from the wall air leakage rate. 


The factorial analysis for both models assigned three values to each variable (see Table 2). When the values 
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were obtained from Orme et al. (1998), the three values that were used were the upper quartile, median, 
and lower quartile. When the values were obtained from ASHRAE (2001), then the three values used were 
the maximum, best estimate, and minimum. Since the variables were varied independently, the number of 
iterations increased to the power of the number of variables. For example, because three values for each 
variable were used, if k variables are used, then there will be 3k model trials or iterations. Minimizing the 
number of variables is therefore beneficial, since it significantly reduces both the number of iterations and 
the computing time. This approach was taken for both models, although the second model introduced two 
new variables. To reduce the number of variables, in the pre-retrofit models, it was assumed that the frame 
leakage rates and the interface leakage rates were all upper quartile or maximum, depending on the source 
database (see Table 3). This assumption is consistent with the guidance provided by Orme et al. (1998). 
Note that the bathroom vent leakage rate was also not used as a variable in the factorial analysis, since it 
was measured. 


Table 2: Inputs Used for the Pre-Retrofit Model Factorial Analysis 
 Max Value Mid Value Min Value ELA4 


Units 


 


Component ELA4 n ELA4 n ELA4 n Reference 


Dryer Vent 34 
(5.27) 0.65 15 


(2.33) 0.65 12 
(1.86) 0.65 cm2 


(in2) ASHRAE (2001) 


Kitchen Vent 72 
(11.16) 0.65 40 


(6.20) 0.65 14 
(2.17) 0.65 cm2 


(in2) ASHRAE (2001) 


Sliding Door 
Opening 


15 
(0.216) 0.65 5.5 


(0.079) 0.65 0.6 
(0.009) 0.65 cm2/m2 


(in2/ft2) ASHRAE (2001) 


Swing Door 
Opening 


7.487 
(0.354) 0.6 2.407 


(0.114) 0.6 0.731 
(0.035) 0.6 cm2/m 


(in2/ft) Orme et al. (1998) 


Concrete Wall 1.316 
(0.019) 0.75 1.215 


(0.017) 0.75 0.587 
(0.008) 0.8 cm2/m2 


(in2/ft2) Orme et al. (1998) 


Concrete on 
Roof* 


1.316 
(0.019) 0.75 1.215 


(0.017) 0.75 0.587 
(0.008) 0.8 cm2/m2 


(in2/ft2) Orme et al. (1998) 


Fireplace 90 
(13.95) 0.65 65 


(10.08) 0.65 40 
(6.20) 0.65 cm2 


(in2) ASHRAE (2001) 


Curtain Wall: 
Operable and 


Fixed 


1.517 
(0.022) 0.74 1.316 


(0.019) 0.75 0.999 
(0.014) 0.77 cm2/m2 


(in2/ft2) Orme et al. (1998) 


Window: 
Operable 


3.654 
(0.173) 0.6 1.159 


(0.055) 0.6 0.767 
(0.036) 0.6 cm2/m 


(in2/ft) Orme et al. (1998) 


Window: 
Fixed** 


0.255 
(0.012) 0.6 0.123 


(0.006) 0.6 0.035 
(0.002) 0.6 cm2/m 


(in2/ft) 


Weidt and Weidt 
(1980), assumed n from 
Orme et al. (1998) 


Where: ELA4 is the equivalent leakage area at a 4 Pa (0.02 inH2O) pressure difference with a discharge coefficient of 1.0. 
*For Model 4, Concrete on Roof = Concrete Wall for each iteration (in other words, it is not a separate variable). 
**Not used in Model 4 
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Table 3: Remaining Inputs for the Pre-Retrofit Model 


Component ELA4 n 
ELA4 


Units 
Reference 


Bathroom Vents 19.35 
(3.00) 0.65 cm2 


(in2) 
Measured. See Ricketts 
(2014) 


Chimney Penetration 
Interface 


6.952 
(0.328) 0.6 cm2/m 


(in2/ft) Orme et al. (1998) 


Plumbing Penetration 
Interface 


7.487 
(0.354) 0.6 cm2/m 


(in2/ft) Orme et al. (1998) 


Sliding Door Frame 1 
(0.014) 0.65 cm2/m2 


(in2/ft2) ASHRAE (2001) 


Swing Door Frame 0.107 
(0.005) 0.6 cm2/m 


(in2/ft) Orme et al. (1998) 


Floor Open to 
Parking Garage 


0.15 
(0.002) 0.65 cm2/m2 


(in2/ft2) ASHRAE (2001) 


Curtain Wall Frame 0.107 
(0.005) 0.6 cm2/m 


(in2/ft) Orme et al. (1998) 


Window Frame 0.107 
(0.005) 0.6 cm2/m 


(in2/ft) Orme et al. (1998) 


Where: ELA4 is the equivalent leakage area at a 4 Pa (0.02 inH2O) pressure difference with a 
discharge coefficient of 1.0. 


For Model 4, eight variables were tested with 3 different values each as shown in Table 2 (Note that 
‘Window: Fixed’ is not used in this model and that ‘Concrete on Roof’ is varied with ‘Concrete Wall’, i.e. 
their values are the same for each iteration). For Model 5, the values of all ten variables given in Table 2 
were varied. Therefore, there were 6561 combinations tested for Model 4, and 59,049 combinations tested 
for Model 5. A separate file for each of the combinations was generated using a computer program written 
specifically for this study. A similar program is available from the CONTAM group on Yahoo! (Dols 2016). 
These models were then evaluated in batch mode using ContamX, the numerical solver of CONTAM. 


Although there were a large number of combinations, only a select few matched well with the measured 
values. For an iteration to ‘match well,’ the percentage difference between the modelled and measured 
value calculated using Equation 1 for each floor had to be within ±10%. As well, the range in calculated 
percentage differences of the floors, as determined by Equation 2, had to be within ±10%. These conditions 
were chosen to ensure reasonable agreement between modelled and measured values on a per floor basis 
and to reduce the spread in percentage difference of the floors. Without adding the second condition, the 
maximum spread in percentage difference would have been 20%. Equation 3 shows the two conditions 
combined in a single equation that could be used in an analysis software. 


75(modelled) 75(measured)


75(measured)
%Diff(Floor) 100Q Q


Q



   (1) 


 
%Diff Range MAX[%Diff(Floor 1), %Diff(Floor 3), %Diff(Floor 11), %Diff(Floor 13)]
                         MIN[%Diff(Floor 1), %Diff(Floor 3), %Diff(Floor 11), %Diff(Floor 13)]






 (2) 
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Matched Combination [%Diff(Floor 1) & %Diff(Floor 2) & %Diff(Floor 11) &
                                          %Diff(Floor 13) & %Diff Range] 10%






 (3) 


For Model 4 and Model 5, there were 10 and 195 iterations, respectively, that met the ‘match well’ criteria 
established above. The measured results for the pre-retrofit building and the range in modelled results for 
both models are shown in Figure 1. Note that, as expected, the range in results for Model 5 is slightly larger 
because of the larger number of iterations. However, for all of the floors, the modelled range is within 10% 
of the measured value. 


 
Figure 1: Pre-Retrofit Modelled and Measured Leakage Rates for Each Floor and for the Whole Building (Conversions: 
1 L/s = 2.119 cfm; 75 Pa = 0.3 inH2O) 


Using the Calibrated Pre-Retrofit Model to Estimate Post-Retrofit Air Leakage Reduction 


Having found the combination of variables that matched well with the pre-retrofit air leakage, the next step 
was to use these calibrated models to predict the post-retrofit air flows. The number of iterations that had 
to be carried out for the post-retrofit models was greatly reduced because only those variables that had been 
affected by the retrofit measures needed to be tested. The other variables remained the same as the pre-
retrofit model. Therefore, only unique combinations of untested variables from the pre-retrofit models were 
used for the post-retrofit models. The number of unique combinations for Model 4 was four and for Model 
5 it was nine. 


In these post-retrofit trial iterations, the air leakage values used for the retrofitted components were the 
values specified in the construction documents. The specifications provided values for the windows, doors 
(sliding and swing), and curtain wall. However, the specifications did not provide any flow exponent values. 
Since all of the specifications were based on crack length, a flow exponent value of 0.6 was assumed, as 
suggested by Orme et al. (1998). The retrofit also included a roof replacement, for which an airtightness 
specification was not provided. Therefore, a sensitivity analysis was performed using reasonable literature 
values (Table 4). The roof replacement included improving the sealing of penetrations and the replacement 
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of the membrane. Since no protected membrane values were available, it was assumed that the retrofit 
would result in an air leakage rate that was similar to a wall with a continuous air barrier. Therefore, the 
ASHRAE (2001) maximum, best estimate, and minimum values for this type of wall were used for the 
protected membrane roof. However, the original roof inputs used in the pre-retrofit model were also tested 
(Table 4). Introducing this air leakage variable for the roof resulted in a total of 12 and 27 post-retrofit 
iterations for Model 4 and Model 5, respectively. 


Although Model 4 did not include fixed window air leakage for the pre-retrofit model, it was included in the post-retrofit model, 
since it was included in the specifications. For Model 5, three post-retrofit versions were created to test variations of the post-
retrofit inputs. The three models are labelled Model 5A, Model 5B, and Model 5C. Model 4 and Model 5A use median/best 
estimate values for the frames and interface seals ( 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Table 5). Model 5B and Model 5C use lower quartile/minimum values for the frames and interface seals ( 
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Table 5). Model 5C also uses the pre-retrofit values for ‘Concrete on Roof’ to see the effects this will have on the estimation. 


Table 4: Retrofitted Roof Inputs for the Post-Retrofit Model Factorial Analysis 
 Max Mid Min ELA4 


Units 


 


Component ELA4 n ELA4 n ELA4 n Reference 


Concrete on 
Roof* 


0.21 
(0.003) 0.65 0.15 


(0.002) 0.65 0.055 
(0.001) 0.65 cm2/m2 


(in2/ft2) ASHRAE (2001) 


Concrete on 
Roof** 


1.316 
(0.019) 0.75 1.215 


(0.017) 0.75 0.587 
(0.008) 0.8 cm2/m2 


(in2/ft2) Orme et al. (1998) 
Where: ELA4 is the equivalent leakage area at a 4 Pa (0.02 inH2O) pressure difference with a discharge coefficient of 1.0. 
*Used in all models except Model 5C 
**Used in Model 5C only 
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Table 5: Remaining Inputs for the Post-Retrofit Models 


 Model 4 & 5A Model 5B & 5C ELA4 


Units 
 


Component ELA4 n ELA4 n Reference 


Chimney Penetration 
Interface 


1.248 
(0.059) 0.6 0.241 


(0.011) 0.6 cm2/m 
(in2/ft) (Orme et al. 1998) 


Plumbing Penetration 
Interface 


6.596 
(0.312) 0.6 5.615 


(0.265) 0.6 cm2/m 
(in2/ft) (Orme et al. 1998) 


Sliding Door Frame 1 
(0.014) 0.65 0.3 


(0.004) 0.65 cm2/m2 
(in2/ft2) (ASHRAE 2001) 


Sliding Door Opening 0.102 
(0.005) 0.6 0.102 


(0.005) 0.6 cm2/m 
(in2/ft) Specifications 


Swing Door Frame 0.022 
(0.001) 0.6 0.003 


(0.0001) 0.6 cm2/m 
(in2/ft) (Orme et al. 1998) 


Swing Door Opening 0.102 
(0.005) 0.6 0.102 


(0.005) 0.6 cm2/m 
(in2/ft) Specifications 


Curtain Wall Frame 0.022 
(0.001) 0.6 0.003 


(0.0001) 0.6 cm2/m 
(in2/ft) (Orme et al. 1998) 


Curtain Wall: Operable and 
Fixed 


0.102 
(0.005) 0.6 0.102 


(0.005) 0.6 cm2/m 
(in2/ft) Specifications 


Window Frame 0.022 
(0.001) 0.6 0.003 


(0.0001) 0.6 cm2/m 
(in2/ft) (Orme et al. 1998) 


Window: Operable 0.102 
(0.005) 0.6 0.102 


(0.005) 0.6 cm2/m 
(in2/ft) Specifications 


Window: Fixed 0.046 
(0.002) 0.6 0.046 


(0.002) 0.6 cm2/m 
(in2/ft) Specifications 


Where: ELA4 is the equivalent leakage area at a 4 Pa (0.02 inH2O) pressure difference with a discharge coefficient of 1.0. 


 


The results of the iterations for each model are shown together in Figure 2. All of the models over-estimated 
the leakage rate for the whole building and for floors 1, 3, and 11. The measured leakage rate of floor 13 is 
within the range of predicted values for Model 4, Model 5A, and Model 5B. However, Model 5C over-
estimates the leakage rate of floor 13, as shown in Figure 2. 


From Figure 2, it can be seen that floor 11 is the least accurately predicted floor for all of the models, 
followed closely by floor 3. In the best model, Model 5B, the air leakage on floor 11 is over-estimated by 
57 to 104% and floor 3 is over-estimated by 46 to 85%. The model with the poorest predictions, Model 4, 
over-estimated floor 11 by 86–109% and floor 3 by 83–88%. The air leakage on floor 1 was also 
consistently over-estimated. Model 5B over-estimated floor 1 by 4 to 37% and Model 4 over-estimated 
floor 1 by 38 to 43%. In Model 5C, floor 13 is over-estimated by 27 to 96%, while all the other models 
correctly predict the leakage rate of floor 13. 


Figure 2 shows that for the whole building air leakage, Model 5B has the least error.  Model 5B over-
estimated the building air leakage by 36 to 70%, whereas Model 4 over-estimated the building air leakage 
by 68 to 78% and Model 5C over-estimated it by 44 to 84%. Since the only difference between Model 5A 
and Model 5B is the frame and interface leakage rates, these two models could be combined to provide the 
full range of possible air leakage predictions. 
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Figure 2: Post-Retrofit Modelled and Measured Leakage Rates for Each Floor and for the Whole Building (Conversions: 
1 L/s = 2.119 cfm; 75 Pa = 0.3 inH2O) 


Another way of examining the measured and modelled data is to examine the percentage of reduction in air 
leakage. It is this latter quantity that can be used to estimate the amount of energy saved through retrofit 
measures. Figure 3 shows the results of the calculation. For the whole building and floors 1, 3, and 11, all 
of the versions of Model 5 have a predicted reduction range that is more accurate than Model 4. This 
suggests that, overall, the assumptions made for the pre-retrofit model of Model 4 likely led to the larger 
error in estimating the percent reduction in air leakage. Model 5B was found to predict the building leakage 
reduction most accurately, with a predicted reduction of 22 to 38%, although this is still less than the 54% 
that was measured. Further, since the quality of workmanship is an unknown in any retrofit, a range of 
values for the frame and interface leakage rates is justifiable. Since both Model 5A and Model 5B account 
for this range, the two models could be combined to give a full range of possible post-retrofit air leakage 
reductions, since the only difference between these two models is the frame and interface air leakage rates. 
When the two models are combined, the resulting range in air leakage reduction is 21 to 38%. 


 
Figure 3: Post-Retrofit Air Leakage Reduction for Each Floor and for the Whole Building 
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ESTIMATED POST-RETROFIT FLOW EXPONENTS 


The quantity of air leaking from a building is a function of the leakage area, the resulting net pressure 
difference, and the roughness and geometry of the leakage opening.  Air leakage can be described by a 
basic flow equation that takes a power law form. The value of the flow exponent is a function of the flow 
regime and ranges in value from 0.5 for turbulent flow to 1.0 for laminar flow (ASHRAE 2001). Of 
importance with the exponential flow equation is that an incorrectly estimated flow exponent can lead to 
significant errors in flows calculated for pressure differences other than the test pressure, such as the 
pressures experienced under normal building operation. 


Generally, the flow exponents for buildings fall within the range of 0.6–0.7, and a commonly assumed value 
of 0.65 is used for buildings and building components for which a flow exponent is not given. This is the 
approach used by modellers when using the component leakage rates given in ASHRAE (2001), since no 
flow exponents are given for these rates. This, however, provides a rather predictable whole envelope flow 
exponent of 0.65. On the other hand, Orme et al. (1998) provides leakage rates with flow exponents that 
are determined using one of two possible routes. The first route is for leakage rates that are crack length 
based. These all get a flow exponent of 0.6. The second route is for leakage rates that are area based. The 
flow exponent for these is calculated using a regression equation given in the report. Since Orme et al. 
(1998) was used to obtain the majority of the component leakage information, the flow exponents predicted 
by the models are not obvious or assumed. Therefore, the predicted flow exponents are compared to the 
measured flow exponents and the commonly assumed flow exponent of 0.65 to determine the applicability 
of the flow exponents used in this study. 


Figure 4 shows the modelled and measured flow exponents and the commonly assumed flow exponent of 
0.65, which is also the exponent that would have been predicted if ASHRAE (2001) had been used. None 
of the predicted flow exponents match the measured values. Further, Model 5C significantly over-estimates 
the flow exponent for floor 13. This is due to the higher leakage rate and flow exponent given in Orme et 
al. (1998) for the roof leakage used in this model. Although none of the flow exponents match, the flow 
exponents for floors 1, 3, and 13 are reasonably well estimated. However, floor 11 is not estimated well. It 
is worth noting that the measured flow exponent for floor 11 is below 0.6, whereas none of the component 
leakage rates given in the databases have a flow exponent below 0.6. It would therefore be impossible to 
predict the floor 11 flow exponent using the leakage data given in Orme et al. (1998) and ASHRAE (2001). 
From Figure 4, it is apparent that neither ASHRAE (2001) nor Orme et al. (1998) would correctly predict 
the flow exponents. It does, however, appear that ASHRAE (2001) (or assuming a flow exponent of 0.65) 
would have provided a slightly better flow exponent prediction. 
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Figure 4: Post-Retrofit Flow Exponents for Each Floor 


CONCLUSIONS AND RECOMMENDATIONS 


The improved prediction accuracy of Model 5 suggests that the inclusion of fixed windows and the varying 
of the roof leakage separately from the wall leakage is beneficial. However, Model 4 requires less 
computing time and has fewer iterations than Model 5 and is, therefore, still a reasonable approach. It should 
be noted that on a floor-by-floor flow basis, none of the models accurately predicted the air leakage for all 
of the floors. Of all the models, Model 5A and Model 5B produced the most accurate estimates. For the 
purposes of energy modeling and design, Models 5A and 5B could be combined to include the full range 
of possibilities, since the only difference between Models 5A and 5B is the quartile used for interface and 
frame leakage rates. Estimating these latter quantities can be highly dependent on construction quality, and 
therefore, the range of the actual air leakage may be rather large.  


Although the models predict what may be considered an upper bound for the post-retrofit airtightness, the 
use of the predicted airtightness to estimate infiltration must be done with caution, since the models do not 
accurately predict the flow exponents. They therefore do not necessarily provide an upper bound for post-
retrofit infiltration. Depending on the method used to estimate component flow exponents and the source 
used to obtain component leakage information, the predicted infiltration rates may be over- or under-
estimated.  


For future research, it is recommended that component and whole-envelope air leakage testing be completed 
pre-retrofit. This will provide pre-retrofit component air leakage rates that are representative of the building 
and can be used to more accurately estimate the pre-retrofit leakage rates and the post-retrofit airtightness 
improvement. Further, there is a need to develop and publish a database of component leakage values based 
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on pre- and post-retrofit testing. Such a database would be invaluable for improving air leakage modelling 
and ultimately energy savings predictions. 
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Outline


• Driving Building Science to the Next Level


– Using Science to make Building Design decisions?


– Yes, but also need to incorporate experience


• This paper


– Literature review / meta-analysis


– Research + Field Experience


• This presentation


– Some background, some highlights







Pitched Roof Types - Ventilated
• Vented Attic 


– Air, vapor and thermal control at ceiling
– Rain control at roof


• Cathedral Ceiling
– Air, vapor, thermal and rain control at roof







4


Building Science Corporation


Pitched Roof Types
• Unvented Cathedralized Attic


– More useable space as retrofit
– Space for mechanical equipment


• Unvented Cathedral







Ideal Ventilated Attic Construction


5


Ridge 
ventilation


Soffit 
Ventilation
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Nice venting
Clean roofing ply







Reality of Ventilated Attics


• Venting complexity
& air leakage 
through ceiling







Air leakage condensation: 
decades of problems







• Air leakage 
– ceiling penetrations, top plate penetrations


– Exhaust duct leaks & discharge location (roof, soffit, or wall)


• Inadequate venting provisions


• Outdoor moisture: night sky condensation on underside of 
sheathing… caused by ventilating attic


• Wetting through shingles/roofing? (tipping the moisture balance)


Moisture Sources







Condensation occurs at the first solid upstream-facing 


surface after “dewpoint” 


“Condensation occurs 
on the first solid 
upstream facing 
surface downstream of 
the dewpoint being 
exceeded”







Nice venting…
Moldy roofing ply







• Photos


Ventilation Cant solve excess air 
leakage or high interior RH







Research


• Moisture in ventilated attics has long been 
researched


• Jordan, C.A., E.C. Peck, F.A. Strange, and L.V. 
Teesdale. 1948. Attic condensation in tightly built 
houses. Housing and Home Finance Agency Technical 
Bulletin No 6, pp. 29-46.







Vented Attics – Previous Work
• Rose and TenWolde (1999, 2002)
• “We conclude that while attic ventilation can be beneficial 


in some circumstances and climates, it should not be 
viewed as the principal strategy to eliminate moisture and 
other problems in the attic and roof. Rather, attic 
ventilation should be part of a broader range of control 
strategies.”


• “In summary, for each of the most commonly cited claims 
of benefits offered by attic ventilation (reducing moisture 
problems, minimizing ice dams, ensuring shingle service 
life, and reducing cooling load), other strategies have been 
shown to have a stronger and more direct influence.
Consequently, the focus of regulation should be shifted 
away from attic ventilation.”
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Vented Attics – Previous Work


• Potential Issues in colder humid coastal climates
• Forest and Walker, 1993


– High attic ventilation rates resulted in higher 
sheathing moisture content – measurment & 
simulations in humid climates


• Roppel et al. 2013
– Characterized attics, measured, monitored.
– venting area and an airtight ceiling alone is not 


enough to control moisture, to limit mold growth, in 
insulated attics of wood-framed sloped roofs in 
marine climates, similar to Vancouver’s climatic zone.
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Unvented Roofs


• Can we safely building unvented roofs?


• No doubt, in either science or practise


– Not all codes have caught up (e.g., NBCC)


• However, must have 


– Exceptional air tightness near inside


– Low built-in moisture


– This limits design choices







Commercial Unvented Roofs
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Image credit: Building Science Corporation







• Unvented Hot Roof 
(Sprayfoam applied 
to underside) 


Unvented Wood-frame solutions


• Exterior Insulated & 
hybrid approaches


Air Control Layer


Water Control 
Layer Air-Water


Control Layer







Sloped Unvented Wood Roofs
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Control Layers 
Exterior of Structure
- Ideal assembly


Image credit: 
Building Science Corporation







Unvented Wood Frame
Spray foam insulation


Occupied or non-
occupiable space


(Cold-side Vapour Barrier)


Image credit: Building Science Corporation
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Air permeable insulation   


air impermeable cavity insulation 
(ie. low or high density low or high 
vapor permeance spray foam) 


air impermeable cavity insulation 
(ie. low or high density spray foam 
with low or high vapor permeance) 


Air permeable insulation


Rigid board insulation







Can we build unvented roofs?


• Canadian Part 9 doesn’t allow this


– Need to get engineers letter, etc.


• American IRC/IBC allows with specific limits


– Significant research and experience to support 
this


• Canadian Part 4 (professional) = most 
common roof assembly







Canadian Code : NBC Part 9


• Residential Section 9 (9.19.1)


– Requires venting of all roofs unless an engineer 
signs off


– Requires a vapour control layer not greater than 
60 ng/Pa·s·m2. (1 US perm)


• Unvented residential roof assemblies not 
allowed by code…. Clause 9.19
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Part 9 NBC of Canada


• “Except where it can be shown to be unnecessary, 
where insulation is installed between a ceiling and 
the underside of the roof sheathing, a space shall be 
provided between the insulation and the sheathing, 
and vents shall be installed to permit the transfer of 
moisture from the space to the exterior” 9.19.1.1


• Sensible rule for pitched wood-frame roofs, without 
a practical solution for airtight insulation


• Spray polyurethane foam has been successful 
because it is a practical solution to airtight insulation







U.S. Code: IRC R806.5


• Unvented cathedralized attics and unvented 
cathedral ceilings allowed


• No additional vapor control needed 
in Zones 1-4 (just control of air leakage)


• Insulation needs to be Class II vapor control 
(0.1 to 1.0 perms) or have Class II in direct 
contact


– Zones 5 and higher need vapour control


– E.g., virtually all of Canada needs vapor 
control







Field Research


• Numerous US and Canada studies


• Sprayfoam papers in peer-reviewed studies 
from 2005 (Rudd)


• U of Waterloo Field Study
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University of Waterloo 
Building Engineering Group (BEG)


Natural Exposure


Full-Scale Wall Assemblies


Six Cathedral Roof Assemblies
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Test Assembly Insulation Ventilation Vapor Control Air Control 


Unvented Closed Cell (NCC) R30 (~5”) No ccSPF SPF 


Vented Closed Cell (VCC) R30 (~5”) Yes ccSPF SPF 


Vented Fiberglass (VFG) R30 (~9 ¼”) Yes Latex paint on 
drywall 


Drywall 


Unvented Painted Open Cell 


(NOCP) 


R30 (~8”) No Paint on foam and 
drywall 


SPF 


Vented Open Cell (VCC) R30 (~8”) Yes Latex paint on 
drywall 


SPF 


Unvented Open Cell (NOC) R30 (~8”) No Latex paint on 
drywall 


SPF 


 







Measured Sheathing MC
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Vented Roofs &
Unvented ccSPFs


Unvented ocSPFs


40 % Interior RH


50 % Interior RH







Rafter MC
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Vented 
Fiberglass 


Batt40 % Interior RH


50 % Interior RH







Full Scale Field Testing


• Measured data is good to demonstrate, and 
assess performance in a specific region.


• Measured data has limitations including 
climate zone and boundary conditions.


• It’s not practical to conduct full scale tests in 
all climate zones on all assemblies


• Validate hygrothermal analysis data with 
measured data following monitoring


31







Correlation of measured and 
simulated data


• Correlation of monitored UW data with 
simulation data – Unvented ocSPF assembly


• Modifications made to worst case scenario 
simulations
– East orientation


– 4:12 slope


– 40% interior RH first winter, 50% interior RH 
second winter


– Waterloo weather file data
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34


Inuvik


Hygrothermal Analysis
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Vancouver Toronto Ottawa


Depth of
Cavity Ventilation Type of


Vapour Contro l
Low RH
30/55%


M ed. 
RH


40/60%
High RH


50%
Low RH
30/55%


M ed. 
RH


40/60%
High RH


50%
Low RH
30/55%


M ed. 
RH


40/60%
High RH


50%


5" R30
Ventilated                           


Continuous Baffle ccSPF 13% 13% 13% 10% 10% 10% 10% 10% 10%


5" R30 Non-ventilated ccSPF 11% 14% 14% 10% 13% 13% 12% 14% 14%


8" R30 Non-ventilated interior poly 13% 13% 13% 13% 13% 13% 13% 14% 15%


8" R30 Ventilated latex paint 13% 13% 14% 11% 11% 11% 11% 11% 11%


8" R30 Non-ventilated
1 US perm 


paint on foam 12% 17% 18% 13% 24% 28% 15% 30% 32%


8" R30 Non-ventilated latex paint 17% 30% 35% 25% 40% 50% 38% 52% 54%


9 1/4" R30
Ventilated                           


Continuous Baffle interior poly


9 1/4" R30
Ventilated                          


Continuous Baffle latex paint 16% 17% 17% 14% 14% 14% 13% 13% 13%


2.
0 


pc
f  


   
  


C
lo


se
d 


C
el


l3


Contents of 
Cavity


Fiberglass


Batt 


S
pr


ay
 P


ol
yu


re
th


an
e 


F
oa


m
 (


S
P


F
) 


 


0.
5 


pc
f O


pe
n 


C
el


l


Cathedral Roof Construction HDD 3000 HDD 4000 HDD 4500


Other Applicable Locations


(Heating Degree Days below 18°C)


From Environment Canada's


Canadian Climate Normals


1971-2000


White Rock (2782)


Vancouver (2926)


Abbotsford  (2981)


Victoria (3040)


Windsor (3524)


Niagara Falls (3661)


Kelowna (3869)


Oshawa (3917)


Hamilton (4012)


Halifax (4030) 


London (4057)


Toronto (4065)


Kitchener-Waterloo 


(4288)


Kingston (4289)


Montréal (4518)


Moncton (4585)


Ottawa (4602)


Charlottetown (4715)







In-service Inspections


• Numerous published field surveys


• In-service buildings, 3 to 10+ years old


• Usually top-side sheathing inspections


• No observed systemic issues


– Small leaks dry out


• Forensic experience: less public info.  Failures 
do occur due to bad workmanship, mistakes







Conclusions


• Unvented pitched wood-frame roofs 
– Can and do work


– Science and Field experience


– No good reason for code to block


• ccSPF requires proper workmanship, (of course)


– Airtightness!


• We need some vapor diffusion control
– Colder climates, high interior RH require low perm


• Control interior RH
– As per NBCC for example
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STATE OF THE ART REVIEW OF UNVENTED SLOPED WOOD- 
FRAMED ROOFS IN COLD CLIMATES 


Jonathan Smegal, John Straube, Aaron Grin, Graham Finch                                                                    
RDH Building Science Inc. 


 


ABSTRACT 


Typical residential house construction in North America has long had vented attics above living space with 
the insulation and air control layer at the ceiling plane of the living space. Except for documented wintertime 
condensation issues in cold climates, such vented attics generally perform quite well, provided that they are 
ventilated adequately and air leakage from the interior is prevented. However, architects and designers are 
moving away from empty attics by using the attic space as conditioned storage or bonus rooms, or by 
designing larger interior volumes with cathedral ceilings. The practical challenges of ventilating 
cathedralized attics and cathedral ceilings have been significant, both because of increased geometrical 
complexity and because of the number of penetrations typically required for services. 


Spray foam has been used successfully in tens of thousands of unvented roof assemblies throughout North 
America but some concerns remain in the building industry that these assemblies are inferior to ventilated 
roof assemblies. The National Building Code of Canada, in particular, makes it difficult for designers to use 
unvented roof assemblies, even using designs that are approved in similar building codes in the United States 
and have been proven to be durable, high-performing options. 


Over the past decade, the authors have been directly involved with studies of both 0.5 pcf (8 kg/m3) open cell 
spray foam, and 2.0 pcf (32 kg/m3) closed cell spray foam in unvented roof assemblies in various climates 
with continuous monitoring of temperature and moisture conditions. This paper provides a literature review 
of research that has been conducted on wood-framed sloped unvented roof assemblies, but will focus on 
results from a field monitoring study of sloped unvented wood roofs in partnership with the University of 
Waterloo, as well as a field survey that opened roofs and removed samples from aged unvented roof 
assemblies. 


VENTILATED ROOF ASSEMBLIES 


Historically, ventilated attics have been shown to be an effective enclosure design for a pitched wood-framed 
roof system. Using this method, a large amount of insulation (typically fiberglass or cellulose) can be installed 
on top of the ceiling of the living space in an attic to achieve high R-values (Figure 1). In a ventilated attic, 
the air control layer separating the interior from the exterior is located at the ceiling plane, and exterior air 
enters the attic at the lower vent openings, usually at the soffit. The air moves through the attic and exits at 
the upper vent opening near the ridge. The air moves through as a result of wind pressures, stack effect, and 
occasionally mechanical fan pressures. 
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Figure 1: Ventilated attic assembly (Schumacher 2008) 


Ventilation of the attic space with outside air helps minimize some common attic and roof performance 
problems including moisture accumulation in the sheathing, ice damming, etc. Ventilated attics work well in 
nearly every climate zone with the exception of high-humidity cold coastal regions (Roppel 2013) and some 
parts of the Far North (Climate Zone 8). The main advantages of ventilation in attics are generally reported 
to be: 


1) Removal of moisture from the attic space, which may be a result of air leaks from the living space 
or construction moisture, to minimize condensation and moisture accumulation. 


2) Removal of heat from the attic space to minimize ice damming in winter.  


3) Reduction in shingle temperature, thereby improving shingle durability. 


However, other factors may impact these issues more than attic ventilation alone. Rose and TenWolde (1999, 
2002) showed that while ventilation is important and should be used if possible, especially in cold climates, 
the main causes of moisture-related problems in attics and roofing assemblies are the interior relative 
humidity in the occupant space coupled with a lack of sufficient airtightness at the ceiling plane. 


The idea that interior humidity control and airtightness are critical to the performance of ventilated attics is 
not new. Rowley et al. (1939) concluded that interior relative humidity control was an effective way to reduce 
condensation in roofs and walls. A paper by Jordan et al. (1949) involved taking moisture readings in three 
attics in Madison, Wisconsin during the winter months. It was found that condensation only occurred in the 
attic with high humidity in the living space below. Hinrichs (1962) made the correlation between interior 
humidity and airtightness when he noted that air infiltration through the ceiling into the attic was the major 
source of condensation; he therefore concluded that a vapour retarder (i.e., not installed as an air barrier) was 
not a dependable means of attic moisture control. Dutt (1979) wrote that an airflow retarder was required in 
the ceiling in addition to a vapour retarder. 
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Ventilated cathedral ceilings, as shown in Figure 2, have become increasingly popular as a means of 
increasing ceiling height and architectural interest. Such roofs are a much more compact enclosure assembly 
with all of the control layers for air, vapour, heat, and water between the sloped ceiling of the cathedral ceiling 
and the roof deck. This compact assembly also requires a minimum continuous air gap from the lower vent 
opening to the upper vent opening in each joist space. These spaces can be maintained with vent baffles, or 
by ensuring enough space between the insulation and the roof deck. These ventilated cathedral roofs can 
often be more problematic than ventilated attics because it is difficult to ensure that the minimum vent 
openings exist in every rafter bay all the way from the bottom to the top. The ceiling plane, which should be 
airtight, is often perforated with lights, speakers, and other equipment, and can overload the assembly’s 
limited ventilation drying with interior moisture. Often, the insulation in a ventilated cathedral ceiling is air- 
and vapour-permeable fibrous insulation, and there have been many observed cases of moisture condensation 
and accumulation in these assemblies as a result of an inadequate air barrier combined with inadequate 
ventilation. Increasing ceiling airtightness, and increasing cathedral ceiling ventilation (via cross-strapping 
and larger ventilation gaps) can together overcome these limitations. 


 


Figure 2: Ventilated cathedral ceiling (Schumacher 2008) 


There are numerous reasons an unvented attic roof assembly may be desired instead of a ventilated one. 
These include limiting wind-driven rain penetration through soffit vents in hurricane areas, preventing 
burning embers from entering wood structures in forest-fire-prone areas, and reducing wind-blown snow 
accumulation, particularly in extreme cold climates with typically lighter snow density (CMHC 2001). 
Physics, field experience, and a significant amount of published research all suggest that unvented, wood-
framed pitched roofs can be design and built to perform reliably, durably, and at a high level. 


It should be noted that among the most durable unvented roof assemblies are ones where all, (or a significant 
portion) of the insulation in the roof is installed in a continuous manner on the exterior of the roof sheathing, 
keeping the sheathing warm, minimizing thermal bridging, and removing the risk of condensation and 
moisture accumulation in the roof sheathing and assembly (Garden 1965). However, it is recognized that due 
to height restrictions on buildings, geometric complexities, and the cost of installing exterior roofing 
insulation, unvented roof assemblies with the insulation below the roof deck are often a more desirable 
construction alternative. 
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BUILDING CODES 


In Canada, under Part 9 of the National Building Code, unvented roof assemblies are not prescriptively 
permitted, as stated in (9.19.1.1 pp. 9-105): 


Except where it can be shown to be unnecessary, where insulation is installed between a ceiling 
and the underside of the roof sheathing, a space shall be provided between the insulation and the 
sheathing, and vents shall be installed to permit the transfer of moisture from the space to the 
exterior. 


The International Residential Code (IRC) in the United States developed a set of guidelines for unvented roof 
assemblies in all North American climate zones for the 2006 IRC (IRC Section R806.5). A map of the climate 
zones with Canadian cities is shown in Figure 3. Canada is almost entirely in Climate Zones 5-8, except for 
a very small portion in the Lower Mainland of British Columbia, including Vancouver. Unvented roof 
assemblies covered by the IRC include unvented cathedral ceilings (Figure 4), and cathedralized attics (often 
referred to as unvented attics) (Figure 5). As noted in the schematic in Figure 5, the attic space in a 
cathedralized attic must be part of the interior conditioned space and will require some amount of air 
distribution, similar to other interior spaces. 


Figure 3: RDH climate zone map of Canada  
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Figure 4: Unvented cathedral ceiling (Schumacher 2008) 


 
Figure 5: Unvented cathedralized attic (Schumacher 2008) 


Some of the key criteria for allowing unvented roof assemblies in the IRC for cold climates (Climate Zones 
5-8) include considerations for the air and vapour permeability of the materials in the assembly. The code 
states that there can be “No interior Class I vapour retarder (<5.7 ng/Pa.s.m2, 0.1 Perm) on the attic floor of 
the unvented cathedralized attic assembly or on the ceiling side of the unvented cathedral ceiling assembly” 
(IRC Section R806.5 number 2). 


In other words, the IRC recognizes that it is important to allow any moisture in these roof assemblies to dry 
to the interior, and hence to build enclosures without a vapour barrier on both sides of the assembly. 


The IRC specifies the type of insulation for cold climates (Climate Zones 5, 6, 7, and 8) to specifically 
address the amount of possible vapour diffusion from the interior to the exterior roof sheathing: 
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In Climate Zones 5, 6, 7 and 8, air-impermeable insulation shall be a Class II vapour retarder 
(5.7 to 57 ng/Pa.s.m2, 0.1 to 1 Perm) or shall have a Class II vapour retarder coating or 
covering in direct contact with the underside of the insulation. (IRC Section R806.5 number 4) 


However, Climate Zone 4C is missing from the list, and 4C often poses challenges because it can get quite 
cold, but also is expected to have higher interior relative humidity loads as a result of the higher humidity 
coastal location. 


Other criteria related to the air permeance of the unvented roof insulation are stipulated in the IRC Section 
R806.5 number 5, including: 


 Air-impermeable insulation shall be applied in direct contact with the underside of the structural 
roof sheathing. 


 If air-permeable insulation is installed in direct contact with the underside of the structural roof 
sheathing, rigid board or sheet insulation shall be installed directly above the structural roof 
sheathing to a specified R-value based on climate zone. 


 If a combination of air-permeable and air-impermeable insulation is used, the air-impermeable 
shall be installed directly to the underside of the structural roof sheathing as specified in IRC Table 
R806.5 for condensation control. The air-permeable insulation shall be installed directly under the 
air-impermeable insulation. 


IRC Table R806.5 specifies a minimum R-value of rigid board insulation on the exterior of the sheathing, 
or air-impermeable insulation on the underside of the sheathing, for each climate zone. However, it does 
not provide a ratio of the amount of insulation required to address potential condensation and moisture 
accumulation. This means that if an unvented roof is constructed with R-values higher than code, the 
minimum R-value listed in the IRC table may not be enough to minimize the acceptable risk of moisture 
accumulation. 


The guidelines for unvented roof assemblies have been in the IRC since 2006 and are based on building 
science moisture physics and field experience of unvented roof assemblies. As with all roof (and wall) 
assemblies, successful performance is still reliant on quality construction practices and controlled interior 
humidity at assembly-appropriate levels. 


UNVENTED ROOF RESEARCH STUDIES & FIELD MONITORING 


There have been several studies conducted on sloped wood-framed unvented roof assemblies. These studies 
are a combination of moisture monitoring studies and hygrothermal modeling simulations that predict 
performance. 


The moisture content of the wood-based sheathing is often used as the performance criteria because the 
sheathing is the first location where vapour diffusion and air leakage condensation would occur in a cold 
climate during the heating season. Generally, under normal conditions, the following criteria are used to 
assess the risk for various test wall assemblies (Straube et al 2010): 


1) Peak sheathing moisture content less than 20% - no mold growth, very little risk. 


2) Peak sheathing moisture content between 20% and 28% - potential for mold growth eventually, 
depending on frequency and length of wetting, and temperatures during wetting. This design can 
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be successful but conservative assessments usually require corrective action be taken. 


3) Peak sheathing moisture content >28% - moisture-related problems are expected and this design 
is not recommended. 


Predicted moisture contents of wood-based sheathing are generally assessed with respect to relative risk as 
opposed to judging on some pass/fail criteria. The predicted moisture content should be kept in context and 
good scientific judgment is required to determine the moisture risk to the sheathing. For example, elevated 
wood moisture contents in the cold winter months when the wood substrate is on the cold side of the assembly 
are much safer from a mold growth perspective than similar moisture contents in the summer, when the 
temperatures are in the range for optimal mold growth. Also, high moisture content for a short period 
followed by drying is not necessarily risky, as wood-framed structures are able to manage high moisture 
contents for short periods without exceeding the safe storage capacity of the assembly. 


A second more sophisticated evaluation criteria that is becoming more common is the Finnish VTT Technical 
Research Centres’ Improved Model to Predict Mold Growth in Building Materials (Viitanen and Ojanen 
2007). This model is based on calculating empirical regressions of actual mold growth on building materials 
in varying climatic conditions by considering the temperature and relative humidity at the surface of the 
material. The sensitivity of the material (typically “sensitive” for wood-based sheathings) is also required for 
this analysis. While the VTT model results do not necessarily guarantee the presence of mold, they do provide 
a greater degree of reliability than categorical limits. The mold index will take into account all hours of the 
year that the relative humidity and temperature are ideal for mold growth, and can evaluate the seasonal 
impact of wetting and drying cycles. The VTT model output is a mold index, summarized in Table 1. Mold 
index values less than 3 are generally not visible to the naked eye, and therefore mold indices greater than 3 
are often considered a fail. 


 Table 1: Mold Index for the VTT Model (Viitanen and Ojanen, 2007) 
Index Growth Rate Descriptions 


0 No growth Spores not activated 
1 Small amounts of mold on surface (microscope) Initial stages of growth 
2 <10% coverage of mold on surface (microscope) --  
3 10%-30% coverage of mold on surface (visual) New spores produced 
4 30%-70% coverage of mold on surface (visual) Moderate growth 
5 70% coverage of mold on surface Plenty of growth 
6 Very heavy and tight growth Coverage around 100% 


Schumacher and Reeves (2007) conducted an analysis of an unvented cathedral ceiling insulated with 0.5 pcf 
(8 kg/m3) open cell spray foam in Vancouver, British Columbia, Climate Zone 4C. There was no 
polyethylene vapour barrier installed in the roof assembly. Data was collected over the course of the first two 
years that the house was occupied. During the first winter, the moisture content of the north-facing roof 
sheathing rose to 17-24% while the moisture content of the warmer, solar-dried, south-facing sheathing only 
rose to 12-14%. The monitored data suggest that the interior dewpoint and outward diffusion through the 
open cell spray foam play important roles in the winter sheathing moisture content levels. During the first 
winter, construction moisture was still drying out, and the heat recovery ventilator (HRV) was not switched 
to ‘winter’ mode until December. The winter mode uses a lower interior relative humidity setpoint as the 
indication for ventilation. As a result, the moisture levels inside the house were slightly elevated and the 
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interior dewpoint temperature exceeded 7°C (44.6°F) for approximately 41% of the monitored hours. This 
corresponds to an interior relative humidity of approximately 40% at an interior temperature of 22°C 
(71.6°F). During the second winter, the interior moisture levels were lower (dewpoint temperature exceeded 
7°C [44.6°F] for only 17% of monitored hours) with similar exterior conditions, and the north- and south-
facing roof assemblies reached moisture contents of 15-17% and 11-13% respectively. The sheathing 
moisture contents decreased, and the sheathing was dry in the monitored locations during the summer months 
resulting from inward vapour drive from the summertime conditions. Samples of foam were removed 
following the first winter to make a visual inspection of the plywood roof sheathing. None of the openings 
showed any signs of mold or decay on the plywood roof sheathing. The interior surface of the plywood was 
clean and seemed like new. Note that the interior humidity levels in this home were managed via ventilation 
to be lower than many residences in the Lower Mainland. 


Smegal and Straube (2014) reported on a study at the University of Waterloo Building Engineering Group 
Research Facility (BEGHut) on the border between Climate Zones 5 and 6. Six different cathedral ceilings 
(all approximately R30 or RSI 5.3) were constructed and instrumented for moisture and temperature 
conditions. The roof assemblies are shown in Table 2 below. The only roof with a polyethylene vapour barrier 
was the vented fiberglass roof assembly. It is generally accepted that latex paint on drywall has a vapour 
permeance of approximately 570 ng/Pa.s.m2 (10 US Perms). Although painted drywall samples were 
collected during deconstruction, their vapour permeance had not yet been tested as this paper was written. 


Table 2: Cathedral Roof Assemblies (Straube and Smegal 2014) 
Test Assembly Insulation Ventilation Vapour Control Air Control 
Unvented Closed Cell (NCC) R30 (~5”) (RSI 5.3) No ccSPF ccSPF 
Vented Closed Cell (VCC) R30 (~5”) (RSI 5.3) Yes ccSPF ccSPF 
Vented Fiberglass (VFG) R30 (~9 ¼”)(RSI 5.3) Yes Polyethylene 


sheet 
Polyethylene 


sheet 
Unvented Painted Open Cell 
(NOCP) 


R30 (~8”) (RSI 5.3) No Painted foam 
and drywall 


ocSPF 


Unvented Open Cell (NOC) R30 (~8”) (RSI 5.3) No Latex paint on 
drywall 


ocSPF 


Vented Open Cell (VOC) R30 (~8”) (RSI 5.3) Yes Latex paint on 
drywall 


ocSPF 


The ventilation gap in all ventilated assemblies was provided by installing commercially available 
polystyrene baffles from the soffit continuously to the upper roof vent, ensuring a clear path for ventilation. 
Venting hole sizes were calculated based on the code requirement and drilled out at the soffit and at the top 
of the rafter bay. The spray foam insulation was sprayed directly against the baffles and the fiberglass 
insulation was installed in contact with the baffles. During deconstruction, there was some evidence of 
deformation of the baffles as a result of the adhesion and curing of the spray foam, although all of the 
ventilation paths still appeared to be continuous and were not affected by the installation of spray foam in 
this case. 


The interior relative humidity was set at 40% for the first winter, which is slightly above the recommended 
interior relative humidity for cold climates (the National Building Code assumes 35% RH in Part 9), but not 
unusual in many houses. The second winter the interior RH was increased to 50% and there was an increase 
in the moisture accumulation and measured moisture content of the sheathing in some assemblies (as well as 
persistent condensation on double glazing). The roofs were disassembled and inspected after seven years of 
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exposure. 


The measured sheathing moisture content was the main criteria for evaluation of the roof assemblies. Both 
of the unvented open cell spray polyurethane foam (ocSPF) roof assemblies with only latex paint vapour 
control had elevated sheathing moisture contents during both winters, with higher sheathing moisture 
contents the second winter with a higher interior RH (Figure 6). Neither the unvented closed cell spray 
polyurethane foam (ccSPF) nor any of the vented roof assemblies experienced any elevated sheathing 
moisture contents; generally moisture content (MC) levels did not exceed 13% even with an interior relative 
humidity of 50% during the second winter. 


 
Figure 6: Measured roof sheathing moisture contents for six full-scale cathedral roof assemblies (Straube and Smegal 2014) 


Analysis of the rafter sheathing moisture content and the relative humidity within the cavity insulation was 
also undertaken. The rafter sheathing moisture content (Figure 7) showed that there were elevated moisture 
contents in the ventilated fiberglass roof assembly indicative of liquid water on the rafters. The moisture 
content was only slightly elevated the first winter at an interior relative humidity of 40%, but in the second 
winter, the rafter moisture content reached approximately 40% at the monitoring location. This assembly had 
a polyethylene air and vapour barrier sealed to the framing, and no intentional penetrations of any kind for 
lights, wiring, etc. It was found during the roof deconstruction in 2017 that there was significant moisture 
accumulation and staining on the rafters and the sheathing at the sides of the ventilation baffles. The sheathing 
above the baffle remained in good condition as a result of the ventilation inside the baffle. There was also 
evidence that a significant amount of water had run down the polyethylene vapour barrier to the bottom of 
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the cathedral ceiling over the years of operation. None of the other roofing assemblies had elevated rafter 
moisture contents, although the non-ventilated ocSPF assembly did have measured moisture contents of 
approximately 17% during the second winter. 


 
Figure 7: Measured roof rafter moisture contents for six full-scale cathedral roof assemblies (Straube and Smegal 2014) 


The conclusions based on the monitoring were as follows: 


 There was no indication of any elevated moisture or long-term durability risks in the vented and 
unvented closed cell spray foam cathedral ceiling roofs. 


 There were elevated roof sheathing moisture content levels and elevated relative humidity levels 
within the foam in both (painted and unpainted) unvented open cell spray foam assemblies, 
although the assemblies dried completely in the summer months. There was no observed sheathing 
damage after seven years. These assemblies require more vapour control on the interior, although 
adding an interior low-permeance layer also stops any drying to the interior.  A “smart” vapour 
barrier may be ideal in this assembly for performance and durability. Smart vapour barriers are 
materials that have a variable vapour permeance: a low vapour permeance when the surrounding 
RH is low, as is typical at the interior of most enclosures, and a higher vapour permeance when the 
surrounding RH is high, as would occur if there was a source of moisture on one side of the 
material. 


 In the vented open cell spray foam assembly, there was no elevated sheathing moisture content. 
However, due to the low vapour permeance of the baffle (measured to be 213 ng/Pa.s.m2 [3.5 US 
Perms]), moisture did accumulate at the foam-to-baffle interface, and there was evidence of 







 
 


Paper 106                                                                                                     Page 11 of 18 
 


condensation and drainage during the deconstruction. This suggests that more vapour control than 
just latex paint would be recommended on the interior. 


 In the vented fiberglass roof assembly, there were no elevated sheathing moisture content 
measurements within the ventilation baffle, although there were elevated rafter moisture contents, 
and deconstruction showed a significant amount of staining and water damage on the sides of the 
baffle, where the sheathing was exposed, and on the rafter. There was also significant moisture at 
the bottom of the roof assembly where condensation had drained and collected at the bottom of the 
roof. This condensation and moisture accumulation was likely a result of a small amount of air 
leakage from the interior over several years, even with careful installation and a continuous 
polyethylene and drywall layer with no intentional penetrations. 


As part of the research program, the results of the roofing study were used to correlate a hygrothermal model 
using WUFI® Pro (https://wufi.de/en/software/wufi-pro/) and the results were extrapolated to other regions 
of Canada covering all of the climate zones. For this analysis, worst-case realistic construction and boundary 
conditions were used to provide a conservative prediction of performance. A sensitivity analysis was included 
to show how the performance of the roof assemblies in all of the climate zones would vary under “better than 
worst-case” scenarios to provide context to the results.  


A summary of the conclusions for the hygrothermal analysis, using the conservative worst-case scenarios for 
moisture accumulation in all Canadian climate zones, shows that: 


 Vented ccSPF simulations showed no risk of moisture accumulation in the roof sheathing for any of 
the simulated climates including Climate Zone 8. 


 Vented fiberglass roof simulations with an interior polyethylene vapour barrier showed no risk of 
moisture accumulation in the roof sheathing, although this analysis assumes there is no air leakage 
past the interior air barrier. In reality it is difficult to achieve perfect airtightness with polyethylene 
sheet in typical construction. 


 Vented ocSPF worked well in simulations, although the initial model for this study did not include a 
baffle layer, which in the field study was shown to trap and accumulate moisture. Baffles could be 
added for future hygrothermal analyses. 


 Unvented ccSPF worked well in every location except the extreme north (Climate Zone 8) when the 
interior relative humidity was limited to reasonable (30-35%) levels. In some Climate Zone 7 cities, 
with elevated wintertime interior relative humidity (≥40%), there was long-term predicted moisture 
accumulation in the sheathing under conservative modeling criteria.  


 The unvented ocSPF model exhibited moisture accumulation in nearly every city, both with and 
without elevated interior relative humidity levels. In Vancouver such a system performed well with 
an interior relative humidity of 35%, but showed durability risk at an interior relative humidity of 
60%. The National Building Code of Canada suggests a maximum reasonable interior relative 
humidity of 60% in Vancouver because of the warmer winters in Climate Zone 4C compared to the 
rest of Canada. 
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One unplanned, but realistic source of moisture in roofs are small rain leaks. Grin et al. (2013) conducted 
hygrothermal analysis as part of a study on spray foam insulation under roof sheathing for the Department 
of Energy Building America program in the United States. For the hygrothermal analysis component of this 
study, the durability of the roof sheathing was predicted for spray foam insulated unvented roof assemblies 
in Miami (Climate Zone 1), Seattle (Climate Zone 4C), and Minneapolis (Climate Zone 7), for various levels 
of water leakage past the asphalt shingles applied directly into the wood sheathing. In some cases, all of the 
insulation was spray foam, and in others, it was a hybrid approach with spray foam and fibrous insulation 
which met the requirements of the International Residential Code (IRC) for unvented roof assemblies (Table 
R806.5). The amount of water passing through a roof system is difficult to quantify, but hygrothermal 
modeling was possible using ASHRAE 160, TMY2, U.S. Climate Normals weather data, and WUFI® 
weather data. WUFI® 5 was used to determine the effect of 0.01%–1.00% of rainfall entering the unvented 
roof system as a leak and coming in contact with the wood-based roof sheathing. 


The 2012 IRC-compliant roofing system in Minneapolis using closed cell spray polyurethane foam (ccSPF) 
on plywood sheathing with cellulose insulation on the interior has the capability (according to the modeling) 
to safely dry 53 oz (1.6 L) of water through a 4 ft2 (0.37m2) area of plywood per year. Moisture contents 
>20% were seen during the modeling, but the systems were typically able to dry during the summer and 
return to <8% MC. Within the Seattle analysis, the ccSPF-insulated, OSB-sheathed roofs were able to handle 
up to 1% rainwater leakage, while the ocSPF roof experienced elevated moisture content (MC) when more 
than 0.6% rainwater leakage was introduced into the system. This is due to both rainwater leakage and 
outward vapour drives during the heating season. The ocSPF roofs dried out much more readily than the 
ccSPF roofs during warmer and sunny weather. The Miami analysis showed that both ccSPF and ocSPF roofs 
dried, even up to 1.5% rainwater leakage, although both experienced more short-term fluctuation than similar 
roofs in the Seattle climate. 


Interior RH can directly affect the sheathing MC in all scenarios and the report recommends that wintertime 
RH in Climate Zone 6 homes should be maintained at <40%, a limit that is typical for standard houses in this 
climate zone. Wintertime RH levels higher than this typically result in window condensation and wall and 
foundation assembly hygrothermal performance issues, even in high performance enclosures. Orientation 
and sheathing materials create variations within the system, but these variations are relatively small compared 
to the type of SPF and vapour permeance coatings used. 


This study by Grin et al. shows that drying of rainwater leakage is possible even through ccSPF, as long as 
there is no vapour barrier installed on the interior of the roofing assembly to stop the inward movement of 
drying water vapour. 


Straube et al. (2010) conducted a hygrothermal modelling study including all the US climate zones, a range 
of interior humidity levels and numerous arrangements and types of insulation. The results showed that so 
long as airtightness is provided and wintertime humidity is controlled, numerous unvented solutions using 
either open or closed cell spray foam, or a combination of spray foam and fibrous insulation, can be 
successful. It was found that climate, the solar properties and exposure of the roofing, and the air and vapour 
permeance of the insulations and interior humidity are the most important factors to be considered in the 
design of moisture-safe unvented roof systems. 
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Table 3: Matrix of climate zones, roofing, R-value (2010), and insulation types modeled for wood-framed sloped roofs. (Straube et 
al. 2010) 


DOE Zone & City (12) Code Required R-Value Roofing Type (4) Insulation Type (8) 
1 Miami 30 Dark asphalt Spray fiberglass (1.8 pcf)  


2A Houston 30 Tile (ventilated) 1” ocSPF + spray fiberglass 
2B Phoenix 30 Light metal 1” ccSPF + spray fiberglass 
3A Atlanta 30 Cedar shakes 2” ccSPF + spray fiberglass 


3C San Francisco 30 – Full-depth ocSPF 
4A Kansas City 38 – Full-depth ccSPF 


4A Boston 38 – Kraft-faced batt 
4C Seattle 38 – Full-depth cellulose 


5A Chicago 38 – – 
5B Denver 38 – – 


6A Minneapolis 49 – – 
7 International Falls 49 – – 


There is also a group of other research studies and reports regarding roof performance that do not include 
sloped wood-framed roofs or spray foam, but do provide useful insight into roof performance parameters. 
For example, one study of unvented low-slope roofs with mineral wool batt insulation conducted in Europe 
by Nusser et al. (2010) investigated the measured performance differences between full-scale test hut roofs 
with different amounts of solar absorption, and different interior smart vapour barrier membranes. It was 
concluded that low temperatures on the roof, whether from shading or a green roof, lead to high and long-
lasting relative humidity in the cavity. 


On a similar topic to Nusser et al., Kehrer and Pallin (2013) also found in their hygrothermal study that the 
colour and solar reflectance of the roof surface is very important. The amount of accumulated moisture is 
almost doubled in cool roof (white) construction compared to a traditional black roof under certain modeled 
parameters, but the factor of safety with moisture-related durability is higher in all low-slope roofs with the 
high solar absorption of black roof membranes. 


Buxbaum et al. (2013) also looked at the effect of roof membranes on low-slope roofs in a two-part study in 
Europe. In the modeling component of the study, it was found that the roofing assemblies with the light grey 
and dark grey membranes showed more drying, a lower total water content over time, and decreased moisture 
risks compared to the white roofing membrane, as a result of the higher surface temperature, increased 
temperature gradient and drying towards the interior (although inward drying was slow with an interior 
vapour barrier). In the field study component of the research, the results were similar. It was concluded from 
the data analysis that the different coloured roof membranes were seriously influencing the external roof 
surface temperatures due to solar absorptivity. The differences in roof surface temperature strongly 
influenced moisture migration and accumulation and therefore the durability performance of low-sloped roof 
construction. It was found that light-coloured and especially white “cool” roofing membranes can reduce the 
effect of solar absorption and inward drying, hence drying of the roof assembly is limited and moisture-
related problems are likely to occur. 


Even though the previous three studies focused on low-slope roof assemblies, all roofs could be critically 
affected by the conclusion that roof membrane colour and amount of solar energy significantly affect drying 
and long-term durability. This conclusion does not currently play a significant role in the North American 
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wood-framed sloped housing market, where most of the roofs, especially in cold climates, are dark in colour, 
but it is still important to keep in mind in cases where roof membranes are lighter in colour. 


Another study on low-slope roofs that could provide some general insight into long-term moisture durability 
was conducted by Geving et al. (2013) who investigated the performance of unvented roof assemblies with 
either a smart vapour retarder or polyethylene film on the interior as the vapour control. The plywood 
sheathing was given an elevated initial moisture content so the drying of the roof assemblies could be 
measured and compared during summertime drying conditions. The roof assemblies with the polyethylene 
vapour barrier on the interior were the slowest to dry. The different smart vapour retarders had a range of 
drying but were far faster than the roof assemblies with the polyethylene. A similar ongoing study at RDH 
Building Science Laboratories in Waterloo, Ontario (Climate Zone 5/6) is being conducted on two 
commercial low-slope roof assemblies with different interior vapour control and intentional wetting within 
the roofing insulation. It was found that the roof assembly with an interior smart vapour control layer dries 
very quickly in the summer months compared to the roofing assembly with the interior vapour barrier. 


IN-SERVICE INSPECTIONS 


In-service inspections are important to understand various aspects of moisture-related performance in the 
enclosure. They can confirm predictions, or lead to a better understanding of what is occurring in constructed 
assemblies. There are not a lot of documented cases of in-service inspections of spray foam in unvented roof 
assemblies, although what could be found is included here. It may be beneficial to confirm our understanding 
of these roof assemblies by making more openings in spray foam insulated unvented roof assemblies, in 
particular in the colder or more challenging climate zones such as Climate Zone 7. 


Rudd (2005) conducted a field survey of four unvented cathedralized attics in Minnesota (Climate Zone 7) 
and Wisconsin (Climate Zone 7) in April 2004, and one cathedralized attic in Massachusetts (Climate Zone 
5) in March 2004. All of these roofs were located in cold climates and investigated in the spring to find any 
possible moisture accumulated during the winter, without time for the assembly to dry in the summer months. 
All five of the unvented cathedralized attics were insulated with low-density (0.5 pcf [8 kg/m3]), open cell 
sprayed polyurethane foam. No other vapour control was identified in the report for these roof assemblies. 
The foam was removed near the ridge and moisture contents of the sheathing were measured with a pin type 
moisture meter. Sheathing moisture contents were higher on the north-facing roofs, ranging from 20-40%, 
while the south-facing orientation ranged from 7-23% in all five houses. The sheathing moisture contents 
were the highest in the houses that had abnormally high indoor relative humidity levels as a result of basement 
flooding and/or poor ventilation in the home. Despite the high measured sheathing moisture contents, it was 
reported that there were no observations of fungal growth or wood deterioration. 


Schumacher (2015) wrote a summary report on unvented ocSPF roofs in Vancouver and the Lower Mainland 
(Climate Zone 4C). This paper included past research as well as observations made at three buildings where 
inspection openings were made in unvented ocSPF roof assemblies during May 2015. The observations are 
summarized below. 


Building 1 – The building was a decade old; the ocSPF had been installed as a cathedralized attic five 
years prior. Inspection openings were made at two locations on the north-facing slope and two 
locations on the south-facing slope. There was no other vapour control besides the ocSPF, and the 
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conditions in the attic were the same as the interior of the building. No visible mold was observed on 
the exposed plywood sheathing. On the north-facing slope, the moisture content of the sheathing was 
around 12%, and it was approximately 7% on the south-facing slope. 


Building 2 – Open cell SPF had been installed for three years at a thickness of 4-6 inches on the roof 
sheathing. The roof assembly has a very low slope (close to flat), and the roof assembly did not include 
a polyethylene vapour barrier. The structure was quite airtight without an operating ventilation system. 
During the site visit, the interior RH was 70% and the interior dewpoint was 13°C. There was no visible 
mold on the sheathing on either of the two inspection openings, and sheathing moisture content 
measurements were 16% and 15% in the two openings. 


Building 3 – The building had an ocSPF insulated unvented cathedral ceiling with scissor trusses. The 
roof assembly did not use a polyethylene vapour barrier but the ceiling was finished with painted 
drywall. It is generally accepted that drywall with latex paint is approximately 10 US Perms (570 
ng/Pa.s.m2). The indoor humidity was measured to be 50% during the investigation and moisture 
contents of 10% were measured in the plywood sheathing near the ridge. 


Grin et al. (2013) conducted a comprehensive study of unvented roof assemblies with spray foam insulation 
applied to the roof sheathing as part of the Department of Energy Building America program in the United 
States. This study included 11 exploratory openings of 11 in-service roof systems in July of 2012. Some of 
the roof assemblies were constructed with ocSPF, and some were constructed with ccSPF. One roof in 
Climate Zone 7 was constructed with ocSPF installed over ccSPF. The investigations involved removing a 
sample of SPF from the underside of the roof sheathing, and taking a moisture content reading. Nine of the 
investigations were conducted in cold climates ranging from Climate Zone 4C to 7. There was a range of 
construction strategies, including unvented cathedral ceilings and cathedralized attics. All locations had MCs 
well within the safe range for wood-based sheathing, keeping in mind it was the middle of the summer, and 
in some roof assemblies, elevated wintertime moisture contents may have dried. One location had some 
documented problems as a result of ccSPF sprayed onto wet roof sheathing, but besides that, it was 
documented that there were no other visible signs of moisture damage at any of the opening locations. 


CONCLUSIONS 


This state-of-the-art review of unvented sloped wood-framed roofs in cold climates has reviewed several 
hygrothermal and field studies predicting and measuring the performance of unvented roof assemblies with 
spray foam. This paper also summarized findings regarding in-service openings of both open cell and closed 
cell spray foam unvented roof assemblies in cold climates. 


In general, the field studies and in-service investigations showed good performance, typically with no visible 
signs of moisture damage. The spray foam installations that were investigated were installed in an airtight 
continuous manner without obvious defects. Even in cases where there were measured elevated sheathing 
moisture contents above recommended levels, it was documented in the reviewed research that there were 
no visible signs of moisture damage of the sheathing at the opening locations. 


The building science research and papers reviewed for this study suggest that the construction industry has 
the required information and experience from Canada, the United States and elsewhere to design safe 
unvented roof assemblies for all climate zones in Canada with proper design and construction technology. 
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While ccSPF can be used in most residential applications with few caveats, ocSPF requires more care in the 
selection and construction of effective interior vapour control. 


Future Research 


In conducting this review, some questions or uncertainties have arisen where more publicly available 
information would prove helpful to designing and specifying unvented roof assemblies in cold climates: 


 Are smart vapour retarders helpful in reducing the risk of moisture accumulation in wood-framed 
sloped unvented spray foam roof assemblies? All of the research found regarding smart vapour 
retarders was for low-slope (flat) roofs. 


 Can paint be applied to the surface of ocSPF to effectively reduce vapour diffusion into the spray 
foam of unvented roof assemblies? It is clear that vapour control is required in many regions with 
ocSPF unvented roof assemblies. Does paint that is advertised as vapour barrier paint perform as an 
adequate vapour control? 


 For vented open cell spray foam roof assemblies, the research showed moisture accumulation as a 
result of a foam vent chute. What vent chute material will improve the performance of vented ocSPF 
roof assemblies? 


 There is a lack of measurement and investigation information of unvented spray foam roofs in cold 
climates that have been constructed for many years. It would be useful to conduct more in-service 
openings of spray foam assemblies after years of operation in cities in Climate Zones 6 and 7 to 
expand the database and knowledge of spray foam performance? 
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BC HYDRO HQ: DESIGN AND CONSTRUCTION CHALLENGES ON A 


BARREL ARCH CANOPY REPLACEMENT PROJECT 


Paul Creighton P.Eng. 


 


BACKGROUND 


The main headquarters building for BC Hydro (BCH) is a landmark building constructed circa 1992 in the 
commercial downtown area of Vancouver British Columbia. 19 Stories tall, it features granite (and concrete) 
cladding as well as coloured glass skylights and canopies at the top and bottom – intended to mimic or invoke 
the mountains of British Columbia, and to suggest a tall waterfall descending each face of the building and 
cascading into arched canopies at each entrance.   In 2013, our firm was retained to conduct a condition 
review of the entire building envelope.  


 
Figure 1: Main Entrance and Side Canopy 
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Among the concerns noted in that review, was on-going leakage at the lower-level glass skylights and 
canopies, in spite of regular repair programs. Subsequent detailed evaluations identified the existing 
conditions, causes of leakage and other concerns, and presented several options for repair. This paper presents 
the decision process in determining a repair process, and the many changes necessitated or experienced 
during the repair program. 


The building has three grade-level semi-barrel arch canopies over side entrances on the north and south 
elevations. The main façade entrance (facing west) is a series of three levels / floors of semi-barrel arch 
cascading glass canopies that widen out at each subsequent lower level. Again, intended to invoke the 
appearance of a waterfall – reflective of the Brutish Columbia landscape and the major source of electrical 
power in the province – hydroelectric generation. 


The side entrance canopies, and the lowest level of the main entrance at-grade are exterior space canopies. 
However the main entrance continues up two more levels to enclose a three-storey atrium, which is 
conditioned (heated and cooled) interior space. All of the original construction was single-glazed, with a 
specially selected blue tint and the outer pane laminated. The glass was supported on “vertical” (i.e. 
perpendicular to the horizon) aluminum rafters with pressure plates and prefinished cover caps, installed in 
sections to allow for the semi-circular shape. Horizontal joints were structurally sealed. Rafter sections were 
themselves supported on hollow-steel structural frames which are tied back to the (primarily) concrete 
building structure. There is one added geometric complication, in that a small full barrel-arch section 
intercepts and projects out from the lower center over the main doors and supporting building signage. 


EVALUATION 


It was determined that many of the past leak repair attempts had consisted of filling the rafters (above and 
below the pressure plates) with sealant, and with sealing the cover caps. Absent any other considerations, the 
most cost effective repair option was to rehabilitate the existing frames: to remove all of the excess sealant, 
reconfigure the existing rafters to improve water-shedding at the exterior face and improve drainage on the 
interior, and to replace all of the glass with new single-glazed lites to match the original but present a 
consistent appearance. As well, there would be modifications to correct or improve limitations of the existing 
system, for example: introduce as much slope as practicable on each of the top rows of glass – which were 
essentially flat and unable to drain surface water; improve the drainage within the rafters and condensation 
handling, etc. 


Repair of the existing system was the preferred and expected approach, except that we had concerns about 
the performance of the system during a seismic event, and recommended a more detailed structural review. 
Our initial concerns were related to attachment of the rafters to the structural frame, and the performance of 
the supporting structural frame. 


The aluminum rafters themselves we attached to the structural frames with “U”-shaped clips installed at 
regular intervals - the bottom of the U bolted to the frames, the upper legs to either side of the rafter above. 
There was a large variation in the installation condition of these clips, many were not attached sufficiently to 
one or the other element (frame or rafter). Another concern was that, because the structural frames and the 
rafters did not follow the exact same arc (the glass being more segmented than the frames, etc.) spacers were 
used under the clips and many of these were also not sufficiently attached.  Any rehabilitation program for 
the rafters would also have to address these many deficient attachment concerns of the rafters to the structural 
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frames. 


Finally, a dedicated structural review of the seismic performance of the structural frame indicated weaknesses 
in the performance of the main entrance. Modelling indicated there would be significant damage and loss of 
structure in the case of an anticipated design seismic event. Whereas the grade-level canopies are attached 
on the outside of the building façade, they would likely move with the façade during anticipated seismic 
movements (assuming adequate securement to the building structure, which appeared to be the case), the 
main entrance is actually a weaker space or “void” between two building extensions. The two arms of the 
building could move at different frequencies and directions during an event, and the glass area (being weaker) 
would experience considerable damage. The Province of British Columbia was about to adopt a revised 
standard for seismic design, and being a prudent Owner BC Hydro felt seismic performance should be a 
significant factor when considering repair approaches.  


DESIGN AND CONSTRUCTION 


The selected repair program was augmentation of the existing structural frame and attachments to the 
building, and complete replacement of all of the glazing including rafters and attachment clips with a new 
glazing system.  


The option to install sealed insulating glass lite over the conditioned space was considered as an alternative, 
but not expected to be part of the final solution. BC Hydro retained PCL as the General Contractor, who 
retained all the subcontractors and oversaw construction. 


For many reasons, including the extremely active, public and prominent nature of the building and its 
entrance, the extent of scaffolding, hoarding and other site protection put in place by PCL for construction 
was significant, and a large part of the restoration consideration and cost. This approach also yielded benefits 
in site access and safety – almost all levels were readily available and protected for all trades throughout. 
Especially so since just after erection the front of the hoarding became a sit-in protest camp site. Other 
important considerations included the most appropriate and best way to protect the large and significant 
totems in the atria. Consultation with First Nation Elders determined that they could remain in place and put 
to sleep for the duration of the project. 


The seismic modifications to the structural frame were designed, and included the introduction of new 
Hollow Steel Section (HSS) members to be welded in place – primarily diagonals in the outside bays but 
with one additional horizontal member across the entire width of the glazed area. Some minor revisions were 
designed for the attachment conditions as they were shown on the original drawings. This aspect of 
construction proceeded essentially as designed, with a few minor considerations: attachment points were 
modified to allow for easier construction, partly to reduce the amount of opening into the existing cladding 
to get access for the attachment reinforcement works.  A revision to the geometry of the new members was 
considered, with a view to best line up with the new horizontal structural seal butt joint line of the glass 
panels. This alignment issue was also a concern with the vertical joints as well. 
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Figure 2: New Structural Members Main Canopy 


The original design allowed for proprietary glazing systems, with some guidance for improvements. For 
example the top row of glass lites: a) had minimal counter flashing protection at the susceptible intersection 
with the walls, and b) were essential flat, with no slopes to drain away from the wall. The design called for 
positive slope to drain of each upper row, more extensive protection at the connection to the vertical walls. 
Improvements and replacements to the lighting contained within the main canopy were also incorporated 
into the design.  During the extended project planning and funding allocation phase among the significant 
changes was: the upper 2 levels of the main skylight were replaced with a new proprietary system - but with 
sealed insulating glass lites on new rafters. The outer lites were tinted and laminated, the inner lites tempered. 
On all of the lower, grade-level canopy sections the original rafters were cleaned and attached to the structural 
frame with new clips, and new single-glazed lites installed. The upper row of (horizontal) glazing was sloped 
as much as possible within the limitations of the existing frame and wall connections. 


The net result matches the original well, with an almost identical tint, a fresher appearance with new paint 
finishes, matching glass lites, and improvements to the water shedding. From the interior, the additional 
structural members have some to appear as if they have always been there. 


Though not part of our scope, and not required for justification of installing the insulating glass, we were 
curious about the net impact the use of insulating glass over the conditioned space of the atrium would have 
on the heating and cooling costs, and did some rough calculations. The net reduction in heating load provided 
by the new skylight system was estimated using a Heating Degree Day (HDD) calculation. Assuming a 
heating cost of $16/GJ, the savings in heating cost were calculated to be $1535.33 per year, in 2016 $CDN. 
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Background


— 20 Story headquarters of provincial utility
— Constructed circa 1991 (25 years old)
— Reinforced concrete, clad with precast concrete and/or 


granite veneer
— Main 3 level arched canopy (upper 2 levels over 


conditioned atria space) plus 4 grade level canopies 
— BECA in 2013/2014 identified that the “waterfall” was 


leaking into the lobby
— Condition review of the Main Entry Canopy Skylight in 


2014
— Single glazed laminated + tinted glass lites, in curtainwall 


assembly(pressure-plate + caps) on “verticals”, butt joints 
horizontal, supported on HSS structural steel frame







Curved Canopy Condition Review


A leading global professional consulting firm































Canopy Review Summary


— Broken lites, non-laminated, incorrect tint
— Missing +/or discoloured cover caps, aged sealant, 


fastener corrosion
— Dead flat horizontal lites, gutter defects
— Typical past repairs (turning the rainscreen partially into 


face-sealed) including: 
* sealed caps (caps to glass, filled within)
* filled gaskets and caps (blocked drainage)
* multiple screws & screw holes in pressure plates
* damaged splines


All rectifiable in a straightforward repair, 
but for one more thing …







Structural Seismic Review







— Corroding Fasteners


— Spacers, unsecured


— Analysis of seismic 
performance 
vs 
new impending 
regulations







— Replace all rafter-to-
structural frame 
connectors


— Beams and anchorage 
some stiffening required


— Strengthen frame


Structural Summary







— Repair existing: 
new glass, modify existing rafters, augment connectors, 
adjust alignment, and add Structural reinforcement
or


— Whole new system above structural frame


REPAIR OR REPLACE?


Single or Double Glazed?



















































— Protection - extent & costs
— Value engineering of other aspects


(rehab existing lower canopies, etc.)
— Double glazed is faster & cheaper?
— Geometry. Including alignment of horizontal joints with 


purlins and new structural members
— Perceived distortion in vision lites
— No time for full scale mock-ups and testing (funny that)
— Challenging changes to flashings
— Structural changes look great 


(actually not a surprise – knew they would)
— Energy Savings from IG! (I was wrong about that) 


SURPRISES
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IMPACT OF INSULATED CONCRETE BALCONY CURB ON INTERIOR 


CONCRETE SURFACE TEMPERATURE 


Chafik a.k.a. Chuck Murad1*, and Hitesh Doshi2 


 


 


ABSTRACT 


Energy efficiency and thermal comfort considerations in high-rise residential buildings are increasingly 
calling for a thermally broken cantilevered concrete balcony slab at projecting balconies. Thermal breaks are 
not readily adopted by the local industries who are seeking cost effective means to improve human thermal 
comfort at such locations. In the last two decades, there were many attempts to adopt certain applications and 
in the recent years, imported thermal breaks technologies have been used, however, still facing difficulties 
due to cost. 


This presentation reports on previous thermal break methodologies used by the local industries and reports 
on the work which used alternative detail of an insulated concrete curb condition at the sliding balcony door 
[1] to improve indoor human thermal comfort conditions in the absence of thermally broken cantilevered 
concrete balcony slab. Roppel and Norris investigated and analyzed an important construction detail of a 
sliding door supported directly on an insulated raised concrete curb that has achieved significant results in 
terms of a lower overall U-value and higher surface temperature without using a thermal break in the concrete 
slab [2]. The alternative detail of an insulated concrete curb condition was modeled and simulated in 
THERM. This presentation describes the practical implementation of the detail. It provides the results from 
simulation and compares them to results from thermally broken slab conditions using proprietary thermal 
break technology. 


DECRIPTION OF THE SIMULATED ASSEMBLY 


Design Details 


A typical concrete balcony detail of a door-balcony system of high-rise Multi-Unit Residential Buildings 
(MURBs) as shown in Figure 1 consists of a concrete floor slab that projects to the exterior though a wall 
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assembly that consists of a sliding door assembly. The new sectional detail of the concrete curb as shown in 
Figure 2 consisted of 12.5 mm depression (curb) in the concrete balcony slab right beneath the sliding 
door/spandrel panel frame. The depression was filled with a 25.4 mm thick Extruded Expanded Polystyrene 
(EPS) rigid insulation [1]. The detail incorporated a proprietary thermal break in a few of the simulation 
scenarios for comparison purposes. Certain dimensions must adhere to the manufacturer requirements in 
terms of height, thickness and placement of thermal break, cantilever maximum length, and concrete cover 
for tension bars [3]. These details were adhered to as shown in Figure 3.   


 
Figure 1: Plan view of standard height floor-to-ceiling window-wall glazing system [1] 


 


 
Figure 2: Sectional details of the concrete slab modification with a curb [1] 
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Figure 3: Cross section of the model showing a Lower U-value framed glazing system sliding door above/spandrel panel below [1] 


Simulation Scenarios 


Table 1 and Table 2 shows the eight scenarios analyzed to evaluate the thermal performance of the concrete 
slab [1]. Scenarios were grouped into two: Group 1 listed in Table 1a, Group 2 listed in Table 1b [1]. For 
comparison purposes, the stud cavity for all scenarios was left open with no insulation, and each scenario 
was remodeled by installing a 78.8 mm (3.1. inches) of glass wool insulation in the frame cavity with an 
equivalent U-value of 0.481 W/m2.K and a thermal conductivity of 0.0380 W/m.k [1]. Exterior and interior 
boundary conditions were used for Toronto’s cold climate conditions which are close to the values given in 
ASHRAE 2009 Handbook-Fundamentals [4].  


Table 1: The four scenarios of Group 1 [1] 
Scenario Number Scenario Type Curb Condition Glazing Type Glazing U-


Value, W/ m2.K 


1 Conventional -NA- Spandrel above and below 0.378 


2 Insulated Curb 
condition 


12.7 mm curb with 25.4 mm EPS 
insulation only 


Spandrel above and below 0.378 


3 Conventional Proprietary Thermal Break only Spandrel above and below 0.378 


4 Insulated Curb 
condition 


12.7 mm curb with 25.4 mm EPS 
insulation and Proprietary 
Thermal Break 


Spandrel above and below 0.378 


Table 2: The four scenarios of Group 2 [1]. (above means on topside of the slab and below means underside of the slab) 
Scenario Number Scenario Type Curb Condition Glazing Type Glazing U-


Value, W/ m2.K 


5 Conventional -NA- above Sliding door 1.324 


below Spandrel  0.378 


6 Insulated Curb 
condition 


12.7 mm curb with 25.4 mm EPS 
insulation only 


above Sliding door 1.324 


below Spandrel 0.378 


7 Conventional Proprietary Thermal Break only above Sliding door 1.324 


below Spandrel 0.378 


8 Insulated Curb 
condition 


12.7 mm curb with 25.4 mm EPS 
insulation and Proprietary Thermal 
Break 


above Sliding door 1.324 


below Spandrel 0.378 
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RESULTS 


   
 
Figure 4: Temperature profile and interior surface temperature at slab/frame intersection of each scenario [1] 


Figure 4 shows temperature profiles for the eight modelled scenarios. Also, a summary of the results is 
presented in Table 2 [1].  


Table 3: Interior surface slab temperatures for the eight modelled scenarios [1] 
Scenario Above Balcony Below Balcony Length Until 20° C With Cavity Insulation 


Above Below 


1 9.2° C 9.4° C 346 mm 9.6° C 9.7° C 
2 10.0 ° C 9.5° C 338 mm 10.5° C 10.2° C 
3 12.5 ° C 14.2° C 278 mm 13.7° C 15.8° C 
4 13.2 ° C 14.2° C 260 mm 14.4° C 16.0° C 
5 4.2 ° C 10.5° C 462 mm 4.8° C 11.3° C 
6 9.6 ° C 10.8° C 420 mm 9.5° C 11.6° C 
7 7.1 ° C 15.0° C 339 mm 7.0° C 16.7° C 


8 12.1 ° C 15.0° C 315 mm 11.0° C 16.7° C 


The results showed significant increase in interior surface from 4.2° C to 9.6° C for Scenarios 5 and 6 
respectively, when the insulated curb condition was incorporated.  The interior slab length when 20° C was 
reached decreased by 42 mm when the insulated curb was introduced.  Similar significant increase was seen 
from 7.1° C to 12.1° C for Scenarios 7 and 8 when the insulated curb condition was incorporated in addition 
to the proprietary thermal break as well as a decrease of 24 mm in length until 20° C.  Also, adding 77.8 mm 
of glass wool insulation in the stud cavity had no significant change in the thermal performance [1].  


CONCLUSIONS 


The results indicated that the concrete surface temperature had the tendency to increase and even doubled 
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when using a lower U-value framed glazing door assembly along with the insulated depression (curb) 
condition solution of 12.7 mm in concrete slab and 25.4 mm thick EPS rigid insulation in conventional 
concrete balcony scenarios. This also indicated that there is an alternative construction detail other than the 
option of using a proprietary thermal break in concrete balcony slab that could provide similar benefits to 
human comfort in lieu of increasing interior concrete surface temperatures and minimize the risk of 
condensation [1].  
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Above Below


1 9.2° C 9.4° C 346 mm 9.6° C 9.7° C


2 10.0 ° C 9.5° C 338 mm 10.5° C 10.2° C


3 12.5 ° C 14.2° C 278 mm 13.7° C 15.8° C


4 13.2 ° C 14.2° C 260 mm 14.4° C 16.0° C


5 4.2 ° C 10.5° C 462 mm 4.8° C 11.3° C


6 9.6 ° C 10.8° C 420 mm 9.5° C 11.6° C


7 7.1 ° C 15.0° C 339 mm 7.0° C 16.7° C


8 12.1 ° C 15.0° C 315 mm 11.0° C 16.7° C
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Robert Lepage, M.A.Sc., P. Eng., James Higgins, A.Sc.T., Graham Finch, M.A.Sc., P. Eng. ,                   


RDH Building Science Inc. 


 


 


ABSTRACT 


Cross laminated timber (CLT) and mass timber construction is a promising structural technology that 
harnesses the advantageous structural properties of wood combined with renewability and carbon 
sequestering capacities not readily found in other major structural materials. However, as an organic material, 
mass timber is susceptible to biodeterioration, and when considered in conjunction with increased use of 
engineered wood materials, particularly in more extreme environments and exposures, it requires careful 
assessments to ensure long-term performance.  


A promising approach towards reducing construction moisture in CLT and other mass timber assemblies is 
to protect the surfaces with a water-resistant coating. To assess this approach, a calibrated hygrothermal 
model was developed with small and large scale CLT samples, instrumented with moisture content sensors 
at different depths, and treated with different types of water resistant coatings exposed to the Vancouver 
climate. The models were further validated with additional moisture content sensors installed in a mock-up 
floor structure of an actual CLT building under construction. Biodeterioration studies assessing fungal 
colonization were undertaken using the modified VTT growth method and a Dose-Response model for decay 
potential. 


The research indicates that CLT and mass timber is susceptible to dangerously high moisture contents, 
particularly when exposed to liquid water in horizontal applications. However, a non-porous, vapour 
impermeable coating, when applied on dry CLT, appears to significantly reduce the moisture load and 
effectively eliminate the risk of biodeterioration. This work strongly suggests that future use of CLT consider 
applications of a protective water-resistant coating at the manufacturing plant to resist construction moisture. 
The fungal study also highlights the need for a limit state design for biodeterioration to countenance variance 
between predicted and observed conditions. 


Introduction 


Cross laminated timber (CLT) and mass timber construction is a promising structural technology that 
harnesses the advantageous structural properties of wood combined with renewability and carbon 
sequestering capacities not readily found in other major structural materials. However, as an organic material, 
CLT is susceptible to biodeterioration. At moisture contents (MC) greater than 20% MC, CLT is susceptible 
to surface fungal attack by moulds. At moisture contents greater than 25% MC (near the fiber saturation 
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point), the CLT is at risk of structural damage by decay and rotting fungi (Zabel and Morrell 1992). 


Construction moisture, either from precipitation or the installation of a cement-based screed, can be stored 
by the floor assembly due to the significant storage capacity and the physical characteristics of CLT. Liquid 
water under hydraulic head can seep between the cracks and joints in the outer plies of the CLT thereby 
penetrating deep into the core. With the thicknesses of wood under consideration and its resistance to vapour 
diffusion impermeable, it can take years for this moisture to fully diffuse through the thickness of the panels. 
The CLT may then become at risk if the safe storage threshold is surpassed. Preliminary research by Lepage 
(2012) and McClung (2013) suggest that CLT could be at risk of premature biodeterioration if subjected to 
large moisture loads.  


Due to the importance of CLT as a primary structural material, evaluation of the risks of construction 
moisture are required. This study compares full scale mock-ups of the as-constructed building sections with 
calibrated hygrothermal models based on small and medium scale assemblies. The models are then used to 
evaluate different protective measures of water resisting coatings with respect to changing construction 
moisture loads. To assess the associate risks, an empirical mould growth index and a dose-response decay 
risk model are used to evaluate the service and ultimate state risks, respectively. 


Approach 


In support of the planning and design of a tall wood building project, referred to herein as the Tall Wood 
Residence (TWR), several phases of field exposure testing and monitoring were completed to research and 
assess (1) the effects of exposure to rain and (2) application of a cementitious floor topping on the wood 
moisture content of the cross-laminated timber (CLT) floor panels, two common situations found in larger 
commercial. This consisted of the following three phases 


1) Phase 1– Sample Testing 


o To evaluate (1) rain exposure, small 400x400mm sections of CLT were instrumented with 
moisture content sensors to evaluate the effects of water resistant coatings 


o To evaluate (2), moisture loads from cementitious floor topping, a mock-up of the TWR 
floor assembly was constructed and instrumented with moisture content sensors. Eight 
different coating types were applied to the mock-up wood structure.  


2) Phase 2 – Hygrothermal Calibration 


o The results of the Phase 1 monitoring were used to calibrate hygrothermal computer models 
of the same floor assemblies. Predictive modelling assessed the longer-term effects of the 
various wetting and drying patterns. 


3) Phase 3 – Fungal Contamination Model 


o The calibrated hygrothermal model will be used to infer the risks of fungal contamination, 
for both surface moulds and decay, using the VTT Improved Model to Predict Mold Growth 
in Building Materials (Viitanen and Ojanen 2007) for surface mould contamination, and 
Dose-Response Relationship for Fungal Decay (Brischke and Rapp 2008), for structural 
decay, respectively. Detailed descriptions of these deterioration models are beyond the scope 
of this paper and are thus only discussed cursorily.  
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The TWR was also instrumented with moisture content sensors. However, insufficient data were available at 
the time of this research to evaluate the long-term predictions of the hygrothermal simulations. On overview 
of the data collected and findings to date see the CCBST paper Vertical Movement and Moisture Performance 
Monitoring of Pre-Fabricated Cross Laminated Timber – Featured Case Study: UBC Tallwood House 
(Mustapha et al, 2017). 


EXPERIMENTAL SET-UP 


To evaluate the effects of construction moisture on CLT, two experiments were devised: (1) a series of 6 
CLT floor sections with different coatings to evaluate exposure to precipitation, and (2) a partial floor 
assembly of the TWR with eight different coatings, which includes a screed topping, to evaluate the moisture 
load effects of a cementitious floor topping. The screed topping was formed using plywood around the 
perimeter of the floor mock-up. 


Moisture content sensors were installed into various layers of the CLT test sample at each of the test areas, 
and various wood coatings were applied as required by the experimental protocol. The moisture sensors are 
made from long threaded stainless steel pins with an insulating plastic sheathing for the entire length except 
at the tip where the metal contact is used to measure the wood moisture content. The pins were installed from 
the underside of the CLT panel at the locations as shown below in Figure 1 for each of the test areas. The 
“edge” sensors were situated within 12.7mm of the edge, and the “center” sensors were a minimum of 300mm 
from the edge. Measurements were taken on an hourly basis. As these samples were left in an outdoor 
environment, it was assumed that thermal equilibrium would be achieved and thus no temperature sensors 
were inserted within the CLT samples. 


 
Figure 1 Conceptual MC pin location of CLT test sample showing sensor locations, all dimensions in millimeters. The depth 


of the MC pins are approximate. The green dashed line indicates the coating treatment. Sensors outlined in the red square 


represent ‘center’ readings of the sample, whereas sensors outlined in blue represent ‘edge’ readings.  


A total of nine types of coatings were considered, using the coatings listed in Table 1. 


Table 1: List of All Coatings Used in the Two Phases of CLT Sample Testing (with short form bolded for data identification) 


Wood preservative Polyurethane primer 
Silicone wood coating Porous substrate primer 
Urethane resin wood sealer No coating (baseline) 
Impermeable self-adhered membrane (SAM) No coating / no screed topping (Baseline) 
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Acrylic latex primer  


Exposure to Precipitation 


Six CLT samples were exposed to the environment with moisture pins installed into each sample to monitor 
the wetting of the top ply at the center of panel and at the edge to capture end grain effects (see Figure 2). 
The samples were coated on all six sides in accordance with the manufacturer’s instructions. The samples 
were left exposed for approximately 20 weeks, from January 20th to June 7th, 2016.  


 
Figure 2: Exposed CLT samples 


Exposure to Cementitious Topping  


A CLT floor plate, dimensions of 1220mmx171mmx5m, was constructed and installed in the TWR mock-
up on the first-floor level. The floor mock-up was sheltered from precipitation. The intention of the 
monitoring was to measure the performance characteristics of the wood layers in the CLT sample when 
exposed to a cementitious screed topping, comparing various protective coatings at the top surface of the 
wood. The different coatings were applied to the top and sides of the same CLT plate, then a cementitious 
screed topping was installed at the top of the test sample to a thickness of 40mm. The mock-up was monitored 
between December 2015 and February 2016. 


 
Figure 3: CLT test sample partial screed topping removal and wetting test 


RESULTS 


Both the rain exposure phase and cementitious topping phases were exposed to ambient environmental 
conditions, with the former having direct exposure to precipitation, whereas the latter was in a covered 
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environment. A local (within 7km) meteorological station was used to collect air temperature, relative 
humidity, and hourly rainfall amounts. These data were used to calibrate the hygrothermal models, which 
then permitted a predictive comparison using typical meteorological year weather data.  


 
Figure 4: Outdoor temperature, relative humidity, and hourly rainfall weather data in Vancouver, BC, over the duration of the 
monitoring period. 


Exposure to Rain 


The results of the monitoring of the exposed CLT samples show the characteristics of each coating when 
exposed to direct moisture mainly in the form of rain and night-sky induced condensation. Sensors were left 
in place for a total of approximately 20 weeks over the winter-spring season. Figure 5 and Figure 6 show the 
results of the full monitoring period at the top ply of the exposed samples and the outside edge of three of the 
samples. Three coating types were considered to demonstrate the range of moisture contents observed. An 
on-site meteorological tower was used to measure ambient conditions, including hourly rainfall.  


  
Figure 5: CLT wood moisture content of the top ply for each exposed test sample and the rainfall during the monitoring period 
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Figure 6: CLT wood moisture content of the middle ply at the outside edge for the Polyurethane, Urethane, and Silicone exposed 
samples during the monitoring period 


This monitoring shows the wetting of all CLT samples above the 20% MC threshold due to the frequent rain 
events during the winter period, with the urethane resin coating showing the most wetting to over 40% MC 
at the top ply. Over the spring period, all samples appear to dry down below 20% MC at the top ply and 
outside edge. The No Coat center and edge sensors do not appear to experience significant variations, despite 
precipitations. It is possible that these pins may have poor contact with the wood or that they are installed in 
a layer of heartwood within the same wood laminate. 


Exposure to Cementitious Topping 


The measured data is presented in the summary graph in Figure 7, showing a comparison of each of the 
coatings, and how the wood moisture content at the top CLT ply behaves at all test areas. For clarity, only 
the CENTRE measured location in the top ply is shown for each test area (see Figure 1). These sensors are 
placed closest to the screed topping just beneath the top surface of the CLT panel and thus measure more 
readily the initial wetting from the screed topping compared to the other moisture pins placed in the panel. 
These measured locations are considered a better indicator of the coating/membrane performance for this 
analysis. The plot also contains time markers for when the coatings were applied and when the screed topping 
was placed. Also included for reference is a horizontal marker line at 20% moisture content to indicate the 
cautionary level of moisture that could lead to fungal growth in the wood. 
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Figure 7: CLT wood moisture content beneath all test areas 


 


It is important to note that the “No Coat” sample in the testing here was accidentally exposed to moisture 
before the screed topping was place, and is therefore excluded from this analysis. As a substitute for this data 
set, the preservative treated sample is considered to have a coating with minimal impact on wetting. The Top 
Ply Edge sensor was malfunctioning and could not be used. 


The following graphs show the long-term moisture content readings at the CLT test sample. The graphs 
include a time marker for the screed placement and a wetting test completed at the end of the monitoring 
period. Figure 8 shows the results at the top ply over the full monitoring period. 


 
Figure 8: Long term CLT wood moisture content beneath all test areas (note the Top Ply Edge sensor location shown was exposed 
to moisture prior to screed placement, and no data was collected from the Top Ply Centre location due to a damaged sensor) 


HYGROTHERMAL ANALYSIS 
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were calibrated to the results of the small scale CLT samples. Three different alternatives were modelled, 
based on the performance of three classes of coatings. The material properties of these artificial coatings are 
provided in Appendix A. 


1. Vapour permeable hydrophobic sealer (i.e. silicone),  


2. Low-permeable hydrophilic sealer (i.e. urethane) 


3. Impermeable, waterproof membrane (i.e. self-adhered membrane, SAM). 


Hygrothermal analysis was undertaken to ascertain the efficacy of the different sealers when exposed to 
different conditions. By first calibrating the hygrothermal models to the empirical results obtained in Phase 
1, different scenarios can be simulated to assess performance. The hygrothermal software selected was WUFI 
Pro® version 6.0.2.2027.DB.26.0.17.0 (Künzel, 1995), due to its ability to simulate vapour and liquid water 
flows in hygroscopic materials.  


The WUFI model was developed with several ‘sense’ layers, taken at 6mm thickness, which corroborates to 
the approximate volume measured by electrical resistance moisture content pins (Figure 9). This enables 
comparisons between the simulation and measured results. 


 


 
Figure 9: WUFI cross section showing 6mm thick sense layers, from left to right, Surface, Top Ply, Mid Ply, and Bottom Ply 


Model Calibration 


The models were calibrated by following a calibration sequence that incrementally adds complexity (i.e. new 
information or material properties) to previous models that found good agreement. The new layer material 
properties are modified within acceptable ranges within the published literature until a good match is 
obtained, within the error margin of the measurements (approximately 2%MC for species and temperature 
corrected moisture content pins). Material property data were collected on the manufacturer’s technical data 
sheets, and supplemented with literature for similar products and may be found in Appendix A. The baseline 
model consisted of calibrated CLT material property combined with a calibrated cementitious topping, shown 
in Figure 10.  
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Figure 10: No-coat post-screed comparison between measured and simulated moisture contents 


Modeling of the screed was achieved by first obtaining the moisture content profile of a CLT sample in the 
ambient environment. It was then imported as the initial moisture conditions, with the moisture content of 
the screed set to manufacturer’s literature. In general, the moisture content trends between the measure and 
simulation were similar. Slight variances may be due to differences in the density of the material, but falls 
within the margin of error of the moisture content pins. Upon installation of the screed, the measured data 
jumps rapidly to 22% MC, which is not demonstrated by the simulation. This is likely due to the 1-
dimensional nature of the software and hourly averaging function of the data logger system. Once the initial 
conditions settle, the trends are nonetheless comparable. Subsequently, calibration for the different water-
resistant coatings was undertaken. The coatings were simulated by creating an artificial material layer, 1 mm 
thick, and calibrating the liquid diffusivity and vapour diffusion resistance factors (VDRF) to match the Phase 
1 and Phase 2 experimental data. Material properties for these coatings may be found in Appendix A. 


The polyurethane sealer layer was modified by providing a low vapour diffusion resistance factor (VDRF) 
in conjunction with a small liquid water uptake coefficient. With these modifications, good agreement was 
observed on the Top Ply sense layer (Figure 11). The spikes in the Bottom Ply layer are believed to be a 
result of shorting of the moisture content sensors; note that the peaks are roughly aligned with the simulated 
results and are aligned with expected values for the equilibrium moisture content. 


 
Figure 11: Polyurethane sealer post-screed comparison between measured and simulated moisture contents 
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The silicone sealer is known to be hydrophobic, but vapour permeable. Modification to the VDRF was 
undertaken until good agreement was observed with the measured data (Figure 12). Both the Top Ply and 
Bottom Ply respond closely to environmental conditions.  


 


 
Figure 12: Silicone sealer post-screed comparison between measured and simulated moisture contents 


Predictive Simulations 


The baseline hygrothermal calibrations provided generally good agreement between the simulated models 
and the empirical models for CLT with a screed topping with no protective coating, an impermeable coating, 
and permeable sealer. This section will attempt to assess the performance under different initial starting 
conditions to quantify the best-case scenario with maximum drying capacity in the summer. The internal 
WUFI – Vancouver; cold-year was used for these simulations. 


Assuming CLT panels with moisture contents below 15% and the installation of the cementitious screed on 
June 1st, the moisture content profiles in Figure 13 are predicted for uncoated CLT, CLT coated with 
polyurethane primer, and CLT coated with silicone sealer. 
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Figure 13: Predicted Performance – No Coating (Blue), Polyurethane coating (Red), and Silicone sealer (Green) at starting 
moisture content <15%. 


Like the monitoring results, these simulations suggest that a coating will significantly reduce the wetting of 
the outermost layer of the CLT compared to the “No Coat” baseline, keeping it below the critical 26-28% 
moisture content required for decay. The only coating which appears to keep the CLT below the 20% 
threshold for mould is the polyurethane based sealer. It should be noted that any variation in the initial 
moisture content, installation quality, or variations in the screed can appreciably change the results of these 
simulations. 


The ideal method to eliminate any impacts of construction moisture from the screed is to use an impermeable 
and waterproof coating, such as a self-adhered membrane, shown in Figure 14. 


 
Figure 14: Predicted Performance – SAM coating, starting moisture content <15% 


The impermeable membrane completely decouples the CLT performance from the screed and represents an 
ideal performance conditions. Only the bottom surface of the CLT is influenced by the ambient relative 
humidity as shown above.  


In a non-ideal circumstance where the CLT is wetted prior to the installation of a coating, a degree of drying 
to the top is required. A starting moisture content of 25% was selected, representative of measured moisture 
content in the wood samples. While the screed is itself a vapour retarder, it is nonetheless more permeable 
than the CLT and will thus enable a slight degree of topside drying. Therefore, careful attention to the 
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permeability of the water-resistant coating is required. Where lower permeable coatings are used, the upward 
drying ability of the CLT will be reduced, and moisture may be trapped in the CLT for extended periods. The 
moisture content profiles of CLT panels with moisture content above 25% and the installation of the 
cementitious screed on June 1st are shown in Figure 15 for uncoated CLT, CLT coated with polyurethane 
primer, CLT coated with silicone sealer, and CLT with SAM. 


 


 


 
Figure 15: Predicted Performance – No Coating (Blue), Impermeable Coating (Red), and Permeable sealer (Green), and 


Impermeable Membrane (Brown) at starting moisture content >25%. 


A scenario where the CLT is wetter than 25% MC will pose a risk regardless of the coating. However, both 
the polyurethane and silicone coatings eventually show a drying trend. The SAM membrane, however, does 
not and demonstrates the significant risk of applying an impermeable membrane to wet CLT.  
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Mould and Decay Predictions 


To help provide more accurate analysis, the hygrothermal results will be compared using the Finnish VTT 
Technical Research Centre’s Improved Model to Predict Mold Growth in Building Materials (Viitanen, 2007) 
and a Dose-Response Model for Fungal Decay (Brischke and Rapp 2008). These models are empirical 
regressions of actual mould and rot growth in varying climatic conditions. The VTT model does not guarantee 
presence of absence of mould, but provides a greater degree of reliability than common threshold limits 
(e.g.80% RH threshold for mould). The VTT model output is a mould index, the extent summarized in Table 
1. A sensitivity class of ‘sensitive’ was selected to represent the planed and processed CLT panels. 


Table 2: Mould Index for the VTT Model (Viitanen, 2007) 


Index Growth Rate Description 


0 No growth Spores not activated 


1 Small amounts of mold on surface (microscopic) Initial stages of growth 


2 <10% coverage of mold on surface (microscopic) – 


3 10%-30% coverage (visual) New spores produced 


4 30%-70% coverage (visual) Moderate growth 


5 >70% coverage (visual) Plenty of growth 


6 Very heavy and tight growth. Coverage around 100% 


The ASHRAE 160 (2016) stipulates that the maximum threshold for the mould index should be 3. The Dose-
Response model uses a Mean Decay Rating from 0 to 4, which is derived from pick-tests that assesses the 
structural integrity of wood stakes, with description of the ratings shown in Table 3. Approximately 200 dose 
units are required to show slight decay. Both methods used the top-ply moisture content as the model moisture 
input. 


Table 3: Mean Decay Rating (EN 252) 


Decay Rating Rating of Decay Dose Units 


0 Sound-no decay 0-150 


1 Slight decay 150-500 


2 Moderate decay 250-600 


3 Severe decay 350-800 


4 Very sever decay  


(stake fails during mechanical bending) 


500+ 


To provide a conservative estimate for the risk of mould and decay, the 25% initial moisture content 
simulations were used. If these samples do not suggest risk of fungal contamination, then it is probable that 
scenarios with lesser degree of wetting are safe. 
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Figure 16: Moisture Content and Mould Index Scores for Uncoated, Polyurethane, Silicone, and Self-Adhered Membrane Coatings 


 


   
Figure 17: Moisture Content and Mean Decay Dose for Uncoated, Polyurethane, Silicone, and Self-Adhered Membrane Coatings 


The elevated moisture content suggests high likelihood of observing surface fungal contamination (mould 
index greater than 3 for all four configurations) on all substrates starting at 25%MC, as determined by the 
VTT model. Removal of the cementitious topping of the floor mock-up confirms the presence of fungal 
growth at several locations. However, the extent of growth was not as high as would be suggested from the 
VTT model. This reduction may be due to inhibitory effects of the screed (inadequate pH). The Dose-
Response results show that the high initial moisture content of the uncoated samples result in a higher dose 
value than the coated samples. Over the monitored period, the self-adhered membrane slowly increases in 
the decay dose, but begins to taper off after the simulated year. The highest dose predicted is 14 units, which 
is well below the threshold of 150 dose units to the start of minor decay. Even the uncoated CLT, with 25% 
maximum starting moisture content, does not appears to be at risk of decay provided that efforts are made to 
promote drying.  
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CONCLUSION 


Due to the moisture sensitivity of CLT, careful attention to moisture sources is essential. Construction 
moisture, by way of precipitation or cementitious screed toppings, can subject CLT panels to significant 
amounts of moisture. The abundant storage capacity of CLT combined with its relative vapour 
impermeability over its thickness render it susceptible to biodeterioration if the moisture content threshold is 
surpassed for a sufficiently long duration. Generally, moisture contents above 26-28% MC (near fiber 
saturation) pose risks of structural decay, whereas moisture contents above 20% MC can harbour mould 
growth. Ideally, the moisture content of the wood should never exceed 20% in service. Investigation into the 
effects of factory installed water resistant coatings were a critical component of this research. Three different 
coatings were considered in the in-depth analysis, as prompted by the measured data:  


 Permeable and hydrophobic coating, such as a silicone penetrating wood sealer, 


 Low permeability coating, such as a polyurethane coating, and  


 Impermeable, waterproof coating, represented by self-adhered membranes. 


CLT mock-ups were created to assess the effects of precipitation and cementitious toppings with these water-
resistant coatings. These mock-ups were instrumented with moisture content sensors to infer their risk of 
mould and rot. It was found that the samples do exceed the fiber saturation point, in some instances, for many 
months. Hygrothermal models were then calibrated to these two CLT experiments. The models were then 
used to infer long-term performance under worst-case condition. Interpretation of the hygrothermal models 
was completed by using the VTT Mould Index and the Dose-Response Model for Decay. The VTT Mould 
Index suggests a high probability of growth, evidenced by fungal contamination on some CLT samples. 
However, not all samples exhibited fungal growth, as this is suspected to be caused by an insufficient pH for 
fungal germination.  


RECOMMENDATIONS 


The following recommendations should be considered for the CLT panels after manufacturing and during 
construction: 


1) Protect the CLT from external moisture during transport and handling, especially on the truck 
shipment from the factory to the storage and to site. On site, the CLT should be protected from all 
moisture sources as much as possible and well ventilated to promote drying.  


2) Use active moisture management strategies and immediately remove any liquid water found on the 
surface of the coated CLT panels as the floors are being erected and exposed to weather. Use 
vacuums, squeegees and/or absorbing material where necessary. Water left on the surface poses a 
substantial risk of wetting CLT panels. Continual review of all floors during construction will be 
required during the entire construction phase as liquid water at the top exposed floor can migrate 
down at openings and intersections to lower levels. 


3) Do not rely on passive moisture management strategies such as attempting to seal the CLT panels or 
the screed topping from the top side. Moisture is likely to penetrate through joints in the CLT and 
cracks in the screed topping, and at edges and penetrations in the floor. 
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4) Consider using preservative treated non-CLT wood accessories such as plywood splines. These 
smaller items have less moisture storage capacity and may be at a higher risk of moisture uptake, and 
may not have the same re-distribution qualities as the CLT structure. 


5) Install the screed topping on dry CLT panels with a measured moisture content of less than 15% MC. 
Use non-moisture producing construction heaters (e.g. electric) as necessary to promote drying of 
the CLT panels.  


6) Keep the floors well ventilated after the screed topping is placed to allow continual drying of the 
screed and the moisture that may have entered the CLT panel. Employ the same moisture 
management strategies for the top surface of the screed topping as used for the exposed CLT panels. 


These recommendations highlight the care and planning needed to achieve the intended protection of the 
CLT using coatings and active moisture management strategies. Attention must extend from the 
manufacturing stage at application, through CLT construction and placement of the screed topping, to the 
full enclosure of the building. 
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 Appendix A: Hygrothermal Material Properties 
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Research Prior to Tall Wood & Key Lessons to Date
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Concerns
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Experimental Protocols


 Phase 1 –Sample Testing


 (1) 400x400mm small sections


 (2) 1.2x4.5m floor mock-up


 Phase 2 – Hygrothermal Calibration


 Calibrate to (1) & (2)


 Phase 3 – Fungal Contamination


 VTT Improved Model to Predict 


Mold Growth (Viitanen, 2007)
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Fungal decay (Brischke and Rapp, 


2008)
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Phase 1 (1) – Small Scale Testing
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(Baseline)


Acrylic latex primer


 9 different CLT samples with 


different treatments


 Instrumented with MC pins
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Phase 1 – 1 Results
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Dye Testing
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Phase 1 (2) – Floor Mock-up Testing


 1.2x4.5m CLT floor mock-up


 Treatments installed in grid


 Each grid instrumented with 


MC pins in centre and edge
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Phase 1 – 2 Results
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Key Findings


 Exposed CLT can experience MC >25%


 Screed to uncoated CLT panels increases 


the surface moisture content by 5-10%. 


 Specific coatings can reduce this, others 


have no benefit


 Wetted CLT at greater risk


 CLT with screed still at risk of 


precipitation
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Hygrothermal Analysis


 Calibrate to untreated samples (Phase 1 – 1)


 Calibrate treated samples (Phase 1 – 1)


 Vapour permeable hydrophobic sealer (i.e. silicone), 


 Low-permeable hydrophilic sealer (i.e. urethane)


 Impermeable, waterproof membrane (i.e. self-adhered membrane, 


SAM)


 Calibrate with screed, with different treatments
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Hygrothermal Calibration


10


12


14


16


18


20


22


24


26


28


30


Jan 07 Jan 14 Jan 21 Jan 28 Feb 04 Feb 11 Feb 18


W
o


o
d


 M
o


is
tu


re
 C


o
n


te
n


t 
(%


)


Top Ply Centre 2nd Ply Edge Mid Ply Centre Bottom Ply Centre


SCREED PLACED


Measured Simulated


10


12


14


16


18


20


22


24


26


28


30


Jan 07 Jan 14 Jan 21 Jan 28 Feb 04 Feb 11 Feb 18


W
o


o
d


 M
o


is
tu


re
 C


o
n


te
n


t 
(%


)


Top Ply Centre  2nd Ply Mid Ply Centre Bottom Ply Centre


Measured Simulated


SCREED PLACED


10


12


14


16


18


20


22


24


26


28


30


Jan 07 Jan 14 Jan 21 Jan 28 Feb 04 Feb 11 Feb 18


W
o


o
d


 M
o


is
tu


re
 C


o
n


te
n


t 
(%


)


Top Ply Centre 2nd Ply Centre Mid Ply Centre Bottom Ply Centre


SCREED PLACED


Measured Simulated







16


Projections – 15% MC
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Projections – 25% MC
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Fungal Predictions


 Rule of Thumb


 Less than 80% Okay!


 More Refined:


 Mould: VTT Model (Viitanen, 2010)


 Decay: Dose-Response (Brsichke, 2008)


Index Growth Rate Description
0 No growth Spores not activated
1 Small amounts of mold on surface 


(microscopic)
Initial stages of growth


2 <10% coverage of mold on surface 
(microscopic)


–


3 10%-30% coverage (visual) New spores produced
4 30%-70% coverage (visual) Moderate growth
5 >70% coverage (visual) Plenty of growth
6 Very heavy and tight growth. Coverage around 100%


Decay Rating Rating of Decay Dose Units


0 Sound-no decay 0-150
1 Slight decay 150-500
2 Moderate decay 250-600
3 Severe decay 350-800
4 Very severe decay 


(stake fails during mechanical bending)
500+
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 Dose-Response


 Decay and rot


 Reduction in structural 


capacity


 Dose-response in field 


experiments


Fungal Models


 VTT Mould Growth


 Surface mould


 Aesthetic and health effects


 Laboratory regressions
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Fungal Assessment Results
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Recommendations


 Protect the CLT from external moisture during transport and 


handling


 Use active moisture management. 


 Passive moisture management strategies are insufficient (e.g. 


sealing surface). Moisture will find joints/cracks/checks


 Consider using preservatives for non-CLT elements. 


 Install the screed topping on dry CLT panels 


 Use non-moisture producing heaters (e.g. electric)


 Ventilate screed after placement to promote drying.
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Discussion + Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.buildingsciencelabs.com


OR CONTACT US AT  


 RLEPAGE@rdh.com


RLEPAGE@RDH.COM
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GUIDELINE FOR THE TWO-DIMENSIONAL SIMULATION OF 


SPANDREL PANEL THERMAL PERFORMANCE FOR IMPROVED 


ACCURACY AND CONSISTENCY 


Daniel Haaland, RDH Building Science Inc. 


 


 


ABSTRACT 


While the approach to thermal simulation of vision glazing areas is well documented by groups such as the 
National Fenestration Rating Council (NFRC), the approach to simulate opaque spandrel panels is not 
similarly documented. Furthermore, spandrel assemblies are substantially different from conventional 
opaque wall assemblies (i.e., concrete, steel stud, wood stud, etc.). To address this industry need, RDH in 
partnership with the Fenestration Association of BC (FENBC) and funding from BC Housing has developed 
a procedure to determine spandrel panel U-factors using common industry tools and familiar methods. The 
methodology includes consideration of various spandrel panel arrangements and builds off the existing 
NFRC 100 simulation methodology. The objective of this procedure is to document a reasonably accurate 
and practical approach to determine opaque spandrel area U-values with higher precision and uniformity. 
This allows for both the accurate representation of these systems with regards to code compliance and 
energy modelling, as well as the fair comparison of competing products. 


BACKGROUND 


Many tools and techniques have been developed for determining the effective U-values of most building 
enclosure assemblies, but there is one important enclosure type for which a standardized evaluation 
methodology does not yet exist: opaque fenestration assemblies known as spandrels. This lack of a 
standardized evaluation method has resulted in significant variation in the estimates of spandrel assembly 
thermal performance, leading to both inaccurate calculation of performance and inequitable comparisons 
of products. As a result, there is a compelling need to develop a standardized approach that provides realistic 
values for whole building energy models and allows for fair comparisons of different competing systems. 


The tools to perform such evaluations already exist; what has been lacking, is a standardized methodology 
for how to use them in a way that addresses the unique features of spandrel assemblies. While the 
standardized approaches described in the widely adopted North American standard NFRC 100 work well 
for windows, spandrel panels often include more complex geometry that the standard approach does not 
capture. For example, spandrel panels often feature insulated back pans, which may be interrupted by the 
concrete slab edge. Additionally, framed walls may be constructed behind the spandrel panel, which can 
provide additional thermal resistance and further complicate the geometry. 
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The reference procedure for simulating spandrel U-factors and accompanying user guide are available 
online at http://www.fen-bc.org/content/view/resources-spandrel. 


METHOD 


The proposed method involves simulating spandrel panels using two-dimensional (2D) thermal modelling 
software and area weighting the resultant U-factors, generally following the NFRC 100 procedure with a 
few modifications. The procedure development team adopted this approach intentionally to leverage the 
availability of existing product simulation data, industry standard simulation software, and trained 
technicians and professionals to perform the simulations.  


The proposed methodology features two key modifications to the existing NFRC simulation procedure: 


1) Three spandrel panel product arrangements (two additional arrangements)  


2) Increased edge distance from 63.5 mm (2.5”) to 152.4 mm (6”) 


Arrangements 


Spandrel panels, like other fenestration products, are sold in many sizes and configurations. Currently, a 
single spandrel panel product type and standard model size are recognized in NFRC 100. The standard size 
is 2,000 mm wide by 1,200 mm high, and the spandrel is simulated with two lites and a vertical mullion. 
While the use of a single standard model size provides consistency across products, there are potential 
issues with this approach when applied to spandrel panels.  


In practice, spandrel panel areas are often minimized to preserve vision glazing area and are located 
primarily to conceal opaque interior building elements such as columns and floor slabs. This has resulted 
in spandrel panels which are significantly smaller, and which are frequently interrupted by floor slabs. 
These factors have a significant impact on the overall effective thermal performance of the spandrel panel 
and bring the representativeness of the single standard arrangement into question. 


To account for common variations in spandrel panel geometry the procedure proposes a total of three 
arrangements: 


1) Uninterrupted Spandrel 


2) Partially Interrupted Spandrel 


3) Fully Interrupted Spandrel 


Table 1 presents these three arrangements graphically in section view and shows how the arrangements 
are broken up into U-factor areas, the latter being a key feature of the simulation procedure. 


For consistency, the procedure provides a standard model size for each arrangement, which is important 
for product comparisons and to provide a useful rating of the product’s thermal performance. 
Nevertheless, simulators can determine the thermal performance of spandrels at project specific sizes 



http://www.fen-bc.org/content/view/resources-spandrel
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following the optional procedure in NFRC 100 with a few modifications to account for the additional U-
factor areas introduced by the new arrangements. While this step is often considered to be optional for 
many fenestration products, the opaque nature of spandrel panels means that there is often an energy code 
requirement to treat spandrels as other opaque wall assemblies. Consequently, it has been more common 
with spandrels than other fenestration product types to determine U-factors using project specific sizes. 


Table 1: Spandrel arrangements, model sizes, and U-factor areas.  
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2000 mm x 203 mm  (79 in x 8 in) 


Edge Distance 


The second significant modification to the existing NFRC 100 procedure is an increase in the edge distance. 
Around the perimeter of the frame, heat loss through the panel (or glass) is non-uniform. NFRC 100 
captures this effect by defining a separate edge area and associating it with a separate U-factor. The edge 
area is defined by an edge distance, which is 63.5 mm (2.5”) inwards from the frame for all fenestration 
products covered by NFRC 100.  


Figure 1 (a) shows a standard curtainwall spandrel panel profile with an insulated back-pan. The 
temperature isotherms illustrate that at the standard edge distance of 63.5 mm (2.5”) away from the frame, 
heat flow remains non-uniform. In this example, the center of panel performance occurs at a distance of 
152 mm (6”). One of the reasons for the increased edge effect is the metal back pan, which acts as a thermal 
bridge. 


Based on several thermal simulations (Figure 1 b), an edge distance of 152 mm (6”) was selected to more 
accurately capture the two-dimensional heat flow observed in for typical spandrel panels. Furthermore, 
simulation of typical spandrel panels has shown that using larger edge distances larger has a diminishing 
impact on the overall simulated product U-factor. 
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(a) (b) 


Figure 1: (a) 2D model of a typical spandrel panel showing temperature isotherms and non-uniform heat flow, 63.5 (2.5”) from 
the frame. (b) Graph plotting simulated product U-factors vs. edge distance. As the simulated edge distance increases, the change 
in overall product U-factor decreases. 


LIMITATIONS 


While an improvement over the current methods, this procedure does not capture the full range of variables 
that may impact the spandrel panel thermal performance including the impact of adjacent systems, 
installation details, and modelling tools (i.e., 2D vs. 3D simulation). A discussion of these factors is 
provided in an accompanying user guide to the procedure.  Each design team should consider whether the 
simulated U-factor meets the needs and expectations of their project.   


CONCLUSION 


RDH in partnership with FENBC has developed a reference procedure for the simulation of spandrel panel 
U-factors. The methods largely follow the familiar procedures outlined in NFRC 100 and prioritize 
consistency, comparability, and ease of use for product rating; while simultaneously allowing for a more 
accurate assessment of the performance of different spandrel panel arrangements. Significant changes 
include additional spandrel panel arrangements and an increased edge distance. 


REFERENCES 


NFRC. 2013. NFRC 100-2014 Procedure for Determining Fenestration Product U-factors. National 
Fenestration Rating Council Incorporated, Greenbelt, MD. 


FENBC. Unpublished. Reference Procedure for Simulating Spandrel Panel U-Factors. Fenestration 
Association of BC, Vancouver, BC. 


FENBC. Unpublished. User Guide to the Reference Procedure for Simulating Spandrel Panel U-Factors. 
Fenestration Association of BC, Vancouver, BC. 
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REFERENCE PROCEDURE FOR SIMULATING 


SPANDREL PANEL U-FACTORS 


CCBST 2017
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Overview


 Who


Developed through FENBC, with funding from BC Housing


 What


A reference procedure for determining spandrel panel U-factors


 Why


Address an identified need for additional guidance on how to 


treat spandrel panels


 How


Supplement and extend existing NFRC-100 methodology. 
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Reference Procedure Scope


 This procedure is specifically for the determination of 


spandrel U-factors using 2-D thermal simulation only


 Physical testing and validation is outside the scope
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Energy Code (ASHRAE 90.1 – 2010)


Opaque


NFRC-100


>R
IP
15.6
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What does NFRC 100 say?


Spandrel: the opaque areas of a building envelope that 


typically occur at locations of the floor slab, columns, and 


immediately below roof areas
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12
00


m
m


What does NFRC 100 say?


A Single 


Standard size


Another glazing option


2000mm
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Spot the “Standard” spandrel…


There is a need for additional 


spandrel arrangements
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Relative Size of Frame Matters


<90% <50%<80%
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Are Spandrels an “Additional Glazing Option”?


63.5mm (2.5”)
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Are Spandrels an “Additional Glazing Option”?


63.5mm (2.5”)


152mm (6”)


There is a need for 


wider edge distances
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Moving Toward a New Methodology


Gaps


 Single product size does not 


capture product variability


 Edge distance does not 


capture the “edge”


Priorities


 Product comparison


 More realistic thermal 


performance (U-factor) data


 Leverage existing tools and 


expertise
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Procedure


 NFRC 100 procedure is followed generally, including:


 Products are rated at standard sizes


 Products are separated into frame, edge of spandrel, and center 


of panel components; U-Factor x Area


 Boundary conditions, material properties, etc.,







13


Arrangements


Configuration 1 Configuration 2 Configuration 3 


Uninterrupted Spandrel 
Partially Interrupted 


Spandrel 
Fully Interrupted Spandrel 


  


 


2000 mm x 1200 mm 


(79 in x 47 in.) 


2000 mm x 1200 mm 


(79 in x 47 in.) 


2000 mm x 203 mm 


(79 in x 8 in.) 
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Arrangement 1 – Uninterrupted Spandrel


 Spandrel panel is completely uninterrupted (i.e., a typical 


curtain wall arrangement)
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Arrangement 1 - Uninterrupted Spandrel


 Minimum of 4 cross 


sections (if symmetrical)


 Height: 1200mm


 Width: 2000mm


 Edge: 152.4mm (6”)


 A center of panel 


(1D or 2D model)
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1D vs. 2D Center of Panel


Methodology U
SI
-Factor (W/m


2
K) U


IP
-Factor (Btu/hr∙ft


2
∙


o
F)


WINDOW (1D) 0.265 0.0467


THERM (2D) 0.268 0.0472


% Difference 1.1%
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Arrangement 2 – Partially Interrupted


 Spandrel panel insulation is 


interrupted at a floor slab


 Model to include concrete 


slab extending 1 m


 Edge of sill measured from 


point of interruption


6” (152 mm)


3’ 3” (1 m)
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Arrangement 2 – Partially Interrupted


 Minimum of 5 models (if 


symmetrical)


 Full cross section


 Remainder of the cross 


sectional areas are similar 


with additional cross section 


at the slab
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Arrangement 2 – U-Factor Tags


 


Model includes min. 1000 mm of concrete measured from to inner 


most element of the system (e.g., back dam angle, backup wall, etc.) 


Edge (152 mm) 


Frame (Sill) 


Edge of Slab 


None 


Edge (152 mm) 


Frame (Head) 


NFRC Exterior 


Interior Glazing Film 


Interior Frame 


Adiabatic 


FilmInterior Frame 
Interior, Heat Flow 


Downwards 


ExteriorInsideAdiab


atic FilmInterior 


Frame Interior, Heat Flow 


Upwards 


ExteriorInsideAdiab


atic FilmInterior 


Frame 
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Arrangement 3 – Completely Interrupted


 Completely interrupted 


spandrel panel


 High frame to panel ratio
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Arrangement 3 – Completely Interrupted


 Minimum of 3 models (if 


symmetrical)


 Height: 203mm + ½ Frame


 Width: 2000mm


 Edge: n/a
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U-Factor vs. Edge Distance Validation (Example)
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U-Factor vs. Edge Distance Validation (Example)
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U-Factor vs. Edge Distance Validation (Example)
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U-Factor vs. Edge Distance Validation (Example)
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Reference Procedure







27


Calculation Tool
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Available Online


http://www.fen-bc.org/content/view/resources-spandrel
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Next Steps


 Proposed methodology does not capture everything


 Deflection headers


 Adjacent systems


 Etc.,


 But it does


 Provide a consistent & comparable method


 More accurately reflects typical spandrel arrangements
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Discussion + Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.buildingsciencelabs.com


OR CONTACT US AT


 dhaaland@rdh.com
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CHALLENGES RELATED TO MEASURING 


AND REPORTING TEMPERATURE-


DEPENDENT APPARENT THERMAL 


CONDUCTIVITY OF INSULATION 


MATERIALS


CANADIAN BUILDING SCIENCE & TECHNOLOGY CONFERENCE 2017


C. J. SCHUMACHER, M.A.SC.


J.F STRAUBE, PH.D., P.ENG.
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 Andres Desjarlais (ORNL)  


 Dave Yarborough (R&D Services) 


 Shared test results and long discussions and critiques


Acknowlegments
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R-values


R-values are fundamental to building industry 


design and analysis


R-value = thickness / thermal conductivity


Promoted by Everett Schuman, Penn State’s 


Housing Research Institute (1940s)


But true R-values are not simple, or single values


R-values depend on


 Time


 Airflow


 Thermal bridging


 Temperature
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Label R-Values: what most people use


 FTC 16 CFR Part 460


 Federal Trade Commission


 Title 16 – Commercial Practices


Commercial Federal Regulation


 Part 460 – Labeling and Advertising


of Home Insulation Trade Regulations


http://www.ecfr.gov/cgi-bin/text-idx?SID=79485feed2653b4002a771a5b34c6cd8&node=pt16.1.460&rgn=div5



http://www.ecfr.gov/cgi-bin/text-idx?SID=79485feed2653b4002a771a5b34c6cd8&node=pt16.1.460&rgn=div5
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Measuring R-Values


Property of a layer of 


material or assembly


Measurement of resistance


to heat flow


R-value is the reciprocal of 


thermal conductance


Methods used:


ASTM C518,  ASTM C177
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T
cold


= 50.0°F


T
mean


= 75.2°F


T
hot


= 100.5°F


1   In.  XPS


1.141 Btu/hr


dT = 50.5°F


R =
area ´ temperature difference


heat flow


Measuring Label R-Values (ASTM C518)


1. Impose temperature difference across sample


2. Measure heat flow, sample thickness and area


3. Calculate R-value
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T
cold


= 50.0°F


T
mean


= 75.2°F


T
hot


= 100.5°F


1   In.  XPS


1.141 Btu/hr


dT = 50.5°F


Heat Flux Transducer Area = 16 in
2


= 0.111ft
2


R =
area ´ temperature difference


heat flow
R =


0.111 ft2 ´ 50.5°F


1.141Btu/hr
= 4.92 hr·ft2·F / Btu · inR =


0.111 ft2 ´ 50.5°F


1.141Btu/hr


Apparent R-value of aged 1 in. XPS


R 4.92 


(within 2% of label R-value)


Measuring Label R-Values (ASTM C518)
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The rest of the story…


The ASTM C518 R-value results change with  


Mean (average) Temperature across sample


› E.g., Cold=10 C and hot=38C, mean=24 C


› E.g., Cold=50 F and hot = 100 F, mean =75F
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E.g.High-Density Expanded Polystyrene


75


24


110


43


40


4.5


25


-4
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Temperature-Dependent Thermal Conductivity


Historically


 Report and consider R-value


and/or thermal conductance 


at a single mean temperature 


of 75°F (24 °C)


 FTC 16 CFR Part 460


“R-Value Rule”


More Recently


 Growing recognition, 


reporting, and application of 


temperature-dependent 


thermal performance


 Energy and hygrothermal


calculation programs
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ASTM C1058 – around for decades


“Standard Practice for Selecting Temperatures for Evaluating 


and Reporting Thermal Properties of Thermal Insulation”


Recognizes temperature dependence


 Provides guidance on standard conditions for testing
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“One of these things is not like the other”
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 Professional Roofing, May 2010 – Mark Graham (NRCA)


 Results from ASTM C518 testing at 4 mean temperatures


 Presentation implies k(T) is well defined


Polyisocyanurate Roof Insulation over a Range of 


Mean Temperatures
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Shapes matter


3.  Assumed for energy modeling


2.  Assumed by scientists study heat transfer


1. What we have measured
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Short Summary to date


No doubt: temperature affects insulation R-value


Usually R-value goes up as temperature drops


Effect varies with insulation type


Most insulation exhibits linear behaviour


 Expected because of radiation effects


Polyiso is one type that acts non-linearly


 Blowing agents are assumed to be the reason
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 Investigate and Compare 


Two Approaches to Determine k(T)


 Round Robin Testing between three Labs


 Analysis and Demonstration


Experimental work
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Followed ASTM C1045


“Standard Practice for Calculating Thermal Transmission 


Properties Under Steady-State Conditions”


 Gives method for developing k(T), the apparent thermal 


conductivity as a function of temperature


 characterize material


 comparison to specifications


 use in calculation programs 
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ASTM C1045


 Provides explanation of our 1
st


approach to determining k(T): 


Thermal Conductivity Integral (TCI) Method
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Hints from ASTM C1045 and C1058


 Schumacher developed 2
nd


approach to determining k(T):


Decreasing Delta T Method


(limit of k(T) as the applied temperature difference approaches zero)


ASTM 


C1045


ASTM 


C1058
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Full Data Set


Segment
Mean


Temp
Delta T Lab A Lab B Lab C Lab A Lab B Lab C


B1 -12 12 0.03415 0.03006


B2 -12 9 0.03530 0.03050


B3 -12 6 0.03699 0.03112


B4 -12 3 0.03951 0.03226


A1c -4.3 28.7 0.02860


A1 -4 28 0.02958 0.02814


A1b -4 22 0.03080 0.02894


A2 -4 12 0.03210 0.03282 0.02908 0.02980


A3 -4 6 0.03445 0.02987


B5 -4 3 0.03731 0.03119


A4 4.5 28 0.02773 0.02786 0.02737 0.02757 0.02760


B6b 4.5 16 0.02827


A5 4.5 12 0.02900 0.02961 0.02775 0.02834 0.02801


B6c 4.5 8 0.03133 0.02907


B6 4.5 6 0.03105 0.02847 0.02866


B7b 4.5 4 0.03379 0.03030


B7 4.5 3 0.03247 0.02900 0.02926


B8 10 12 0.02702 0.02747 0.02702 0.02747 0.02714


B9 10 6 0.02748 0.02824 0.02713 0.02902 0.02721


A6 24 28 0.02577 0.02593 0.02743 0.02778 0.02768


A7 24 12 0.02547 0.02547 0.02719 0.02742 0.02737


A8 43 28 0.02800 0.02814 0.03000 0.03045 0.03019


A9 43 12 0.02778 0.02770 0.02926 0.02951 0.02996


Sample 1 Sample 2


Three-Lab Round Robin


 Two samples of 1 in. thick foil-faced polyisocyanurate insulation
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Polyiso Sample 2 Results, Delta T = 28°C
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Results, Delta T = 28°C


Cubic Curve Fit
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1. Applying Integral Method
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Applying the Integral Method


 For an equation with cubic form


k(T) = a  +  b∙T +  c∙T
2


+ d∙T
3


 From test results and integrating our cubic we get


k
ave


=  a  +   b∙[  (1/2)(T
2


2
-T


1


2
)/ (T


2
-T


1
) ] 


+ c∙[(1/3)(T
2


3
- T


1


3
) / (T


2
-T


1
) ]


+ d∙[ (1/4) (T
2


4
-T


1


4
) / (T


2
-T


1
) ]


 Simplify and determine W, X, Y, and Z from the tests


W =  a  + bX + cY + dZ


 Finally, determine a, b, c, d  from a least squares fit
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Sample 2 Results, dT = 28°C


Applying the Integral Method


 From measured round robin data for Sample 2, at dT=28°C


k(T) = a  +  b∙T +  c∙T
2


+ d∙T
3


k
ave


= a  +   b∙[  (1/2)(T
2


2
-T


1


2
)/ (T


2
-T


1
) ] 


+ c∙[(1/3)(T
2


3
- T


1


3
) / (T


2
-T


1
) ]


+ d∙[ (1/4) (T
2


4
-T


1


4
) / (T


2
-T


1
) ]


W =  a  + bX + cY + dZ


a 2.7503E-02 a 2.7664E-02 a 2.7723E-02


b -9.2640E-05 b -1.5234E-04 b -1.1542E-04


c 3.2992E-06 c 7.5852E-06 c 4.8817E-06


d 1.8771E-09 d -5.8949E-08 d -2.1776E-08


R2 1.0000 R2 1.0000 R2 1.0000


Tmean T1 (cold) T2 (hot) X Y Z k avg k integral k avg k integral k avg k integral


-4 -18 10 -4.0 81.3 -848.0 0.02814 0.02793 0.02894 0.02840 0.02860 0.02826


4.5 -9.5 18.5 4.5 85.6 973.1 0.02737 0.02715 0.02757 0.02713 0.02760 0.02730


24 10 38 24.0 641.3 18528.0 0.02743 0.02721 0.02778 0.02756 0.02768 0.02746


43 29 57 43.0 1914.3 87935.0 0.03000 0.02977 0.03045 0.03045 0.03019 0.03005


Lab A Lab B Lab C
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Sample 2 Results, dT = 28°C


Applying the Integral Method
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Great inter-


laboratory 


agreement


Significant scatter 


at low end


R-4.4


R-5
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Sample 2 Results, dT = 28°C and dT=12°C


Applying the Integral Method
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2. Applying Decreasing Delta T 


Method
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Applying the Decreasing Delta T Method


Perform a series of conductivity measurements at a 


given mean temperature, each with decreasing 


delta T


Practical issues


 Use small sample thickness to maximize signal at low 


deltaT


 Problem: Increasing uncertainty as delta T gets small and 


heat flow is small
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Check Measurements at Small Delta Ts


 1 in. thick EPS Calibration Standard


0.35%


40.00
0.06%


20.02
-0.29%
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0 10 20 30 40 50


k


Delta T (°F)


k vs. DT


v. Small DeltaT


= larger 


uncertainty


OMG, this 


is great


From: D Yarborough
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Applying Decreasing Delta T method to fiberglass


 2 in. thick semi-rigid fiberglass (duct board) at ~6 pcf
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As expected, this method gives the same 


answer with decreasing Delta T
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Decreasing Delta T : consistent results


 2 in. thick semi-rigid fiberglass (duct board) at ~6 pcf
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This equipment, and method, works


for linear insulation response
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Now, Estimate Conductivity as Delta T  0


 Final step of method: regression and extrapolation to zero Delta T


0.024


0.025


0.026


0.027


0.028


0.029


0.030


0.031


0.032


0 3 6 9 12 15


A
p


p
a


re
n


t 
C


o
n


d
u


ct
iv


it
y


 (
W


/m
K


)


Delta T (°C)


Tavg = -18°CTavg = -18°CTavg = -18°CTavg = -18°C


0.024


0.025


0.026


0.027


0.028


0.029


0.030


0.031


0.032


0 3 6 9 12 15


A
p


p
a


re
n


t 
C


o
n


d
u


ct
iv


it
y


 (
W


/m
K


)


Delta T (°C)


Tavg = -18°CTavg = -18°CTavg = -18°CTavg = -18°C


0.024


0.025


0.026


0.027


0.028


0.029


0.030


0.031


0.032


0 3 6 9 12 15


A
p


p
a


re
n


t 
C


o
n


d
u


ct
iv


it
y


 (
W


/m
K


)


Delta T (°C)


Tavg = -18°CTavg = -18°CTavg = -18°CTavg = -18°C


0.024


0.025


0.026


0.027


0.028


0.029


0.030


0.031


0.032


0 3 6 9 12 15


A
p


p
a


re
n


t 
C


o
n


d
u


ct
iv


it
y


 (
W


/m
K


)


Delta T (°C)


Tavg = -18°CTavg = -18°CTavg = -18°CTavg = -18°C


0.024


0.025


0.026


0.027


0.028


0.029


0.030


0.031


0.032


0 3 6 9 12 15


A
p


p
a


re
n


t 
C


o
n


d
u


ct
iv


it
y


 (
W


/m
K


)


Delta T (°C)


Tavg = -18°CTavg = -18°CTavg = -18°CTavg = -18°C


2 pt Linear 3 pt Linear (short) 3 pt Linear (Long)


4 pt Linear 4 pt Quadratic







34


Estimate Conductivity as Delta T  0


Prediction Intervals
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k @ dT=0 Min Max Min Max


Expected 0.02762


2 pt Lin 0.02783 NA NA NA NA


3 pt Lin Shrt 0.02772 0.02611 0.02933 -5.49 6.17


3 pt Lin Long 0.02742 0.02667 0.02817 -3.45 1.99


4 pt Lin 0.02763 0.02706 0.02820 -2.02 2.08


4 pt Quad 0.02792 0.02742 0.02841 -0.72 2.86


Prediction Interval @dT=0 % diff v Avg


Relatively tight spread of predictions


R-5.2/in
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Applying the Decreasing Delta T 


Method to a Polyiso sample
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Sample 2


y = 2E-05x2 - 0.0005x + 0.0337
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Compare results between methods


Two methods give quite different results


Warmer temps show better consistency


k(T), estimated from Decreasing Delta T Method, 


doesn’t converge with k(T) from the Integral 


Method


Tmean k dT->0 k Integ % Diff


-12 0.0337 0.02909 -15.9


-4 0.0320 0.02793 -14.6


4.5 0.0296 0.02715 -9.0


10 0.0273 0.02691 -1.5


24 0.0270 0.02721 0.8


43 0.0287 0.02977 3.6
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k(T) estimated using both methods
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k(T) estimated from Decreasing Delta T
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1. Integral method, gives different answers for different dT’s


2. The two methods give different answers
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What does it all mean? “Conclusions”


Insulation exhibits temperature effects


 These are in the order of 10% of heat flow


 ASTM standard in place to manage this


Polyiso (and some other products) show non-linear 


effects


 Heat flow can be 10-25% higher at cold temperatures


 R-6/inch is not a reliable design value (R-5? R5.5?)


Two methods: integral and decreasing DeltaT are 


both supported by ASTM and history


 But neither is able to accurately predict low-temperature 


polyiso performance


 Difficult to understand why!


More research needed in this area
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Discussion + Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.buildingsciencelabs.com


OR CONTACT US AT


 cschumacher@rdh.com
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Bogdan et. al., 2005







43


Zipfel et. al., 1999
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What about Sample 1?
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Recall Sample 2 Results, dT = 28°C and 12°C
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Sample 1 Results, dT = 28°C and 12°C
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Sample 1 Results, dT = 28°C and 12°C
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CHALLENGES RELATED TO MEASURING AND REPORTING 


TEMPERATURE-DEPENDENT APPARENT THERMAL CONDUCTIVITY 


OF INSULATION MATERIALS 


C. J. Schumacher, RDH Building Science Laboratories 


J. F. Straube, University of Waterloo 


 


EXTENDED ABSTRACT 


In North America, the apparent thermal conductivity (and R-value) of building insulation materials is 
commonly reported at a mean temperature of 24°C (75°F) and practitioners typically assume thermal 
properties remain constant over the range of temperatures that are experienced in building applications.  
Researchers have long known and acknowledged the fact that the thermal properties of most building 
insulation materials change with temperature.  There has been little more than academic reason to measure 
and report this effect.  However, interest in temperature-dependent thermal performance has grown with the 
introduction of new materials, increasing concerns regarding energy performance, and the development of 
tools transient energy, thermal, and hygrothermal simulation software packages (e.g. Energy Plus, HEAT2, 
WUFI etc.) that have capacity to account for temperature-dependence.   


ASTM C1058, “Standard Practice for Selecting Temperatures for Evaluating and Reporting Thermal 
Properties of Thermal Insulation” has for decades recognized temperature-dependence and recommends six 
mean temperatures for the testing of insulation used in “Building Envelopes”.  A growing number of sources 
(i.e. manufacturers, research groups, etc.) are reporting apparent thermal conductivity at four or more of these 
mean temperatures.  The most commonly referenced are: -4, 4.5, 24 and 43°C (25, 40, 75 and 110°F).   


In many cases, the 
temperature dependency is 
approximately linear over 
the temperature interval of 
interest in building 
insulation applications and 
no further testing or 
analysis is necessary.  
However, some insulation 
products, particularly 
refrigerant-blown closed-
cell foam insulation 
materials, can exhibit 
strongly non-linear 
behavior.  
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This presentation considers two methods to measure, analyze, and report the temperature-dependent apparent 
thermal conductivity or resistance of building insulation products:  


1. The Thermal Conductivity Integral (TCI) Method: This method is described in ASTM C1045, 
“Standard Practice for Calculating Thermal Transmission Properties Under Steady-State 
Conditions.”  Apparent thermal conductivity is measured in accordance with ASTM C518, “Standard 
Test Method for Steady-State Thermal Transmission Properties by Means of the Heat Flow Meter 
Apparatus.”  Measurements are made at five of the mean temperatures recommended in ASTM 
C1058: -4, 4.5, 10, 24 and 43°C (25, 40, 50, 75 and 110°F), and with the ASTM C1058-
recommended temperature difference of 27.8°C (50°F).  A least-squares fit is performed to the 
experimental data of the integral of the functional form obtained in accordance with the method 
described in ASTM C1045.  In theory, this fit can be used to predict the apparent-thermal 
conductivity for any mean temperature within the range of those tested. 


2. The “Decreasing Delta-T Method”:  This method, proposed by Schumacher (2013), seeks to quantify 
the apparent thermal conductivity (for any given mean temperatures) as the temperature difference 
approaches zero, effectively eliminating temperature-dependence from the measurements.  Apparent 
thermal conductivity is measured in accordance with ASTM C518, at as many mean temperatures as 
practical.  For each mean temperature, measurements are made at a series of decreasing temperatures 
differences, for example, 28.7, 12, 9, 6 and 3°C (21.6, 16.2, 10.8 and 5.4°F), a least-squares fit is 
performed, and the trend is extrapolated to a delta-T of zero.  ASTM C1045 (Note 9) and C1058 
(clause 4.4) recognize the benefit of measuring at more mean temperatures and smaller temperature 
differences.  The extrapolation to delta-T of zero is a natural extension of this approach. 


In theory the TCI and Decreasing Detla-T methods should produce close to the same curve when applied to 
materials that exhibit approximately linear temperature-dependence. 


A small round-robin 
measurement program 
was established to 
explore the applicability 
and limitations of the 
two measurement and 
analysis methods: two 
different samples of 50 
mm (2 in.) thick 
polyisocyanurate 
(polyiso) roof insulation 
were measured at three 
research laboratories.  
The results show good 
reproducibility across 
labs. 


 


 


Full Data Set


Segment
Mean


Temp
Delta T Lab A Lab B Lab C Lab A Lab B Lab C


B1 -12 12 0.03415 0.03006


B2 -12 9 0.03530 0.03050


B3 -12 6 0.03699 0.03112


B4 -12 3 0.03951 0.03226


A1c -4.3 28.7 0.02860


A1 -4 28 0.02958 0.02814


A1b -4 22 0.03080 0.02894


A2 -4 12 0.03210 0.03282 0.02908 0.02980


A3 -4 6 0.03445 0.02987


B5 -4 3 0.03731 0.03119


A4 4.5 28 0.02773 0.02786 0.02737 0.02757 0.02760


B6b 4.5 16 0.02827


A5 4.5 12 0.02900 0.02961 0.02775 0.02834 0.02801


B6c 4.5 8 0.03133 0.02907


B6 4.5 6 0.03105 0.02847 0.02866


B7b 4.5 4 0.03379 0.03030


B7 4.5 3 0.03247 0.02900 0.02926


B8 10 12 0.02702 0.02747 0.02702 0.02747 0.02714


B9 10 6 0.02748 0.02824 0.02713 0.02902 0.02721


A6 24 28 0.02577 0.02593 0.02743 0.02778 0.02768


A7 24 12 0.02547 0.02547 0.02719 0.02742 0.02737


A8 43 28 0.02800 0.02814 0.03000 0.03045 0.03019


A9 43 12 0.02778 0.02770 0.02926 0.02951 0.02996


Sample 1 Sample 2
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Further, the labs demonstrated the capacity to use their commercial Heat Flux Measurement Apparatus 
(HFMA) to measure apparent thermal conductivity of EPS and semi-rigid fiberglass insulation (ductboard) 
calibration samples, at small temperature differences.  The researchers were thus confident in the data 
produced for the two polyisocyanurate roof insulation samples. 


The polyiso insulation data 
were first analyzed using the 
TCI method, assuming an 
equation with cubic form.  
The presentation elaborates 
on this process.  Analysis of 
data from the deltaT=28°C 
tests results in a different 
temperature-dependence 
curve than that produced by 
analysis of the deltaT=12°C 
tests.  Neither of the TCI 
curves adequately predicts 
the results for the small 
deltaT tests. 


The polyiso insulation data 
were further analyzed using 
the proposed Decreasing 
Delta-T method.  Again, the 
presentation provides a 
detailed explanation of the 
procedure.  The Decreasing 
Delta-T method resulted in 
a different temperature 
dependency curve than 
either of the curves 
produced using the TCI 
method. 
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The Decreasing Delta-T method might be expected to have an advantage over the TCI method because the 
analysist does not need to choose an equation form as the basis of the analysis.   It is plausible that the cubic 
equation form assumed for the TCI portion of this work does not adequately capture the heat transfer 
mechanisms in the polyisocyanurate samples tested.  The researchers hoped the Decreasing Delta-T method 
would solve this problem, yet none of the curves produced using the TCI or the Decreasing Delta-T methods 
successfully predict the measured apparent thermal conductivity over the range of temperature differences 
considered (e.g., in the preceding image, 28, 12, 6, 3°C).  This study raises questions about appropriate 
methods to measure and report apparent thermal conductivity for materials that exhibit have a highly non-
linear temperature-dependence.  The presentation concludes with recommendations for further research as 
well as ongoing measurement and reporting practices. 
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IMPACT OF HEATING AND COOLING OF EXPANDED POLYSTYRENE 
AND STONE WOOL INSULATIONS ON CONVENTIONAL                 


ROOF PERFORMANCE 


Jun Tatara, Dipl.T., Lorne Ricketts, MASc., P.Eng 


 


ABSTRACT 


The thermal expansion and contraction of insulation products within conventional roof assemblies has been 
identified as a potential performance concern in the roofing industry. This movement can create gaps 
between insulation boards, which can short-circuit the insulation with respect to heat flow, and in 
conventional roof assemblies where the insulation also provides the substrate for the roofing membrane, 
insulation movement can also adversely affect the durability and integrity of the membrane and roofing 
system. Problems with creasing and ridging of membranes have been observed in the field, along with stress 
concentrations and holes around fixed penetrations. In particular, field observations have indicated that 
shrinkage of expanded polystyrene (EPS) insulation products may put undue stress on the roof membranes 
and could potentially affect the durability of styrene-butadiene-styrene (SBS) roof membranes. 


To investigate these industry concerns regarding the potential effect of dimensional movement of EPS 
insulation on the performance of SBS membranes, laboratory testing was performed on conventional roof 
specimens in a purpose-built climate chamber. The roof assemblies were cooled and heated to evaluate the 
amount of insulation movement, and to then observe the impact of these temperature cycles on the roof 
assembly. This portion of the investigation in to this issue focused on recreation of the observed field 
condition (e.g., wrinkled membrane), and direct comparison of the relative performance of different 
insulation types as a first step towards determining the cause of the observed in-service wrinkling. 


INTRODUCTION 


The thermal expansion and contraction of insulation products within conventional roof assemblies has been 
identified as a potential performance concern in the roofing industry. This movement can create gaps 
between insulation boards, which can short-circuit the insulation with respect to heat flow. Problems with 
creasing and ridging of membranes have been observed in the field, along with stress concentrations and 
holes around fixed penetrations. In particular, anecdotal field observations have indicated that shrinkage of 
expanded polystyrene (EPS) insulation products may put undue stress on the roof membranes in 
conventional roof assemblies where the insulation also provides the substrate for the roofing membrane and 
potentially create wrinkles of the membrane. 


To investigate these industry concerns regarding the potential effect of dimensional movement of EPS 
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insulation on the performance of SBS membranes, laboratory testing was performed on conventional roof 
specimens in a purpose-built climate chamber. The primary intent of this first phase of the study was to 
attempt to reproduce the creasing observed in the field and to evaluate the hypothesis that this may be the 
result of dimensional movement of insulation within the assembly. The impact of asphaltic and fiberboard 
cover boards on the creasing of the roof membrane was also investigated. Results of this testing are largely 
comparative. 


The results and analysis presented in this paper form a portion of the work performed as part of a larger 
study (Tatara & Ricketts, 2017) which evaluates how a number of potential factors may impact the 
performance of 2-ply SBS roof membranes in conventional roof systems including reinforcement types 
within the SBS roof membrane, and attachment techniques. Later phases of this work (currently not 
published) also investigate more realistic exposure conditions for the roof assemblies. 


METHODOLOGY 


This section provides an overview of the roof specimen selection, the climate chamber and instrumentation, 
the test procedure, and interpretation of the displacement measurements. 


Roof Specimen Selection 


Five roof specimens, approximately 1220 mm x 2440 mm (4' x 8'), were selected to isolate the impact of 
insulation type (EPS vs. SW) on the comparative performance of SBS roof membrane and roof assembly 
as provided in Table 1. Note that the similar materials and assemblies are highlighted with the same color. 


Table 1: Summary of Roof Specimen Selection 


  
Cover board¹: 4.8 mm (3/16", Glass mat-reinforced) 
Cover board²: 12.7 mm (1/2") High density fire-resistant fiberboard  


The test specimens were constructed by a certified roofer intimately familiar with roofing products and 
installation techniques. Per typical construction, the SBS cap sheet membrane was torch-adhered to the 
SBS base sheet membrane and the base sheet membrane was torch-adhered to an asphaltic cover board. 
The only exception to this is Roof 3 in which the SBS base sheet (non-woven polyester reinforced) is factory 
laminated to the fiberboard cover board. The insulation layers and cover board are either mechanically 


Cover Board¹
(Mechanically 


Fastened)


Cover Board¹
(Ribbon-Adhered)


Cover Board¹
(Mechanically 


Fastened)


Cover Board²
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SBS Base Sheet (Non-Woven Polyester Reinforced)
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fastened or ribbon adhered with a polyurethane foam adhesive, as noted in Table 1. 


Each roof specimen was constructed such that there was a continuous joint between insulation boards in 
the middle of the insulation layer perpendicular to the length of the specimen as shown in Figure 1. This 
joint separates the insulation into two separate halves. The cover board and roof membrane were installed 
continuously across the insulation joint.  


 
Figure 1: Schematic drawing of roof specimen showing insulation layout with central joint between insulation boards (EPS roof 
specimen shown) 


A gap was created in the plywood substrates and self-adhered vapour barrier that aligns with the joint in 
the insulation boards. This gap was created to facilitate sensor installation, as shown in Figure 2. 


 
Figure 2: Underside of ribbon-adhered stone wool roof specimen showing gap in plywood and location of the displacement sensors 
(yellow dashed circles) which were installed at the joint in insulation boards from the underside of the roof specimen. 


During construction of the roof specimens, the insulation boards were butted together, per typical 
construction practices. After construction of the roof specimens was complete, a gap of typically 1 mm to 
3 mm at the insulation joint was evident with the exception of Roof 5 which had a 6 mm gap on one side. 
These unintentional gaps were likely created during construction of the specimen as a result of forces 
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applied during application of subsequent layers of the assembly, though this was not confirmed. These gaps 
are likely generally representative of gaps that would occur in real-world roof assemblies during 
construction.   


Climate Chamber and Instrumentation 


The test roof specimens were exposed to both cold (-15 °C) and hot (90°C~105°C) temperatures using a 
custom-built climate chamber while the change in the gap size between insulation boards was measured. 
An overview photo of the climate chamber is provided in Figure 3 with key components labeled. It should 
be noted that no control over relative humidity was provided as part of this testing and it is possible that 
some materials will have responded to changes in relative humidity. This is a potential area for further 
investigation. 


 
Figure 3: Overview of the climate chamber used for exposing roof specimens to hot and cold temperatures while monitoring 
performance characteristics such as dimensional movement and membrane strain (Shown with infrared lamps turned on). 


Temperature, relative humidity, displacement at the insulation joint, strain on the SBS roof membrane, and 
load exerted by the specimen on the climate chamber were monitored to evaluate the performance of the 
roof specimens during testing. Figure 4 shows a schematic diagram of the arrangement of a roof specimen 
with sensors installed. 
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Figure 4: Schematic diagram showing sensor layouts within climate chamber and roof test specimen. 
Note that all sensors recorded measurements at 1-minute intervals throughout the duration of the test procedure. Green arrows 
indicate air circulation, which was provided using fans in order to minimize temperature stratification within the chamber. 


Test Procedure 


To evaluate the impact of hot and cold temperatures on the roof assembly, each roof specimen was installed 
in the climate chamber and left undisturbed for 24 hours. After this time, the cooling cycle was performed. 
The specimen was allowed to return to equilibrium temperature before the heating cycle. The heating cycle 
was performed until insulation temperature reached 90°C (Figure 5). This heating temperature set point 
was determined based on roof monitoring data from an on-going field monitoring study of a large roof on 
an industrial building in Chilliwack, within the Lower Mainland of British Columbia. The data from a 
4-year monitoring period (2013 to 2016) indicate that on a typical year, cap sheet temperatures of the black 
SBS membrane experienced approximately 102 hours of temperature above 70°C and approximately 5 
hours above 80°C.  


  
Figure 5: Cold test being performed with dry ice (left) and hot test being performed with heat lamps (right). 


In order to highlight differences in each roof specimen and their overall impact on the roof assemblies, a 
worst-case condition was simulated by cooling and heating the roof specimen uniformly without a 
temperature differential across the insulation. In other words, the entire assembly was heated or cooled all 
the way through the thickness of the assembly, which is not indicative of in-service conditions. While it is 
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recognized that this conditioning arrangement and the selected heating temperature range are not directly 
indicative of in-service conditions, this methodology was selected as intentionally extreme to provide a 
boundary on the problem as the first phase of evaluating whether dimensional stability of the roof 
assemblies at these temperature extremes could potentially be the cause of observed membrane creases in 
the field.  


To avoid uneven temperature gradients during the heating cycle, the temperature set point was increased 
incrementally (in 10°C increments), allowing the roof specimen and the climate chamber to reach 
equilibrium. While efforts were made to ensure even temperature distribution (temperature shroud and air 
circulation fans), some hot spots did occur. 


The testing was considered complete when the roof specimen returned to equilibrium laboratory 
temperature (22°C) after the heating cycle. When testing was complete, roof specimens were inspected and 
disassembled for visual and physical observations. 


Note that both the cooling and the heating cycle durations were not set to fixed time intervals and instead 
were based on the insulation temperature, and as such the duration of the test varies for each specimen as 
different durations were required to achieve equilibrium. The variation in test duration is likely primarily 
due to the difference in the thermal capacity (specific heat) between EPS and stone wool (SW) insulation 
material, and as such, typically the stone wool roof specimens were exposed to high temperatures for a 
longer duration than were the EPS roof specimens. 


Gap Size Measurements 


One of the most meaningful measurements made as part of this testing work is of the gap size between the 
insulation boards. This section provides a summary of how the displacement sensor measurements will be 
interpreted and possible causes of the measured changes in gap size. 


There are potentially a number of different movements which could cause a measured change in the gap 
size between insulation boards, and these are summarized in Table 2. The arrows in this table indicate the 
direction of movement and the size of the arrows indicates the relative rate or the magnitude of movement 
(i.e., the larger the arrow, the greater the movement). The color of the arrows indicates thermal expansion 
in red and thermal contraction or shrinkage of material in blue. 


Table 2: Summary of Movements at The Insulation Joint 


Rapid and larger 
increase in the gap 
width  


SBS roof membrane expands and pulls insulation boards away from each other while 
insulation contracts/shrinks. 
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Small increase in the 
gap width 


  
SBS roof membrane expands and pulls 
insulation boards away from each other. 
The rate of expansion of SBS roof 
membrane is greater than the rate of 
expansion of insulation 


Insulation contracts/shrinks and widens the 
gap. 
The rate of contraction/shrinkage of the SBS 
roof membrane is smaller than the rate of 
contraction/shrinkage of the insulation 


Small decrease in the 
gap width 


  
Insulation expands and narrows the gap 
The rate of expansion of SBS is smaller than 
the rate of expansion of insulation 


SBS roof membrane contracts/shrinks and 
pulls insulation boards closer together 
The rate of contraction/shrinkage of SBS is 
greater than the rate of 
contraction/shrinkage of insulation 


Rapid and larger 
decrease in the gap 
width  


SBS roof membrane contracts/shrinks and pulls insulation boards closer together while 
insulation contracts/shrinks 


Note that the main cause of dimensional change in wood products is due to moisture content. The expansion 
and contraction of wood products due to temperature is much smaller by comparison. It is unlikely that 
thermal expansion and contraction of wood material in the roof specimen significantly influenced 
displacement sensor measurements, and therefore it is not considered in the summary of movements 
provided. 


The displacement sensor used in this testing has a total mechanical travel of 14.2 ± 0.38 mm (0.56" ±0.015") 
(SMT Research Ltd.). Efforts were made to install the sensors in the same location relative to the insulation 
joint; however, the actual installation location determined the allowable sensor plunger travel distance and, 
consequently, the upper measurable limit of the gap width.  


RESULTS AND DISCUSSION 


To evaluate the relative performance of roof assemblies with EPS insulation and stone wool insulation, a 
comparison was made between roof assemblies with similar construction other than the insulation type. 
Comparisons were also made to assess the impact of asphaltic cover board versus fiberboard cover board. 
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The directly comparable roofs for these variables are described below. 


 Insulation type for ribbon-adhered assemblies: Roof 2 (EPS) and Roof 5 (SW) 


 Insulation type for mechanically fastened assemblies: Roof 1 (EPS) and Roof 3 (SW) 


 Cover board type (mechanically fastened EPS): Roof 2 (asphaltic cover board) and Roof 4 
(fiberboard cover board) 


The graph provided in Figure 6 compares insulation temperature and change in gap width of ribbon-adhered 
roof specimens with EPS insulation (Roof 2) and SW insulation (Roof 5). The graph indicates that while 
the gap between the insulation boards generally reacted more to the change in temperature in the roof 
specimen with EPS insulation, this change was particularly significant above approximately 80°C, where 
the gap between the EPS insulation boards began to increase dramatically. It is also interesting to note that 
during the cooling cycle, while the gap between the EPS insulation boards widened, the gap between the 
SW insulation boards narrowed. It is theorized that this narrowing is due to contraction of the roof 
membrane, rather than movement of the mineral wool insulation. For the roof with EPS insulation, the 
movement of the SBS membrane is likely overwhelmed by shrinkage of the EPS insulation during cooling, 
thus resulting in a net increase in the gap size.  


 
Figure 6: Graph comparing insulation temperature and change in gap width of ribbon-adhered roof specimens with EPS 
insulation (Roof 2) and SW insulation (Roof 5). 


The data provided here is plotted at a moving average of 45min (9 readings) to filter out sensor noise. Additionally, while the size 
of the gap between insulation boards for the SW roof was measured with one displacement sensors (due to malfunction of one of 
the sensors), the gap between the EPS insulation boards is an average of two sensors up until the insulation temperature reached 
80°C (indicated by red dashed line), at which point the gap became unmeasurable at one of the sensor locations due to EPS 
insulation shrinkage. 
Note that the test duration varied as previously discussed. SW insulation took slightly longer to cool, heat, and reach equilibrium 
temperature; therefore, data between the end of the cold cycle and the start of the hot cycle (as indicated by red asterisk) were 
omitted in this figure to facilitate easier comparison. All modifications were made to facilitate comparisons and are intended to not 
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impact the analysis. 
The red dashed lines indicate when the insulation temperature reached 80°C. 


Figure 7 compares the insulation temperature and change in gap width for the mechanically fastened roof 
specimens with EPS insulation (Roof 1) and SW insulation (Roof 3), both using asphaltic cover board. Roof 
4 is also shown, which include EPS insulation and a fiberboard cover board. Unlike with the ribbon-adhered 
specimens, displacement sensors measured significant movement in the roof specimen with EPS insulation 
while minimal change in gap width was measured between SW insulation boards. Note that the right vertical 
axis (change in gap width) in Figure 7 has a significantly larger scale compared to Figure 6 (-1.50 to 1.50 
vs. -4.50 to 13.50), as the change in gap width in the mechanically fastened roof specimens (especially roof 
specimens with EPS insulation) were much larger than for the ribbon-adhered roof specimens. 


 
Figure 7: Graph comparing insulation temperature and change in gap width of mechanically fastened roof specimens with EPS 
insulation (Roof 1 and Roof 4) and SW insulation (Roof 3). 
The data provided here is analyzed and plotted at a moving average of 180 min (36 readings) of two sensors to filter out sensor 
noise. 
The insulation in Roof 4 was held for an extended period at 70°C and 75°C, then raised to 90°C more gradually than the other 
specimens; therefore, some of the data during these periods indicated by red asterisks were omitted in this figure. Also, note that 
the shorter duration plot for Roof 1 is due to Roof 1 being cooled and heated more rapidly than the other specimens as illustrated in 
this figure. Additionally, gaps in EPS roof specimens’ (Roof 1 and Roof 4) plots were created at the beginning of the heating cycle 
to aligned with the start of the heating cycle for SW roof specimen’ (Roof 3) plot for a better comparison of the measured data. All 
modifications were made to facilitate comparisons and are intended to not impact the analysis. 
The red dashed lines indicate when the insulation temperature reached 80°C. 


Thermal expansion and contraction of materials is typically proportional to its temperature and thus linear 
when plotted as temperature versus change in dimension. Figure 8 plots gap measurement between the EPS 
and SW insulation boards in mechanically fastened roof specimens (Roof 1 and Roof 3) as a function of 
insulation temperature. The plot illustrating the relationship of SW insulation temperature and change in 
gap width is approximately linear, whereas the EPS insulation plot clearly displays that the change in the 
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gap width is not proportional to the change in temperature, thus indicating that a different process is 
occurring.  It should also be noted that upon cooling of these roof specimens at the end of the heating cycle, 
the SW roof assembly returned nearly the same gap size as was originally present whereas the gap in the 
EPS roof assembly had permanently increased in size.  


 
Figure 8: Gap width in mechanically fastened roof specimens with EPS insulation (Roof 1) and SW insulation (Roof 3) is plotted 
as a function of temperature. 
Note that initial gap width is highlighted in black bold horizontal line and initial/room temperature is indicated by red dotted 
vertical line. 
The data provided here are analyzed and plotted at a moving average of 30min of two sensors to filter out sensor noise.  


In general, the insulation gap in the EPS roof specimens (Roof 1, Roof 2, and Roof 4) widened as insulation 
temperature lowered, while the gap narrowed as the insulation temperature increased—until approximately 
80°C, at which point the gap widened at a significant rate. This change in dimension at high temperature 
was permanent as the gap did not return to its original size upon cooling. This gap measurement trend over 
the testing period is consistent with previous investigations performed by RDH Building Science Inc. 
(Bowden, Ricketts, & Finch, 2015) that EPS insulation typically expands up to approximately 80°C and 
experiences a rapid permanent shrinkage above 80°C. This is understandable given that the manufacturing 
requirement for EPS insulation provided by the Standards Council of Canada states that the intended service 
temperature range of this types of insulation is between -54°C and +75°C (Standards Council of Canada, 
2005). Figure 9 provides photos of the gap between insulation boards at a range of insulation temperatures. 
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Figure 9: Lapse photos taken at the EPS insulation joint in the mechanically fastened EPS roof specimen (Roof 4) during cooling 
and heating cycle. Note that the temperature provided for each photo indicates the insulation core temperature. Surface temperature 
may have been slightly higher. 


Roof specimens with SW insulation (Roof 3 and Roof 5) showed generally little to no change in gap width, 
and when changes in gap width occurred the change was linear. Upon cooling after the heating cycle, the 
gap in insulation boards in the test specimens with mineral wool typically returned to approximately its 
original dimension, Since SW insulation is known to be relatively dimensionally stable (Bowden, Ricketts, 
& Finch, 2015), it is likely that the expansion and contraction of the SBS roof membrane and asphalt-based 
cover board attributed to the gap measurements.  


While the largest gap measurement between the EPS insulation boards was more than 50 mm (Roof 4), the 
gap between SW insulation boards increased at most by 0.8 mm (Roof 5), an order of magnitude difference. 
As the time lapse photos of the SW insulation joint in Roof 5 taken during heating cycle provided in Figure 
10 indicate, the change in gap width of roof specimens with SW insulation was not visually noticeable. 


   


 


Figure 10: Lapse photos taken at SW insulation joint in ribbon-adhered SW roof specimen (Roof 5) during heating cycle. 
Note that the temperature provided for each photo indicates the insulation core temperature and a gap of approximately 6 mm 
between SW insulation was present before the test. Surface temperature may have been slightly higher. Unforutnately photos were 
not taken at cooler temperatures due to the lack of movement of the specimen. 


Thermal expansion and contraction, as well as shrinkage of EPS insulation takes place in all three 
dimensions (Figure 11); however, the gap measurements only illustrate one-dimensional movement. Once 
the roof specimens were allowed to cool down to 22°C after the heating cycle, they were disassembled to 
make visual and physical observations. The original dimension of the EPS insulation is approximately 
indicated by red dashed line. 
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Figure 11: Cross-section (perpendicular to length of specimen) view of ribbon-adhered EPS roof specimen (Roof 2) after heating 
test. The red dashed line indicates the original dimension of the EPS insulation. 
Note that uneven shrinkage of EPS insulation is likely due to slightly uneven heating in the climate chamber, and it is likely that 
there was a hot spot where the shrinkage is largest (right side).  


Upon visual inspection, significant ridging and wrinkling of the SBS roof membrane along the length of 
the ribbon-adhered roof specimen with EPS insulation (Roof 2) was observed—as indicated by the red 
dashed box in Figure 12—while the SBS roof membrane on the ribbon-adhered SW roof specimen 
remained flat. 


  
Figure 12: Photos of the ribbon-adhered EPS roof specimen (Roof 2, left) and SW roof specimen (Roof 5, right) after heating test 
showing creasing of the roof membrane in Roof 2 and no creasing in Roof 5. These two roof specimens are identical in 
construction other than the insulation type. 


The comparison of these specimens confirmed that it was possible in relatively extreme conditions to 
reproduce creasing of the SBS roof membrane similar to that observed in the field. Furthermore, it indicated 
that a potential cause of the wrinkling is the movement of the insulation within the assembly, as insulation 
type is the only difference between these two assemblies (Roofs 2 and Roof 5). This finding reinforces R.G. 
Turenne’s speculation (although his paper focused on temperature induced stress on the roof membrane) 
that dimensional changes (moisture and/or thermal) and instability of insulation materials that provide the 
substrate for roof membranes may be responsible for premature failures of the membrane (Turenne, 1976). 


It is likely that as the roof specimen temperature was raised, the SBS roof membrane and asphalt-based 
cover board softened and did little to resist movement (shrinkage) of the EPS insulation; while the SW 
insulation provided a more stable substrate throughout the test temperature range (-15°C to 90°C) and 
resulted in the difference in performance shown in photos taken after heating test provided in Figure 13. 







 
 
 


Paper 113                                                                                                     Page 13 of 16 
 


 


 


 
Figure 13: Photos of Roof 2 (EPS, top) and Roof 5 (SW, bottom) after heating test. 
Note that no deformation of SBS roof membrane was observed in either specimen after the cooling test before heating test. 


The SBS roof membrane on the ribbon-adhered EPS roof specimen (Roof 2) experienced ridging along the 
length of the specimen typically between the ribbons of the adhesive as shown in Figure 14 and Figure 15. 


  
Figure 14: SBS roof membrane and asphalt-based cover board ridging on Roof 2 (EPS) after testing, highlighted with red dashed 
circle. Top surface view (left) and underside view (right). 


 
Figure 15: Significant SBS roof membrane and cover board ridging observed with ribbon-adhered EPS roof specimen with asphalt-
based cover board (Roof 2). 
Note that ridging occurred adjacent to the location of an adhesive ribbon as indicated by the red dashed circle. 


In contrast to the ribbon-adhered roof specimen with EPS insulation, the SBS roof membrane on both 
mechanically fastened specimen with EPS (Roof 1 and Roof 4) remained relatively flat after being heated 
though some deformation, mainly sagging of SBS roof membrane, was observed in the mechanically 
fastened EPS roof specimen with asphalt-based cover board (Roof 1) (as shown in Figure 16). 
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Figure 16: While no significant ridging similar to ribbon-adhered roof specimen (Roof 2) was observed with the mechanically 
fastened roof specimen with asphalt-based cover board (Roof 1), the SBS roof membrane was noted to sag in some locations as a 
result of a loss in thickness of the EPS and indicated with orange dotted circles.  
Note that the red dashed line indicates approximate original dimension of the EPS insulation. 


Additionally, the fasteners were easily located even through the cap sheet membrane while disassembling 
the mechanically fastened EPS roof specimens (Roof 1 and Roof 4) because the surface of the SBS roof 
membrane was slightly bulging at the locations of the fasteners. This is likely a result of the EPS insulation 
reducing in thickness and causing the surface of the EPS to be lower than the height of the fasteners. 


Despite Roof 4 having measured the largest insulation displacement, this roof specimen had the least 
amount of SBS roof membrane ridging and sagging compared to the other two EPS roof specimens (Roof 1 
and Roof 2)—almost comparable to the SBS roof membrane on roof specimens with SW insulation except 
for bulges at screw heads. Upon removing the SBS roof membrane and the fiberboard cover board, it was 
noted that while the membrane remained relatively flat, significant permanent deformation (shrinkage) of 
the EPS insulation had occurred underneath, which was not visually apparent unless the SBS roof 
membrane and the cover board were removed (Figure 17). 


  
Figure 17: EPS insulation thickness shrinkage, which was not apparent due to fiberboard cover board in Roof 4, indicated with red 
dashed circles (left). The EPS insulation lost up to 20 mm (3/4") in thickness (right, same roof specimen shown). 


Overall, while the use of mechanical fasteners with cover board appears to reduce the influence of the 
movement of insulation on the performance of the roof membrane, likely due to a decoupling of the 
membrane from the substrate. While this method may prevent creasing of the membrane, it may also 
conceal underlying gaps between insulation boards. 


An initially confusing finding of this investigation was that the ribbon-adhered roof specimen (Roof 2) was 
measured to have experienced significantly less change in the gap size between insulation boards than the 
mechanically fastened specimen with EPS (Roof 1), but the ribbon-adhered arrangement experienced 
significantly more wrinkling of the membrane. Upon disassembly of the roof specimens it became clear 
that this finding was likely the result of the placement of the displacement sensor in close proximity to a 
ribbon of adhesive which appears to have held the EPS in place at the location of the adhesive, but allowed 
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much larger movement of the insulation between the ribbons of adhesive. Figure 18 compares EPS 
insulation joints in the ribbon-adhered EPS roof specimen (Roof 2, top) and the mechanically fastened EPS 
roof specimen (Roof 4, bottom) after the heating test. The red dashed line and the yellow square indicate 
the center-line of the roof specimen where the insulation boards were butted together and the location where 
the displacement sensor was installed respectively. Additionally, purple shaded strips indicate the location 
of the adhesive in the ribbon-adhered roof specimen (Roof 2).  


 


 
Figure 18: EPS insulation joints in ribbon-adhered EPS roof specimen (Roof 2, top) and mechanically fastened EPS roof specimen 
(Roof 4, bottom) after heating test. 
Note that the red dashed line indicates the center line of the roof specimen where the insulation boards were butted together, the 
purple shading approximately indicates the locations where the adhesive was applied, and the yellow square indicates the 
approximate location where the displacement sensor was installed. 


FINDINGS AND CONCLUSIONS 


The primary objective of this testing was to assess dimensional changes in insulation as a potential cause 
of observed wrinkling of 2-ply SBS roof membranes in conventional roofs. To investigate this, five roof 
specimens were tested in order to isolate the impact of insulation type (EPS and SW) and attachment 
technique (mechanically fastened and ribbon-adhered). The impact of an alternate cover board was also 
examined (asphaltic cover board and fiberboard cover board). Testing was conducted in a worst-case 
condition with equal temperature on all sides of the specimen as a first attempt at replicating the issues 
observed in the field. Key conclusions of this study are summarized below. 


1) EPS insulation is less thermally stable than SW insulation, and the relatively low temperature at 
which permanent shrinkage occurs creates a potential challenge for its use in roofing applications 
where high temperatures can be experienced. 


2) Although SBS roof membranes experience thermal expansion and contraction, this study 
reinforced speculation made by R.G. Turenne (1976)that components below the membrane have a 
significant impact on movement and performance of the SBS roof membrane in a roof system.  


3) This study reinforced general construction knowledge that having a dimensionally stable 
substrate in a conventional roof system is important to the performance and durability of SBS 
roof membranes as well as to the overall performance of a roof system. In a conventional roof, 
this is often provided by the insulation material.  


4) Ribbon-adhered approaches appears to limit insulation movement at the location of the adhesive, 
but neither of the attachment methods (ribbon-adhered or mechanically fastened) prevented the 
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SBS roof membrane from deformation (ridging, sagging and/or bulging).  


5) The use of a mechanically fastened cover board above EPS insulation was most successful at 
limiting wrinkling of the SBS roof membrane. While this method could potentially protect the 
SBS roof membrane from damage, it could also potentially conceal gaps in the insulation boards 
and potential associated performance issues. 


Areas for further investigation include: exposure of the roof specimens to more realistic conditions 
including arrangements with a temperature gradient, evaluation of other common insulations in 
conventional roofs such as polyisocyanurate insulation, and examination of potential methods to protect 
temperature sensitive insulation layers from extreme temperatures such as using multiple types of 
insulation within the roof assembly. Companion phases of this study seek to address these areas for 
further investigation, and also to conduct field monitoring of roof system performance to validate 
laboratory based findings. 
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Introduction & Background


 Thermal expansion and contraction of insulation products 


within conventional roof assemblies has been identified as a 


potential performance concern in the roofing industry
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Laboratory Testing Overview


 Insulation and SBS membrane material testing


 Laboratory testing using purpose-built climate chamber


 Can we recreate the wrinkles?


› Attempt to reproduce the creasing observed in the field


 What parameters impact the occurrence of wrinkles?


› Dimensional movement of insulation within the assembly


› Asphaltic and Fibreboard Cover Boards
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Insulation Material Testing


 EPS insulation found to expand up to ~80°C,


then contraced rapidly between 80-90°C
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Methodology – Roof Specimen


 2-ply conventional roof roughly 4' x 8' with 4" of insulation


 Continuous joint in the middle of the insulation layer 


perpendicular to the length of the specimen


 Cover board and roof membrane were installed continuously 


across the insulation joint


 Constructed by a certified roofer familiar with roofing 


products and installation techniques


Ribbon-adhered specimen in the process of 


attaching cover board to SW insulation


Schematic drawing of roof specimen showing 


insulation layout with central joint between insulation 


boards (EPS roof specimen shown)
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Methodology – Roof Specimen


 Total of 5 roof specimens were tested


Cover board¹: 4.8 mm (3/16“), glass mat-reinforced asphaltic cover board


Cover board²: 12.7 mm (1/2") high density fire-resistant fiberboard 


Cover Board¹


(Mechanically 


Fastened)


Cover Board¹


(Ribbon-Adhered)


Cover Board¹


(Mechanically 


Fastened)


Cover Board²


(Mechanically 


Fastened)


Cover Board¹


(Ribbon-Adhered)


4" EPS 4" EPS 4" Stone Wool 4" EPS 4" Stone Wool


Interior


Roof 1 Roof 2 Roof 3


Self-Adhered Vapour Barrier


1/2" Plywood


SBS Cap Sheet (Non-Woven Polyester Reinforced)


SBS Base Sheet (Non-Woven Polyester Reinforced)


Roof 4 Roof 5


Exterior


Insulation Type for 


Mechanically 


Fastened


Insulation Type for 


Ribbon-Adhered


Cover Board Type
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Methodology – Climate Chamber


 RDH’s purpose-built climate 


chamber


 Roof specimens were 


exposed to both cold (-15°C) 


and hot (90°C) temperatures 


while monitoring 


performance characteristics 


such as dimensional 


movement and force 


exerted by roof specimen
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Methodology – Climate Chamber
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Methodology – Displacement Sensors


 Insulation Movement


 One of the key 


measurements was taken 


with displacement sensors 


installed between 


insulation boards


 Displacement sensors 


were embedded in the 


insulation
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Methodology 


 What makes a wrinkle?


 Important to note that to make a wrinkle some kind of differential 


movement or fixation is typically required.


 Unlikely that a membrane wrinkles in the field all on its own


 This is a problem involving the interaction of multiple 


components and factors


An example of insulation contraction/shrinkage 


widening the gap. 
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Methodology – Test Procedure


 Uniform Cooling and Heating


 Create a worst-case temperature conditions to highlight 


performance of each roof arrangement
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Can we recreate the wrinkles?


 Ribbon-adhered EPS insulated roof specimen


 


 


 


 







17


What parameters impact wrinkling?


Dimensional Movement of Insulation 


 Insulation gap measurements from the EPS roof specimens 


indicate that:


› Gap widened as insulation temperature lowered, insulation shrinking


› Gap narrowed as the insulation temperature increased—until around 


80°C, at which point the gap widened at a significant rate and this 


change was permanent
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What parameters impact wrinkling?


Dimensional Movement of Insulation 


 Insulation gap measurements from the SW roof specimens 


indicate no noticeable change in gap width


› There was actually a very small amount of movement in the gap in the 


opposite direction one would expect, likely due to dimensional 


movement of other components of the system
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What parameters impact wrinkling?


Dimensional Movement of Insulation 


 Insulation gap measurements from the Polyiso roof specimens 


indicate that:


› Gap widened as insulation temperature lowered, insulation shrinking


› Gap narrowed as the insulation temperature increased until the boards 


came in to contact


› Boards remained in contact at high temperature
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What parameters impact wrinkling?


Dimensional Movement of Insulation (ribbon-adhered)


 Insulation is the only difference in the test specimens
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What parameters impact wrinkling?


Impact of Cover Board Material


 Mechanically Fastened EPS roof specimen


 Flexible, Loose-laid, Sanded Underlayment (Previously Tested)


No Wrinkles, sagging/bulging


Wrinkled


 Rigid Asphalt Cover Board


 Fibreboard Cover Board
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Impact of Cover Board Material


 Mechanically Fastened EPS roof 


specimens (fibreboard cover 


board)


 SBS roof membrane remained 


relatively flat compared to 


identical roof specimen which 


was ribbon-adhered


 Locally reduced thickness of EPS 


and consequential bulging of 


fastener heads visible through 


membrane


What parameters impact wrinkling?
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Impact of Cover Board & Attachment Strategy


 Ribbon-adhered EPS roof


specimens (asphalt cover board)


 Experienced ridging along the


length of the specimen typically


between the ribbons of the


adhesive


What parameters impact wrinkling?
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What parameters impact wrinkling?


Impact of Attachment Technique


 Mechanically Fastened vs. Ribbon-Adhered with EPS Insulation


 


 


 







26


Summary


 Able to reproduce wrinkles in the lab that appear similar to 


wrinkles observed in the field


 EPS insulation was present in all of the laboratory roof 


specimens for which wrinkling occurred


 Rigid cover boards can help reduce wrinkling, but underlying 


insulation is still damaged


 Attachment technique does impact the amount of wrinkling 


when a cover board is used, with mechanically fastened 


systems with rigid cover boards showing the least wrinkling
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Next Steps


 Exposure of the roof specimens to more realistic conditions 


including arrangements with a temperature gradient


 Examination of potential methods to protect temperature 


sensitive insulation layers from extreme temperatures


 These are actually already done, but in a separate paper.


See you at RCI!


 Perform field investigations to assess patterns with


regards to components of assembly, climate, etc


 Perform field monitoring of insulation and membrane 


movement to assess in-situ performance
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Next Steps


 This research is live!
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Next Steps
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Next Steps
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Next Steps
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Discussion + Questions


FOR FURTHER INFORMATION PLEASE VISIT


 www.rdh.com 


 www.buildingsciencelabs.com


OR CONTACT US AT


 Lorne Ricketts - lricketts@rdh.com
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AN OVERVIEW OF STUDIES TO ASSESS THE THERMAL AND 
HYGROTHERMAL PERFORMANCE OF HIGHLY INSULATED AND 


ZERO ENERGY READY WALL ASSEMBLIES 


Michal BartkoX, PhD., Robert Jonkman1, P.Eng., Michael A. Lacasse 2,, PhD., P.Eng.,  
 Travis Moore3 BSc Eng., Anil Parekh4, MASc., Silvio Plescia5, P.Eng. 


 


 


ABSTRACT 


A key component of energy efficient homes in the ever challenging climate of Canada is the highly insulated 
and well-designed wall assembly.  Over the years, residential walls have been constructed using 
increasingly more insulation.  The increased levels of insulation have offered a major opportunity to reduce 
heat losses in homes thereby significantly improving their energy efficiency. However, this impact on 
overall moisture performance, and hence durability, of wall assemblies together with the possible effects 
of climate change on building design is being of a concern. Several studies have been undertaken in recent 
years to demonstrate the thermal and hygrothermal performance of highly insulated wood frame wall 
assemblies to determine whether these walls perform as well as or better than NECB compliant walls in 
Canadian climate extremes. 


In this paper, an overview is provided of research studies focused on the performance assessment of highly 
insulated wall assemblies whose thermal performance may range, for example, from an effective RSI of 
4.8 to RSI 7.9.  The studies include both the results from field experimental work of full-scale wall 
assemblies as well as those obtained from detailed hygrothermal modelling and parametric simulation 
studies.  The robustness and resilience of the respective wall assemblies is discussed in light of the use of 
various insulation product types (e.g. fibreglass, mineral wool, XPS, EPS, dense-pack cellulose, wood fiber) 
of which the different wall assemblies were comprised. In general, it can be stated that all tested and 
simulated wall assemblies performed well hygrothermally and are capable of achieving net zero energy 
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status in certain locations in Canada. 


INTRODUCTION 


Over the years, the energy efficiency of the North American housing stock has significantly improved due 
mainly to higher insulation levels, more efficient windows and, more importantly, adoption of various 
energy efficiency measures by building codes.  For most of the Canadian climate conditions, the thermal 
resistance (R value) increase is of paramount importance, since heating and cooling of buildings in Canada 
is estimated to account for up to 17% of national GHG emissions [1].  The increased insulation levels of 
building envelopes for homes leads to a multitude of opportunities as well as challenges.  A major 
opportunity is to reduce heating and cooling losses and thereby significantly reduce space heating/cooling 
loads.  However, highly insulated wall assemblies present challenges to the wall assembly, including 
assessing the durability of products by determining the effect of higher insulation levels on the overall 
moisture performance and expected long-term performance of the building envelope.  A barrier to the 
uptake of highly insulated homes is the limited amount of proven evidence of reliable thermal and moisture 
performance of highly insulated homes as might be achieved in various climates of Canada. 


Net Zero Energy Homes 


There are numerous definitions for net-zero homes, whether or not embodied energy is also considered.  
Natural Resources Canada (NRCan) defines a net-zero energy home as a home that on an annual basis 
generates as much energy as it consumes.  At present the ‘task’ of generating energy is usually carried out 
on site with the use of solar photovoltaic arrays that can be installed on the walls of the homes (additionally 
function as simultaneous shading devices), on roofs, or on a structure that is not attached to home 


To evaluate whether homes are net-zero ready, the NECB performance path of compliance is used, instead 
of the prescriptive path.  Two homes having the same location (i.e. nominally the same levels of solar 
irradiance, temperature, and shading) and both with identical wall assembly R-values can differ 
considerably in energy generation simply due to the geometry and orientation of the building.  Houses with 
satisfactorily large south-facing walls and roofs can accommodate a photovoltaic (PV) array of 12kW 
(above 80m2 of total PV area) or larger, whereas houses with many small roof and wall areas would allow 
for employment of, for example, only a 5kW PV array with some 35m2 of the roof area [2].  The energy 
production and comparison of energy generation vs. consumption would then be substantially more 
favourable in the case of the larger solar array and for the smaller solar array would likely not allow the 
building to meet net-zero requirements.  Using the tool [2] simple calculations were performed for homes 
with walls of differing R-value and incorporating different sizes of PV arrays and results are presented in 
Table 1.  It can be observed that in this example a home having R30 for wall thermal insulation in Ottawa 
and a PV array size of 10kW would not meet NRCan criteria for a net-zero home; however, the home 
having R40 for wall insulation would approach these limits (e.g. energy deficit ~1.6 MWh/year); whereas 
the R50 home would indeed meet the criteria (e.g. energy deficit: -1.4 MWh/year).  Similarly for 
Vancouver; R40 and R50 homes would meet net-zero requirements with a reasonably sized 10kW PV array 
(i.e. energy deficit -0.9 and -3.1 MWh/year respectively for R40 and R50 homes).  The information given 
in this table clearly indicate the importance of reducing the energy use of homes through increasing the 
thermal resistance of the building envelope, even before considering installing a PV array. 
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Table 1: Example of simplified calculation based on energy generation from a PV array and  
energy consumption based on wall thermal insulation  


Wall 
thermal 


insulation 


Energy consumption, 
MWh/year 


Energy generation, 
MWh/year [2] 


PV 
array 


Net energy deficit 
MWh/year 


m2K/W Ottawa Vancouver Ottawa Vancouver kWDC Ottawa Vancouver 
3.5 (R30) 18.5 13.2 6.2 5.5 5  12.3 7.7 
7.0 (R40) 14.0 10.1 12.4 11.0 10  1.6 (0.9) 
8.8 (R50) 11.1 7.9 24.7 21.9 20  (13.6) (14) 


Additionally, irrespective of the selection of a specific combination of PV array and wall thermal resistance 
that permits attaining net zero energy thresholds for a home, there is nonetheless a functional requirement 
that the overall hygrothermal performance of the building envelope be maintained over the long-term, both 
for energy conservation over the service life of the building, as well as durability of the structure and safety 
and health of the occupants. 


Assessing Hygrothermal Performance – Overview of Field Experiment and Numerical Simulation 


The National Research Council of Canada (NRC) in collaboration with Natural Resources Canada 
(NRCan), the Canada Mortgage and Housing Corporation (CMHC) and the Canada Wood Council (CWC) 
undertook, over a 3 year period, a project to develop information on the moisture and thermal performance 
of progressively higher insulated wood-frame wall assemblies.  The information was to be used to: (1) 
Support the evaluation of future code proposals regarding energy efficiency improvements to building 
envelope systems; (2) Support the development of knowledge, details and practices for advanced wall 
systems for voluntary residential energy efficiency programs; (3) Help the housing industry meet the 2030 
net-zero energy ready targets, and; (4) Promote the deployment of highly energy efficient wall details for 
new and retrofitted existing wood-frame construction.  In essence, the primary outcome from this project 
was to facilitate the widespread adoption of high performance residential wood-frame wall systems (Energy 
Guide rating: EGH-83 and 86) that are practical, buildable, durable, energy efficient and affordable. 


To achieve these objectives, the project focused on investigating the hygrothermal response of a series of 
thermally enhanced wood-frame walls with higher levels of insulation from that of the National Building 
Code minimum (RSI 3.3 – 4.1) to net-zero energy or net-zero energy ready performance levels (i.e. RSI 7.0 
– 7.9).  Three consecutive years of field experiments were conducted whereby for each year a set of 3 wall 
assemblies, each of different configuration and thermal resistance, were monitored over a 9-10 month 
period starting in the winter months (December). During the monitoring period, sensors within the 
respective wall assemblies permitted determining, temperature (T), relative humidity (RH) and heat flux at 
specific locations in the wall assemblies.  Moisture sensors were also used to determine the presence of 
liquid moisture as might have arisen due to condensation of moisture on the surface of wall components 
within the wall assembly. The results of each experimental study period were also used to benchmark results 
from hygrothermal simulation model of the same assemblies.  The benchmarked hygrothermal model was 
used to conduct a parametric study in which the risk of condensation in the wall assemblies was investigated 
for four other locations across Canada.  The locations were selected as representative of the various climate 
zones as occur in Canada, and to simulate the hygrothermal response of the wall assemblies when subjected 
to conditions of the different climate zones present in Canada.  As such and over a 3-year period, a set of 
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nine (9) wall assemblies with different types and levels of insulation systems were evaluated in respect to 
their hygrothermal performance. In this paper, information is provided on construction details for each of 
the 9 wall assemblies investigated, the experimental set-up to assess the hygrothermal response of the walls 
to local ambient conditions in Ottawa, and the hygrothermal simulations that were completed to benchmark 
the model and to undertake the parametric analysis.  Thereafter, selected results are provided for both the 
experimental work and the parametric analysis.  The risk to the formation of condensation in wall 
assemblies having enhanced levels of wall insulation is briefly discussed in light of requirements for 
achieving net zero energy homes across the many different climate zones of Canada. 


CONFIGURATION OF HIGHLY INSULATED WALL ASSEMBLIES 
A description of the configurations of the nine (9) wall assemblies studied in this project is provided in 
Figure  that also includes the nominal thermal resistance of each of the walls.  It can be seen that values for 
thermal resistance varied from RSI 4.8 (Wall 1) to a high of RSI 7.9 (Wall 6).  Common wall elements to 
all assemblies included the exterior cladding (vinyl siding), sheathing membrane (spun-bonded polyolefin), 
and the interior finish (½ in. painted gypsum drywall panel).  All other elements varied in relation to the 
nominal requirements for insulation and interest in evaluating the position of highly insulated wall 
assemblies having novel wood-based wall components.   


The first three walls (W1-W3) were representative of a typical 50 x 150 mm (2 x 6-in.) wood stud frame in 
which was placed RSI 4.2 (R24) glass-fibre batt insulation and that would be retrofitted to achieve a 
minimum level of thermal insulation for above-grade walls and for a range of EnerGuide 80 compliance 
packages.  As such, the base-wall of Wall 1 was overlaid with 25 mm (1-in.) of EPS insulation to yield an 
effective RSI of 4.8 (R27); Wall 2 had 51 mm (2-in.) of XPS insulation overlay the base-wall to achieve 
RSI 6.2 (R35), and; Wall 3 had 76 mm (3-in.) of semi-rigid mineral fibre insulation overlay the base-wall 
to achieve RSI 6.2 (R35). 


The second set of 3 walls (W4-W6) had values for thermal insulation, ranging from RSI 6.0 (R34) to 7.6 
(R43).  In this instance, W4 was a typical 50 x 150 mm (2 x 6-in.) wood stud frame wall with glass fibre 
batt insulation in the stud cavity to which 51 mm of XPS was added to the inside of the wall (as opposed to 
W2 where the XPS was placed to the outside) to achieve a RSI of 6.0 (R34); Wall W5 was a novel use of 
50 x 254 mm (2 x 10-in.) wood stud frame in which was placed 50 mm of spray polyurethane foam over 
which was installed glass fibre batt insulation attaining a RSI of 7.6 (R43);  Wall W6, also a novel design, 
having a 50 x 305 mm (2 x 12-in.) wood stud frame in which was placed several layers of cellulose fibre 
insulation to obtain a RSI of 7.0 (R40). 


The final set of 3 walls had values for thermal insulation, ranging from 5.1 (R29) to 7.6 RSI (R43); Wall W7 
and W9 were essentially the same construction, the difference being for Wall 9 in the use of an 11 mm OSB 
wood sheathing panel in lieu of a polyethylene membrane to act as a vapour barrier; in wall W8 wood fibre 
insulation imported from abroad was used and a wood fibre 24 mm “diffusion board”, also imported, was 
used as an exterior sheathing panel. For wall W8, there was interest by the stakeholders in knowing whether 
wood fibre products of the type used in this wall assembly had merit for use in Canadian homes. Detailed 
information on experiment setup as well simulation procedure is explained in [3] and [4] for the wall 
assemblies W1 to W6 and in [5] and [6] for assemblies W7 to W9. 
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• Vinyl siding 
• 1.5x0.5-in vertical furring strips 
• 1-in. EPS Insulation 
• Sheathing membrane 
• 11 mm OSB wood-sheathing  
• 1.5x5.5-in. nominal stud cavity 
• R24 glass fiber batt insulation for 6-in. 


cavity 
• 6 mil poly air/vapour barrier 


• ½ inch painted drywall 


 
• Vinyl siding 
• 1.5x0.5-in vertical furring strips 
• 2-in. XPS Insulation 
• Sheathing membrane 
• 11 mm OSB wood-sheathing  
• 1.5x5.5-in. nominal stud cavity 
• R24 glass fiber batt insulation for 6-in. 


cavity 
• 6 mil poly air/vapour barrier 


• ½ inch painted drywall 


 
• Vinyl siding 
• 1.5x0.5-in vertical furring strips 
• 3-in. mineral fiber Insulation 
• Sheathing membrane 
• 11 mm OSB wood-sheathing  
• 1.5x5.5-in. nominal stud cavity 
• R24 glass fiber batt insulation for 6-in. 


cavity 
• 6 mil poly air/vapour barrier 
• ½ inch painted drywall 


 


 


 Vinyl siding 


 Sheathing membrane  


 11 mm OSB wood-sheathing 


 1.5x5.5-in. nominal stud cavity with 
R24 glass fiber batt insulation  


 51 mm (2 in.) XPS rigid foam 
insulation 


 6 mil poly air/vapour barrier 


 ½ in. painted drywall 


 


RSI  │  4.8 [m2K/W] 
R-value  │27    [hr-ft2 -°F/BTU] 


W1 EPS


W2 XPS 2”


RSI  │  6.2 [m2K/W] 
R-value  │35    [hr-ft2 -°F/BTU] 


W3 MFI


RSI  │  6.2 [m2K/W] 
R-value  │35    [hr-ft2 -°F/BTU] 


W4 XPS-i


RSI  │  6.0 [m2K/W] 
R-value  │34    [hr-ft2 -°F/BTU] 
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• Vinyl siding 
• Sheathing membrane 
• 11 mm OSB wood-sheathing 
• 2x10-in. nominal stud cavity 
• In Stud cavity 


- 2-in. Spray polyurethane foam 
insulation 
- 7-in. R24 glass fiber batt insulation 


• 6 mil poly air/vapour barrier 
• ½-in. painted drywall 


 


 • Vinyl siding 


• Sheathing membrane  


• 11 mm OSB wood-sheathing  


• 2x12-in. nominal stud cavity 


• R39 cellulose fiber insulation 


• 6 mil poly air/vapour barrier 


• ½ in. painted drywall 


 


 


 


• Vinyl siding 


• 3x0.75-in. nominal vertical furring strip   


• 1-in. XPS rigid foam insulation (R5) 


• Sheathing membrane  


• 11 mm OSB wood-sheathing 


• 1.5x5.5-in. nominal wood stud cavity  


• R24 glass fiber batt insulation for 6-in. cavity 


• 6 mil poly air/vapour barrier 


• ½-in. painted drywall 


 
• Vinyl siding 
• 3x0.75-in. nominal vertical furring strip 
• Sheathing membrane  
• 24mm Diffusion board 
• 1.5x9.13-in. nominal wood stud cavity 
• Wood fibre insulation for 10-in. cavity 
• 11 mm OSB wood-sheathing; joints taped 
• 1.5x3.5-in.studs (Service wall interior) 
• Wood fibre insulation for 4-in. cavity 
• ½-in. painted drywall 


 


 
• Vinyl siding 
• 3x0.75-in. nominal vertical furring strip  
• 1-in. XPS rigid foam insulation (R5) 
• 1.5x5.5-in.  nominal wood stud cavity 
• R24 glass fiber batt insulation for 6-in. cavity 
• 11 mm OSB wood-sheathing; joints taped 
• ½-in. painted drywall 


 


Figure 1: Evaluated Wall Assembly Configurations  


W5 SPF


RSI  │  7.6 [m2K/W] 
R-value  │43    [hr-ft2 -°F/BTU] 


RSI  │  7.0 [m2K/W] 
R-value  │40    [hr-ft2 -°F/BTU] 


RSI  │  5.1 [m2K/W] 
R-value  │29    [hr-ft2 -°F/BTU] 


W7 XPS-e


RSI  │  7.6 [m2K/W] 
R-value  │43    [hr-ft2 -°F/BTU] 


W8 WFI


RSI  │  5.1 [m2K/W] 
R-value  │29    [hr-ft2 -°F/BTU] 
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FIELD EXPERIMENTS  


These wall specimens were installed in a side-by-side test bay of the NRC-Construction’s Field Exposure 
of Walls test facility (FEWF); they were instrumented with pressure, temperature, relative humidity, and 
moisture sensors in various locations throughout the assembly. The highest concentration of sensors was 
generally located on the interface of the outer side of glass fiber insulation and respective cover board (OSB, 
XPS, wood fiber diffusion boards); between layers 5 and 7 as marked in Figure 4. 


All the specimens were subjected to local climate conditions of Ottawa, Canada and conditions on the 
interior side of the test specimen were nominally maintained at 21°C and 35% RH as per [7]. 


At the start of the experimental evaluation, each wall assembly was subjected to conditions intended to 
increase the overall moisture content of the assembly by exfiltrating air through the wall. Increased moisture 
levels were induced to all specimens by pressurizing the building interior over a period of 3 to 4 weeks, and 
causing conditioned indoor air to exfiltrate through purposely created 3.5 mm deep slits in the interior finish 
and vapour barrier layers.  The slits were then closed and the response of the respective specimens was 
monitored over a specified time period such that drying out of the cavities within the wall might be 
compared to moistening the assembly during the process of air exfiltration.  Based on the results obtained 
for temperature and relative humidity, mould index calculations were completed for specific locations in 
each respective wall assembly considered to be susceptible to mould growth. 


  


Figure 2: NRC’s Field Exposure of Walls Test Facility (FEWF) 


 
Figure 3: Example of test specimen showing instrumentation 
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HYGROTHERMAL SIMULATIONS  


Model Benchmarking 


As it was important to ensure that the results of the research were meaningful in all regions of Canada, the 
analysis was extended through the use of simulation tools to representative cities in the Atlantic, Prairie 
regions, the lower coastal mainland of BC, and in the North of Canada; an advanced hygrothermal modeling 
tool was used to conduct the hygrothermal simulations.  The modeling tool (hygIRC-2D) was benchmarked 
against experimental data obtained from the results of the previously described field experiments.  The 
numerical model was used to simulate exfiltration conditions for each wall assembly and to assess the risk 
to the formation of condensation in highly insulated wall assemblies.  An example of the configuration path 
selected for air movement in the wall assemblies is shown in Figure 4.  It should be noted that the air leakage 
path and areas assessed for mould growth differed slightly between wall assemblies.  However, the overall 
evaluation method was the same: i.e., specific locations in each wall assembly were selected that would be 
at risk to the formation of condensation. 


 


 Region of focus  


Figure 4: Example of wall assembly configuration and details to permit benchmarking the numerical model  


Parametric Analysis 


Once the benchmarking of the modeling tool was completed, it was then used to investigate, given specific 
indoor conditions, the effect of different outdoor conditions, as may be found in the different regions of 
Canada, on the moisture and thermal performance of the wall assemblies. Locations used for this analysis 
were those of: Vancouver, BC, Yellowknife, NT, Edmonton, AB, and St. John’s, NL. 


  


 
As Constructed As Modeled Label 


Vinyl Siding (3mm) Vinyl Siding (3mm) 1 


19mm Strapping & air space Airspace (19mm) 2 


XPS (25mm) XPS (25mm) 3 


Sheathing membrane  Spunbonded Olefin (0.15mm) 4 


OSB Sheathing (11mm) OSB Sheathing (11mm) 5 


Wood Studs (5.5in) Pine (140mm) 6 
R24 Glass-fibre insulation 
(Stud cavity insulation) 


Low Density Glass Fibre 
(140mm) 7 


6 mil poly air/vapour barrier Polyethylene (0.15mm) 8 


1/2in –painted drywall Primed Gypsum (12.7mm) 9 
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The annual hygrothermal performance of all wall assemblies used in field experiments was evaluated by 
averaging the temperature and moisture content within the “region of focus”, selected as an area in the wall 
assembly which was considered to be at risk to the formation of condensation due to exfiltration air from 
the interior; the region of focus is marked in red in Figure 4.  Wall performance for any given climate 
location was compared by calculating the response of the wall in the region of focus based on the average 
values of temperature and %RH derived from simulation in these areas, and from which the performance 
criteria based on mould growth was calculated; this is described by Hukka and Viitanen [8] and Viitanen et 
al [9] and Ojanen et al [10], and the values calculated were referred to as either the: (i) RHT(92) index, or; 
Mould index (M). 


FIELD EXPERIMENT AND NUMERICAL SIMULATION RESULTS 


Field Experiment Results 


Each wall assembly was evaluated in the experiment in terms of hygrothermal performance by the process 
of increasing the moisture content of the wall assembly.  This was achieved by causing the exfiltration of 
interior and moisture laden air into the wall stud cavity through a purposefully made slit in the interior 
sheathing panel and vapour barrier.  After this stage of exfiltration (ca. 3-4 weeks), the exfiltration process 
was ended and the wall sealed from the interior.  Relative humidity and temperature were then monitored 
at critical areas in the wall assembly, considered to be at high risk to the formation of condensation and 
correspondingly at risk to the formation of mould or wood decay.  The temperature and relative humidity 
results were monitored over time to determine the capacity of the wall to dissipate any moisture that had 
accumulated in the stud cavity over the exfiltration stage.  The mould growth index was calculated in those 
regions in the wall based on the results of date acquired over this time period.  The mould growth rate and 
its dissipation over time as calculated form the experiment results is shown for walls W4 to W9 in Figure 
5. 


Values for mould growth for walls W1 to W3 were not available as the facility was unable to create 
condensation in the stud cavity during this initial set of experiments.  However, it should be noted that at 
no time over the course of the experiment for Walls W1 to W3 was condensation observed to occur in the 
wall assemblies, thus indicating that for Ottawa, these wall assemblies performed adequately under the 
imposed the environmental conditions to which they were subjected, regardless of the rating for their 
thermal insulation. 


An analysis of all assemblies tested, with smaller differences in drying out rate between assemblies, 
confirmed the following overall trend: under common in–service conditions of Ottawa all assemblies 
performed well and the condensate that had accumulated over cold periods was readily able to dissipate 
during the subsequent warmer periods.  Temperature runs and dew point calculations in these critical 
locations and for the entire range of R-values encompassed in these series of wall assemblies were very 
similar.  The moisture accumulated over the initial set-up period dissipated at a greater rate for specimens 
having fibre-based thermal insulation (cellulose, wood and mineral fibre) and at a more moderate rate for 
wall incorporating XPS panels.  The drying out time for the assembly with the EPS insulation was the 
longest.  However, in each case the moisture dissipated over time, to which one would conclude that for 
the Ottawa conditions to which the walls were subjected, the wall assemblies were not susceptible to 
deterioration as might arise from the presence of condensation regardless of R-value of the wall assembly. 
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Wall 4 


 
 


Wall 5 


 


Wall 6 


 


Wall 7 


 


Wall 8 


 


Wall 9 


 
Figure 5: Mold growth index for experiment results, Walls 4 - 9 


Notes: 


Period A: initial stage with no intentional deficiencies in assembly monitoring to observe the response of the wall to local weather conditions. 


Period B: warm moist air (21°C; 55% RH) exfiltrate through intended deficiencies in the test specimens; exfiltration was induced by applying a 
pressure up to 50 Pa. 


Period C: drying out period with deficiencies in the test specimen present for a certain time and subsequently closed. No pressure applied; natural 
indoor RH kept. 
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Numerical Simulation Results 


(1) Model benchmark 


Data retrieved from a local NRC weather station was used to generate the climate file for benchmarking the 
numerical simulation.  Given the source data, results of simulated temperatures within assemblies were 
entirely independent from field data as measured by temperatures sensors.  The experimental and numerical 
model results were compared using the temperature at the location of focus in the wall assembly (e.g. below 
slit in OSB panel); an example of the temperature profile derived from the experiment and simulation is given 
in Figure 6. 


 


Figure 6: Example of a comparison between simulation and experiment results  


(2) Parametric analysis 


Subsequent to the comparison between experimental and numerical simulation results, the model was then 
used to determine the relative performance of wall assemblies when subjected to the climate of different 
locations across Canada, specifically: Ottawa, O.N., Vancouver B.C., Yellowknife, N.W.T., Edmonton, 
A.B., and St. John’s, N.L.  The performance of the wall assemblies was determined by using the average 
temperature and average relative humidity of the “region of focus” for each wall assembly to calculate the 
mold index value.  The results for the average mould index and the maximum mould index determined for 
each wall assembly in each climate location are presented in Figure  and Figure . 
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Figure 7: Parametric study results showing values for average mold index for all wall assemblies subjected to  
selected climate locations in Canada 


Overall the results for mould index indicate that there is very little correlation between the risk to 
deterioration of the wall assembly, and the thermal resistance for that wall assembly.  The results indicate 
that hygrothermal performance is generally more dependent on the selection of materials in the wall 
assembly and the ability of these materials to dry out given events in which condensation occur.  In instances 
where air exfiltration from the interior and through the assembly is the main contributor to moisture ingress 
into the wall cavity, those wall assemblies having materials with a higher water vapour permeance are better 
at resisting the formation of mould growth than those with a comparatively lower water vapour permeance. 


 


Figure 8: Parametric study results showing values for maximum mold index for all wall assemblies subjected to selected 
climate locations in Canada 
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CONCLUSIONS 


Increased energy efficiency code requirements result in utilizing wall assemblies with increased thicknesses 
of thermal insulation. This trend helps to achieve Canada’s net-zero energy ready buildings plan by 2030, 
but it also creates concerns regarding durability of such wall assemblies due to possible moisture 
accumulation problems leading to premature structure deterioration. High R values wall assemblies with 
foam thermal insulations (EPS, XPS) as well as fibre insulations (cellulose, wood, mineral, glass) were 
examined at the NRC; experimentally for Ottawa, ON climatic conditions and numerically for other 
Canadian climatic conditions (Ottawa, O.N., Vancouver B.C., Yellowknife, N.W.T., Edmonton, A.B., and 
St. John’s, N.L.). 


Both, experimental and simulation results confirmed that highly insulated assemblies are capable of 
adequate thermal and hygrothermal performance ensuring buildings’ expected longevity. 


It can be summarized that mineral fiber based thermal insulation performs better in dry climates (Edmonton, 
Yellowknife) whereas XPS foam insulation outperforms if used in walls located in humid climates 
(Vancouver, St. John’s). 


It is perhaps self-evident to note that acceptable building performance is heavily dependent on the quality 
of workmanship.  Even the best designed wall assembly having high quality materials will nonetheless fail 
prematurely if any given vapour or air barrier layer is not properly installed (continuous) and not adequately 
sealed. It is therefore prudent to establish a quality assurance protocol during construction to help prevent 
the occurrence of defective installation practices. 


Simplified calculations of energy consumption as compared to energy generation in small homes helped 
confirmed that above ground wall assemblies having thermal insulation values ranging between RSI 6.15 
(R35) to RSI 8.8 (R50) are capable of achieving a net-zero energy status for certain locations in Canada. 
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Introduction


Government of Canada,
Federal Sustainability Development Strategy
- GHG (Green House Gases) reductions


- 17% by 2020


- 40% by 2030


- 80% by 2050


…relative to emission levels of 2005 (app.750Mt)







Introduction


Net Zero Energy Homes
- Buildings in Canada account for 20% of GHG 


emissions


- Homes that on annual basis generate as much 
energy as they consume.


- High Performance Buildings


 Proper design, proper workmanship, proper 
materials, proper maintenance


 Ecological, economical, local, durable







Net Zero Energy Homes


Energy 
consumption, 


MWh/year


Ottawa Vancouver


R30, 5.3m2K/W 18.5 13.2


R40, 7.0 m2K/W 14.0 10.1


R50, 8.8 m2K/W 11.1 7.9


Energy 
generation, 
MWh/year


Ottawa Vancouver


5kWDC 6.2 5.5


10kWDC 12.4 11.0


20kWDC 24.7 21.9


Example of energy 
consumption*


Example of energy 
generation*


* PVWatts.nrel.gov * Simple shape home, A = 600m^2 







Introduction


3 year project to develop information on 
hygrothermal behaviour of highly insulated wood 
frame wall assemblies to:


- Support future code proposals


- Help to meet 2030 targets on net-zero energy practices


- Promote high performance wall assemblies deployment


NRC NRCan CMHC CWC







Field Experiment, Test Facility


Field Exposure of 
Walls Test Facility, 
NRC campus in 
Ottawa, ON


Specimen 
placement 


Temperature 
sensors


RH sensor


Pressure sensors







Field Experiment, Instrumentation Examples


Temperature 
sensors


RH sensor


Moisture 
detecting tapes


Example 1
- Retrofit


Example
2- New build


Region of focus 







Period Interior conditions Exterior conditions
Temperature


(°C)
RH
(%)


Pressure 
(Pa)


Deficiency 
(3mm slit)


Deficiency 
(3mm slit)


Temperature/ RH


A (20 days) 21 35 0 Closed Open Ambient local
B (20 days) 21 55 50 Open Open Ambient local


C (190 days) 21
Variable / 


natural
0 Open Open Ambient local


D (20 days) 21
Variable / 


natural
0 Closed Open Ambient local


Test protocol over monitoring period


Field Experiment, Test Conditions


Notes:
Period A: initial stage with no intentional deficiencies


in assembly monitoring to observe the response of the wall to local weather conditions.
Period B: warm moist air (21°C; 55% RH) exfiltrate through intended deficiencies in the test specimens; exfiltration was 


induced by applying a pressure up to 50 Pa.
Period C: drying out period with deficiencies in the test specimen present for a certain time and subsequently closed. No 


pressure applied; natural indoor RH kept.


Location of 3 X 368 mm 
deficiency in air & vapour barrier


Location of 3 X 368 mm 
deficiency in exterior sheathing







Tested Assemblies- Retrofit Options


RSI │  4.8 [m2K/W]
R-value │27    [hr-ft2 -°F/BTU]


W1 EPS


• Vinyl siding
• 1.5x0.5-in vertical furring strips
• INSULATION
• Sheathing membrane
• 11 mm OSB wood-sheathing 
• 1.5x5.5-in. nominal stud cavity
• R24 glass fiber batt insulation for 6-


in. cavity
• 6 mil poly air/vapour barrier
• ½-in. painted drywall


W2 XPS 2”


RSI │  6.2 [m2K/W]
R-value │35    [hr-ft2 -°F/BTU]


W3 MFI


RSI │  6.2 [m2K/W]
R-value │35    [hr-ft2 -°F/BTU]


3”


2”


1”







Tested Assemblies, Interior Insulation


W4 XPS-i


RSI │  6.0 [m2K/W]
R-value │34    [hr-ft2 -°F/BTU]


• Vinyl siding
• Sheathing membrane 
• 11 mm OSB wood-sheathing
• 1.5x5.5-in. nominal stud cavity with R24 glass 


fiber batt insulation 
• 51 mm (2 in.) XPS rigid foam insulation
• 6 mil poly air/vapour barrier
• ½-in. painted drywall







Tested Assemblies


W5 SPF


RSI │  7.6 [m2K/W]
R-value │43    [hr-ft2 -°F/BTU]


• Vinyl siding
• Sheathing membrane
• 11 mm OSB wood-sheathing
• 2x10-in. nominal stud cavity
• In Stud cavity


- 2-in. Spray polyurethane foam insulation
- 7-in. R24 glass fiber batt insulation


• 6 mil poly air/vapour barrier
• ½-in. painted drywall







Tested Assemblies- New Construction


RSI │  7.0 [m2K/W]
R-value │40    [hr-ft2 -°F/BTU]


• Vinyl siding
• Sheathing membrane 
• 11 mm OSB wood-sheathing 
• 2x12-in. nominal stud cavity
• R39 cellulose fiber insulation
• 6 mil poly air/vapour barrier
• ½-in. painted drywall


RSI │  7.6 [m2K/W]
R-value │43    [hr-ft2 -°F/BTU]


W8 WFI


• Vinyl siding
• 3x0.75-in. nominal vertical furring strip
• Sheathing membrane 
• 24mm Diffusion board
• 1.5x9.13-in. nominal wood stud cavity
• Wood fibre insulation for 10-in. cavity
• 11 mm OSB wood-sheathing; joints taped
• 1.5x3.5-in.studs (Service wall interior)
• Wood fibre insulation for 4-in. cavity
• ½-in. painted drywall







Tested Assemblies, XPS variations


RSI │  5.1 [m2K/W]
R-value │29    [hr-ft2 -°F/BTU]


W7 XPS-e


• Vinyl siding
• 3x0.75-in. nominal vertical furring strip  
• 1-in. XPS rigid foam insulation
• Sheathing membrane 
• 11 mm OSB wood-sheathing
• 1.5x5.5-in. nominal wood stud cavity 
• R24 glass fiber batt insulation for 6-in. cavity
• 6 mil poly air/vapour barrier
• ½-in. painted drywall


RSI │  5.1 [m2K/W]
R-value │29    [hr-ft2 -°F/BTU]


• Vinyl siding
• 3x0.75-in. nominal vertical furring strip 
• 1-in. XPS rigid foam insulation
• 1.5x5.5-in.  nominal wood stud cavity
• R24 glass fiber batt insulation for 6-in. cavity
• 11 mm OSB wood-sheathing; joints taped
• ½-in. painted drywall







Numerical Simulations, Model Description 


 
As Constructed As Modeled Label 


Vinyl Siding (3mm) Vinyl Siding (3mm) 1 


19mm Strapping & air space Airspace (19mm) 2 


XPS (25mm) XPS (25mm) 3 


Sheathing membrane  Spunbonded Olefin (0.15mm) 4 


OSB Sheathing (11mm) OSB Sheathing (11mm) 5 


Wood Studs (5.5in) Pine (140mm) 6 
R24 Glass-fibre insulation 
(Stud cavity insulation) 


Low Density Glass Fibre 
(140mm) 7 


6 mil poly air/vapour barrier Polyethylene (0.15mm) 8 


1/2in –painted drywall Primed Gypsum (12.7mm) 9 


Region of focus 
Used software: hygIRC 2D







Numerical Simulations, Benchmarking


Comparison example of measured and calculated 
temperatures inside region of focus, Ottawa 2016


Used software: hygIRC 2D







Numerical Simulations, Parametric Analysis


Annual hygrothermal analysis for Canadian 
locations:
- Ottawa, ON


- Vancouver, BC


- Yellowknife, NWT


- Edmonton, AB


- St. Johns, NL


Mould growth calculated using model developed 
by Viitanen and Ojanen*


*Viitanen, H.A., and Ojanen, T.: Improved model to predict mould growth in building materials, 2007.







Field Test and Simulation Results
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Period A: initial stage with no intentional deficiencies in assembly monitoring to observe the response of the wall to local 
weather conditions.
Period B: warm moist air (21°C; 55% RH) exfiltrate through intended deficiencies in the test specimens; exfiltration was 
induced by applying a pressure up to 50 Pa.
Period C: drying out period with deficiencies in the test specimen present for a certain time and subsequently closed. No 
pressure applied; natural indoor RH kept.
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Field Test and Simulation Results


RHcrit = – 0.00267T3 + 0.160T2 – 3.13T + 100.0 when T ≤ 20


RHcrit = 80% when T > 20







Conclusions


 Both, experimental and simulation results confirmed
that highly insulated assemblies are capable of 
adequate thermal and hygrothermal performance 
ensuring buildings’ expected longevity.


 Foam insulations (XPS, EPS) perform better in humid
climates, and fibre insulations (mineral, wood, 
cellulose, glass) in dry climates.


 Acceptable building performance is heavily dependent 
on the quality of workmanship


 Net zero energy status can be achieved with R40 and 
higher values, in certain locations in Canada (higher 
temperatures, higher solar irradiation levels)
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Mould Index


Mould index (M) criteria developed by Hukka and Viitanen, Viitanen and Ojanen, and Ojanen et al. 


M Mould Index (M) Description of Growth Rate


0 No growth


1 Small amounts of mould on surface (microscope), initial stages of local growth


2 Several local mould growth colonies on surface (microscope)


3 Visual findings of mould on surface, < 10% coverage, or < 50% coverage of mould (microscope)


4 Visual findings of mould on surface, 10%–50% coverage, or > 50% coverage of mould (microscope)


5 Plenty of growth on surface, > 50% coverage (visual)


6 Heavy and tight growth, coverage about 100%


Sensitivity Class Materials RHmin (%)*


Very Sensitive Pine sapwood 80


Sensitive Glued wooden boards, spruce 80


Medium Resistant Concrete, aerated and cellular concrete, glass wool, polyester wool 85


Resistant PUR with polished surface 85


Description of Mould Index (M) levels 


Mould growth sensitivity classes and some corresponding materials 







Mould Index


M Mould Index (M) Description of Growth Rate


0 No growth


1 Small amounts of mould on surface (microscope), initial stages of local growth


2 Several local mould growth colonies on surface (microscope)


3 Visual findings of mould on surface, < 10% coverage, or < 50% coverage of mould (microscope)


4 Visual findings of mould on surface, 10%–50% coverage, or > 50% coverage of mould (microscope)


5 Plenty of growth on surface, > 50% coverage (visual)


6 Heavy and tight growth, coverage about 100%


Hukka, A., and Viitanen, H.A., "A mathematical model of mould growth on wooden material, Wood Science and 
Technology", vol. 33 (6), pp 475-485, 1999.


Viitanen, H.A., and Ojanen, T., "Improved model to predict mould growth in building materials" Proc. Thermal Performance 
of Ext. Envelopes of Whole Buildings X, 8 p., 2007.


Ojanen, T., Viitanen, H.A., Peuhkuri, R, Lähdesmäki, K., Vinha, J., and Salminen, K., "Mould Growth Modeling of Building 
Structures Using Sensitivity Classes of Materials", 11th Intl. Conf. on Thermal Performance of the Exterior Envelopes of 
Whole Buildings XI (Clearwater, USA), 10 p., 2010.


Description of Mould Index (M) levels 







Mould Index


RHcrit = – 0.00267T3 + 0.160T2 – 3.13T + 100.0 when T ≤ 20


RHcrit = 80% when T > 20
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Impact of Air Intrusion on Moisture Performance of Seam-Fastened 
Mechanically Attached Roofing Systems 
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ABSTRACT 


The National Research Council of Canada (NRCC) in collaboration with the Canadian Roofing Contractors’ 
Association (CRCA), the National Roofing Contractors Association (NRCA), the Roofing Industry Alliance 
for Progress, and the Single-Ply Roofing Institute (SPRI) studied the issue of air movement in roof assemblies 
through an R&D project designated: Air Movement Impacts on Roof Systems (AIR). To quantify the impact 
of air intrusion on moisture transport, experimental work was conducted at the Dynamic Roofing Facility-
Hygrothermal test chamber. A new hygrothermal test approach was developed to explicate the relationship 
between air intrusion and moisture accumulation in mechanically attached roofing systems. Membrane 
weight, sheet width and membrane elasticity influence the rate of air intrusion into the roofing system. Air 
intrusion and moisture accumulation in two-ply modified bituminous systems was on average 25 to 30% less 
than in single-ply systems due to its higher material density. Research showed that a properly installed vapor 
barrier can significantly minimize air intrusion into the roof system. A two-layer staggered insulation layout 
is found to reduce air intrusion by 60% as compared to one-layer layout. Irrespective of the membrane color, 
air intrusion during the winter cycle led to wetting of the system. In the summer cycle, the roof systems with 
reflective membranes that are constructed with one layer insulation took twice the time for drying compared 
to the roof systems with non-reflective membrane. However, when constructed with two-layer staggered 
insulation layout, the reflective systems demonstrated a minimum wetting-to-drying ratio of 1:1 performing 
similar to the non-reflective assemblies. The results presented in this paper are applicable at these testing 
conditions only and might not be representative to on-site performance of the roofing systems. 


INTRODUCTION 


In North America, low-slope membrane roofing assemblies can be classified into two categories according 
to the location of the waterproofing membrane. One is the protected roofing assembly, where the insulation 
is on the top with the membrane below it, and the other is the conventional assembly, where the membrane 
is on the top and the insulation is below.  In the conventional assembly the membrane is exposed to external 
conditions such as wind, snow, rain, UV radiation and temperature changes. The membrane can be 
mechanically fastened, adhered or partially attached to the substrate. Where the membrane is mechanically 
fastened through the insulation and other components to the structural deck at discrete points using fasteners, 


                                                      
 
1 National Research Council, 1200 Montreal Road, Ottawa, ON, Canada, K1A 0R6 
2 Canadian Roofing Contractors Association (CRCA), 2430 Don Reid Drive, Suite 100, Ottawa ON K1H 1E1  
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the assembly is known as a Mechanically Attached Roofing System (MARS). The membrane can be single 
ply or two ply as in the case of a modified bituminous system. The present study focuses on seam-fastened 
mechanically fastened systems with single-ply and two-ply membrane. Approximately one fourth of North 
American low slope/commercial buildings are roofed with MARS. 


With membrane roof systems, the waterproofing membrane is impermeable. If constructed properly, it can 
certainly perform as an air barrier and prevent air leakage (i.e., movement of air between indoor to outdoor 
and vice versa across the roof assembly) (Molleti et al., 2014, 2015). With mechanically attached roofing 
systems, because of the membrane’s flexible and elastic nature and its attachment mechanism, the action of 
wind and mechanical pressurization can cause the membrane to flutter or balloon. The resulting volume 
change causes negative or bubble pressure below the membrane, which is equalized by the indoor conditioned 
air moving into the assembly, as shown in Figure 1. This concept is termed “air intrusion, where conditioned 
indoor air enters a building envelope assembly, such as a roof, but cannot leave the assembly to the exterior 
environment” (Molleti et al., 2010).  


 
Figure 1: Air intrusion in mechanically attached roofing systems. 


Controlling air intrusion is critical in ensuring good roofing system performance because if left unchecked, 
it can have effects on wind uplift resistance, moisture accumulation, and thermal resistance. Baskaran and 
Molleti (2003) demonstrated that minimizing air intrusion can increase the wind uplift resistance by 50%. A 
current research project, AIR, addresses the other impacts of air intrusion, namely the condensation and 
moisture accumulation, while a new project, “Energy Resistance of Commercial Roofs,” will consider the 
energy impact.  


The design of mechanically attached roofing systems has not considered the effects of air intrusion on 
performance (Hutchinson 2007). Cautions regarding its effects on wind-uplift performance and moisture 
performance are not new. Various technical notes, manuals and papers (NRCA Energy Manual 1989, 
Dregger 2002, Lstiburek 2008, Zarghamee 1990) have identified the above-discussed air intrusion effects on 
roofing assembly performance. However, no information was available regarding the extent to which air 
intrusion can occur in mechanically attached roofing systems and their sensitivity to air movement until the 
National Research Council of Canada (NRC) initiated a ground-breaking study through the auspices of 
SIGDERS (Special Interest Group for Dynamic Evaluation of Roofing Systems). 
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MARS have not been fully evaluated with regard to their moisture performance, particularly from the air 
intrusion process. The NRC, in collaboration with the Canadian Roofing Contractors’ Association (CRCA), 
the National Roofing Contractors Association (NRCA), the Roofing Industry Alliance for Progress and the 
Single-Ply Roofing Institute (SPRI), addressed the issue of air intrusion and moisture movement in roof 
assemblies through an R&D project designated: Air Movement Impacts on Roof Systems (AIR). The 
objectives of this research study are threefold: to understand moisture movement in MARS under the 
influence of air intrusion;  to evaluate the influence of solar absorptance and vapor barriers/air retarders on 
mitigating the moisture accumulation and condensation potential; and to establish air intrusion limits for code 
of practice.   


TEST APPARATUS AND EXPERIMENTAL EXPOSURE CONDITIONS 


Experimental Test Apparatus 


The experimental study was conducted on the new Dynamic Roofing Facility – Hygrothermal Test 
Apparatus, shown in Figure 2. The major components are the top chamber, bottom chamber, air system, 
pressure measuring apparatus, airflow measurement system, sensors and data acquisition system.  


The insulated top and bottom chambers have interior length and width dimensions of 20 ft. (6.10 m) and 8 
ft. (2.44 m), respectively. The top chamber has a height of 3 ft. (0.91 m) and it is operated by hydraulic lifts 
allowing it to move up and down. The bottom chamber is fixed to the ground and has a height of 3 ft. (0.91 
m).  Provisions are made for an opening on the side wall of the top chamber through which the air flow 
measurement system is installed and connected to the blower. The outdoor climatic conditions are simulated 
by a RH and temperature conditioner – with RH capability of 15% to 85 % at an accuracy of ±0.5% and 
temperature capability of -4°F to 158°F (-20°C to 70°C) with an accuracy of  ± 0.4°F (± 0.2°C). The ceiling 
of the top chamber is also fitted with infrared heaters, which have the capability to simulate membrane 
temperature up to 230°F (110°C).  


The membrane assembly specimen to be tested is installed horizontally in the bottom chamber. It is supported 
by three joists placed 6 ft. (1.82 m) apart along the length of the table. The joists are supported on two 
longitudinal beams resting on a height-adjustable lever that permits testing of assemblies with different 
thicknesses. At the bottom of each joist, two 220 lb. (100 kg) load cells are installed; these are mechanically 
fastened to the beams. In total, six load cells with a total capacity of 1323 lb. (600 kg) are installed, used to 
measure the weight of the roofing system following the gravimetric approach. The load cells have an accuracy 
of ± 0.22 lb. (± 100 g). To simulate wind gusts, the bottom chamber is fitted with gust simulator and blower 
that have the capability to simulate static and dynamic wind cycles with a test pressure range up to 100 psf 
(5 kPa). The pressure measuring apparatus is a device for measuring the test pressure difference within a 
tolerance of ±2% of the reading or ±0.05 psf (±2.5 Pa). The airflow measurement system is a laminar flow 
measuring device that has the capability to measure airflow with an accuracy of 0.8% of the reading. The 
relative humidity and temperature sensors (RHT) are Vaisala HMP110 humidity and temperature probes 
which are used to measure the RH and temperature across the roofing system. These probes have a 
measurement range of 0 to 100% RH and -40°F to 176°F (-40°C to 80°C), with an accuracy of ±1.5% RH 
and ± 0.4°F (±0.4°C) respectively. The deflection sensors are lasers installed in the top chamber to measure 
membrane deflection. They have a measurement range of 10 in. (0.25 m) to 20 in. (0.51 m), with total range 
up to 30 in. (0.76 m). It has an accuracy of ±0.5% of the full scale reading. The data acquisition is a computer-
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based system capable of simultaneously measuring the differential pressures, air intrusion, temperature, RH 
and membrane deflection as a function of time. 


 
Figure 2: Dynamic roof facility hygrothermal test chamber. 


Experimental Testing Conditions 


The first criteria established were the indoor conditions. According to ASHRAE Standard 62-1989, relative 
humidity in habitable spaces preferably should be maintained at between 30% and 60%. In the present study, 
the assumption is that the roofing system is atop a commercial building, therefore, the efforts were to simulate 
realistic indoor conditions. In consultation with steering committee (SC) members for the project, indoor air 
conditions beneath the roofing system were set at 70°F (21°C) and 40% RH.  


The movement of moisture via air intrusion is pressure dependent. The air pressure differences influencing 
the air intrusion rate are typically the wind loads acting on the roofing system. As part of the SIGDERS field 
monitoring objective, wind pressure measurements are being made on an ongoing basis on a Canada Post 
building in Vancouver that is roofed with MARS.  Figure 3 shows measured peak pressure data on the three 
different roof zones, namely, corner, edge and field, characterized at different wind speeds and wind 
directions. With the wind speed ranging from 36 to 52 mph (58 to 84 kph), the peak pressures measured in 
the corner, edge and field are -8, -14 and -11 psf (-383, -670, -527 Pa) respectively.   


 
Figure 3: Measured peak pressures on MARS- Canada Post Building (YVR). 


Irrespective of the wind speed, the average of peak pressures among the three zones varied from -6 to -7 psf 
(-287 to -335 Pa). A suction pressure of 5 psf (239 Pa) was finalized as the wind-induced pressure on the 
roofing system. While this suction pressure might be higher than the daily pressures produced on the roofing 
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system, it was adopted so as to be in agreement with ASTM D7586 test protocol that has 5 psf (239 Pa) as 
the lowest testing pressure. The gust duration for this testing pressure is set to 12 seconds.  


Selecting experimentally feasible outdoor temperatures representative of those experienced by roofs in 
service was necessary in this study. One of the objectives of the study was to relate the moisture tolerance of 
the roofing system with the solar absorptance of the membrane. Three types of membrane were tested – 
thermoset, thermoplastic and modified bituminous. Depending on the color, they have been categorized as 
non-reflective (black thermoset and grey modified bituminous) and reflective (white thermoplastic) 
membranes. In the current study, to simulate representative membrane temperatures, field-measured 
temperature data for both the thermoset and thermoplastic membranes were obtained as shown in Figure 4. 
These data were from two different unconditioned roof mock-ups installed side-by-side with thermoset and 
thermoplastic membranes. Based on this measure data, the summer conditions for the experimental testing 
was finalized as 59°F (15°C) to 118°F (48°C) for roof assemblies with reflective membrane, and 59°F (15°C) 
to 154°F (68°C) for roof assemblies with non-reflective membrane . For the conditions designated as winter, 
irrespective of the membrane color, it was assumed the average roofing temperature at night would be around 
23°F (-5°C) and that, due to solar heating it would rise during the day to about 41°F (5°C). This temperature 
range represents the average winter temperatures in climatic zones 4 to 7. In the experiments, the roofing 
surface temperature was cooled or heated by air regulated in temperature simulating the winter and summer 
diurnal cycling temperatures. The relative humidity of the air in the top chamber was not controlled, since 
the roofing membrane constituted an almost perfect vapor barrier. 


 
Figure 4: Measured in-situ membrane temperatures. 


3. TEST SPECIMENS AND PROCEDURES 


3.1 Description of Specimens 


In the current study, twelve roofing systems were tested. As the roof installation is similar for all the tested 
assemblies the construction procedure is generalized and described below. Figure 5 illustrates test specimen 
installation procedures. 


 


Table 1: Description of specimens 
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Deck Installation 


For the test, the deck was constructed in accordance with field practice. The layout comprised steel joists 
spaced at intervals of 6 ft (1.8 m) o/c, and over them was installed a typical 22-Ga (0.76 mm) thick steel deck 
with a profile height of 1.5 in. (38 mm) and a flute width of 5.9 in. (150 mm). It had a yield strength of 80 
ksi (552 MPa).  The steel deck configuration comprised two sections totaling 20 ft (6.1 m) in length, equaling 
the length of the test chamber.  The steel deck was fastened to the joist across each female flute or flange. 
The deck perimeter is air sealed to the bottom chamber to ensure that the air intrusion occurs along the deck 
seam overlaps and not along the perimeter.  


Steel deck installation Vapor barrier/air retarder installation 


Insulation installation Reflective (left) and non-reflective (right) membrane installation 


Figure 5: Test Specimen installation 


Vapor Barrier/Air Retarder Installation 


A vapor barrier that has the capability to retard air movement (function as an effective air retarder) was 
installed in the roofing assembly to minimize air intrusion into the system. The following three types of vapor 
barriers: kraft paper (15 mil thick (0.015 in. (0.38 mm))), self-adhesive sheet (40 mil (0.04 in. (1 mm))), and 
polyethylene film sheet (single layer of 10 mil (0.01 in. (0.25 mm))) were used in this experimental study. 
All vapor barriers were installed with 6 in. (152 mm) laps. In the case of kraft paper the seams were joined 
either using adhesive or seam tape and in the case of polyethylene film sheet all the seam overlaps were 
sealed by a tacky tape. With self-adhesive film the seam overlaps were self-adhered.   The perimeter edges 
of all three vapor barriers were not bent along the sides or cut at 45o in the corner, but they were laid in flush 


Label System details Label System details 
S1 Thermoplastic (6ft) – 2 inch ISO S7 Thermoplastic (10ft) – 2 inch staggered ISO 
S2 Thermoplastic (6ft) – 4 inch ISO S8 Thermoplastic (6ft) – 2 inch ISO, kraft paper adhesive seam 
S3 Thermoplastic (10ft) – 2 inch ISO S9 Thermoplastic (6ft) – 2 inch ISO, kraft paper seam tape 
S4 Thermoset (10ft) – 2 inch ISO S10 Thermoplastic (6ft) – 2 inch ISO, polyethylene seam tape 
S5 Modified Bituminous (3ft) – 2 inch ISO S11 Thermoplastic (6ft) – 2 inch ISO, self-adhered sheet 
S6 Thermoplastic (6ft) – 2 inch staggered ISO S12 Thermoplastic (6ft) Vapor Diffusion – 2 inch ISO 
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resting on the lip of bottom chamber. The weight of the top chamber pressing down on the bottom chamber 
lip, provide an adequate air seal along the perimeter edge of the vapor barrier. This procedure was followed 
to prevent any perimeter air intrusion along the air retarder edges.  


Insulation Installation 


The insulation used in the study was the paper-faced polyisocyanurate (TYPE II, Class 1: ASTM C1289). It 
was obtained from one source. Three insulation layouts were tested – single layer of 2 in. (51 mm) thick,  
two-layer staggered insulation layout with each layer of 2 in. (51 mm) thick and a single layer of 4 in. (102 
mm) thick polyisocyanurate. The insulation boards had a standard dimension of 48 in. x 48 in. (1219 mm x 
1219 mm). The installation layout maintained a gap of 1/8 in. (3.1 mm) between the boards along the length 
of the table. The boards were mechanically fastened to the steel deck with 3 in. (76 mm) square metal plates 
and 5 in. (127 mm) long fasteners at a density of four per board.  


Membrane Installation 


Three types of membrane roofing systems were tested – thermoplastic, thermoset and modified bituminous. 
Within the thermoplastic, a 45 mil PVC membrane with two sheet widths – 6 ft (1.83 m) and 10 ft (3.05 m) 
– were tested. It was a one-sided weld (OSW) system. The thermoset systems were tested with a 45 mil 
ethylene propylene diene terpolymer (EPDM) as the waterproofing membrane with sheet width of 10 ft (3.05 
m). The membrane attachment is a typical inseam attachment. The modified bituminous membrane layout 
comprised a base sheet and a cap sheet. The fastener row spacing is 35 in. (890 mm). After completion of 
base sheet installation, a coat of primer is applied on the base sheet top surface and following that a self-
adhered cap sheet is installed.  All the tested systems, irrespective of the membrane type, had a fastener 
spacing of 12 in. (305 mm). The roofing membrane for all the tested systems had an overhang of 1 ft (305 
mm) around the table perimeter. 


Test Procedure 


The test methodology is designed as a diurnal temperature cycling where the roofing system is subjected to 
winter and summer cycles as shown in Figure 6.  


 


 


 
Figure 6: Simulated diurnal summer and winter exposure condition. 
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Moisture Movement due to Air Intrusion 


After the installation of the roofing system in the bottom chamber is completed, the top chamber is lowered. 
Following the ASTM D7586 protocol, the air intrusion is measured to test pressures ranging from 5 to 25 psf 
(239 to 1197 Pa), and simultaneously the membrane deflection is also measured. After air intrusion 
quantification, the initial weight of the system is measured and recorded, W1. Following that the roof 
specimen is subjected to the winter conditioning cycle of 23oF (-5oC) to 41°F (5°C), with simultaneous 
dynamic wind conditioning at a test pressure of 0 to 5 psf (0 to 239 Pa) in the bottom chamber. All the 
parameters – bottom chamber pressure, bottom chamber temperature and RH, bubble pressure under the 
membrane, temperature and RH in the steel deck flutes, temperature and RH on the insulation, temperature 
and RH under the membrane, membrane deflection and top chamber temperature – are recorded. After 
completion of the 24 h winter cycle, the test specimen is lifted to obtain the weight, W2. The overhanging 
membrane around the table perimeter is then lifted and is visually inspected for condensation. All the 
observations are photographed and recorded.  


The top chamber is again lowered and the temperature is set to the respective summer cycle for the reflective 
and non-reflective membrane systems. After attaining the target temperature of 59oF (15oC), the dynamic 
wind conditioning at the target pressure of 5 psf (239 Pa) is started in the bottom chamber. All the parameters 
described are recorded. After completion of the 24 h summer cycle, the test specimen is lifted to obtain the 
weight, W3. All the observations are photographed and recorded. 


The difference in weight W2-W1 gives the moisture gain into the system after the winter cycle and the 
difference in weight W3-W2 reflects the moisture loss after the summer cycle. If the moisture loss equals the 
moisture gain, this indicates that the system is completely dry and further testing is not required. If they are 
not equal, the system is subjected to another round of the summer cycle. This process is continued until the 
system is completely dry. The membrane deflection is correlated with the applied suction and the 
corresponding air intrusion of the system is determined. 


Moisture Movement due to Vapor Diffusion 


The test methodology for vapor diffusion is similar to that for air intrusion as described above, except that 
no wind conditioning is applied in the bottom chamber.  


RESULTS AND DISCUSSION 


Air Intrusion Impacts on MARS 
 
Moisture Movement and Condensation 


In the current study, based on the bottom chamber steady state conditions of 70OF (21OC) and 40% RH, the 
dew point temperature of the air was 46oF (8oC). With the winter cycle set to a diurnal cycling of 23  to 41OF 
(-5 to 5oC), the temperature plane for condensation is at the insulation level within the system as shown in 
the temperature profile of System 1 (Figure 7a).  From the RH profile shown in Figure 7b, the data indicate 
that the wind conditioning at 5 psf (239 Pa) pressure and the flow paths through the steel deck seams caused 
air intrusion into the system, increasing the RH under the membrane and on the insulation. Until 12 h, the 
membrane temperature (top chamber temperature) was at a steady state of 23OF (-5oC). The RH on top of the 
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insulation and under the membrane increased from an initial 40% to 85% and 90% respectively. Past the 12 
h point, as the membrane temperature gradually increases from 23 to 41OF (-5 to 5oC), the RH on top of the 
insulation and under the membrane gradually increases to 90% and 95% respectively and it remains stable 
past 20 h where the top chamber temperature again drops down to 23OF (-5oC). At the completion of the 
winter cycle, i.e. at the end of the 24 h cycle, upon the opening of the top chamber, the RH under the 
membrane immediately ramped up close to 100% as shown in Figure 7b. The visual inspection (by lifting 
the membrane overhang sections along the table perimeter) showed frost formation along the sides of the 
membrane, and hand inspection under the membrane showed the presence of moisture as shown in Figure 
7c.  


 


 


 


 


 


 


 


 


 


 


 


Figure 8 shows the relation between air intrusion and moisture accumulation that was measured from four 
systems without a vapor barrier. Within the 12 s gust duration, 6 s have been designed for ramping and 
holding the target pressure and the other 6 s are for depressurization. The measured air intrusion volume for 
each gust has been divided by 6 s to give the rate of air intrusion that enters into the roofing system as shown 
in Figure 8. The moisture gain presented in the graph is the moisture accumulated over 24 h within the winter 
cycle. The trend in the air intrusion indicates that an increase in the sheet width increases the rate of air 
intrusion. 


Comparing the 10 ft (3.05 m) sheet thermoplastic and thermoset systems that are 45 mil singly-ply 
membranes, the measured data show that they have almost similar air intrusion rate and moisture gain 
indicating that membrane thickness might have a very minimal effect on the air intrusion rate. However, this 
needs to be verified by testing with thicker single-ply membranes. The modified bituminous membrane is a 
two-ply membrane with a granular cap sheet and base sheet. The weight of the mod-bit membrane (1.6 psf 
(7.81 kg/m2)) is four times heavier than the single-ply membrane (0.4 psf (1.95 kg/m2)).  With this high 
density, the mod-bit system measured lesser deflection and lesser volume, and the air intrusion was 25% to 
30% less than the single-ply membrane assemblies and the same observed with the moisture gain.  


Figure 7: Moisture performance of a system after the winter cycle. 


a) Temperature Profile b) RH Profile 


c) Visual observations at the end of winter cycle  
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In mechanically attached roofs, during the heating season the membrane is the coldest part of the roof and if 
it is below the dew point temperature, air intrusion has the potential to cause condensation on the membrane 
underside. In the tests conducted the accumulated moisture was above 0.02 psf (0.10 kg/m2) and this weight 
is the combination of the liquid condensate and moisture absorbed by the insulation facer and the insulation. 
Therefore, in heating-dominated climatic zones, MARS should be designed to minimize air intrusion into the 
systems. 


 
Figure 8: Air intrusion vs. moisture gain in MARS - effect of sheet width and membrane type. 


Air Intrusion vs. Vapor Diffusion 


In the current study, experiments were also conducted to differentiate the rate of moisture transport from air 
intrusion and vapor diffusion. Two systems provide the comparison between these two moisture-driving 
phenomena. Both these systems had a 10 ft (3 m) PVC membrane while all the other components including 
the construction details are the same. With simulated diurnal winter conditions atop the roofing system and 
constant indoor conditions of 70oF (21oC) and 40% RH, there was vapor pressure differential of 15 to 18 psf 
(718 to 862 Pa) across the system. This moved the indoor air with higher vapor pressure into the roofing 
system that has lower vapor pressure, accumulating 0.55 lb (250 g) of moisture over the 24 h winter uptake 
period. There were no signs of frost formation or visible moisture under the membrane or on the insulation. 
When the similar system configuration is subjected to wind conditioning of 5 psf (239 Pa), the bubble 
pressure or the differential pressure of 3 psf (144 Pa) across the system was able to drive 4.08 lb (1850 g) of 
moisture over the same 24 h winter uptake period. Frost and water were observed under the membrane and 
on the insulation. This sevenfold increase in the moisture gain clear indicates that air intrusion in MARS is a 
major driving force of moisture into the system. This combination of air intrusion and vapor diffusion, as 
both mechanisms can operate at the same time, the overall moisture accumulation within the system could 
be high enough to initiate damage to the roofing components.  


Mitigation of Air Intrusion in MARS 


Installation of Vapor Barrier/Air Retarder on the Steel Deck 


Three commonly used vapor barriers were tested to evaluate their functionality as an air retarder in 
minimizing air intrusion into the roof assembly. S8 and S9 had kraft paper, S10 was constructed with 
polyethylene and S11 comprised self-adhered film. All the vapor barriers were constructed with seam 
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overlaps of 6 in. (152 mm). Figure 9 compares the air intrusion and moisture performance of these four 
systems relative to S1 that had no vapor barrier. The measured air intrusion of S8 was almost 80 times higher 
than in S10 and S11 and also was the moisture gain. This could be attributed   to the lack of proper bond 
strength of the adhesive seams of the kraft paper as the test was started immediately after construction without 
any curing time for the seam adhesive. 


After discussions with the steering committee, it was proposed to use seam tape for the kraft paper similar to 
S10 where the polyethylene seams were overlapped with seam tape. Following that approach, S9 was 
constructed and tested. The air intrusion reduced  significantly  from 0.06 cfm/ft2  (0.56 L/s-m2) measured in 
S8 to 0.002 cfm/ft2  (0.02 L/s-m2) in S9, an almost 97% decrease in the air intrusion rate. This validates the 
previous observation that the adhesive in the seam overlaps was the weakest link.  The moisture gain 
comparison in S9, S10 and S11 relative to S1, indicated that minimizing air intrusion can significantly reduce 
the bulk movement of the vapor into the system. 


 


Figure 9: Air intrusion and moisture performance of MARS with an without vapor barriers. 


 Staggered Insulation Layout 


A staggered two-layer insulation layout offsets the insulation joints and is a recommended approach for 
minimizing thermal bridging. In the current study, the staggered layout was evaluated for air intrusion 
performance relative to the one-layer insulation layout. Figure 10 shows the air intrusion performance of S6 
and S7 which had two layers of 2 in. (51 mm) thick insulation in staggered layout relative to that of S1, S3, 
and S4 which had one layer of 2 in. (51 mm) thick insulation, and S2 which had one layer of 4 in. (102 mm) 
thick insulation. The staggered insulation layout in S6 and S7 minimized air intrusion by almost 60% 
compared to the systems with one layer of insulation irrespective of the sheet width. This decline in air 
intrusion from the use of staggered insulation systems translated into lower moisture transport; only 35% 
moisture accumulation occurred within the 24 hr winter cycle compared to the systems with unstaggered 
layout. Offsetting the insulation joints simulates channel flow paths extending the length of the flow path for 
the air intrusion into the system. Within the same gust duration, if the flow path is increased relative to the 
membrane fluttering time or membrane response time, there will be less air intrusion as the membrane will 
push the air out of the roof system into building interior before it reaches into the coldest part of the system, 
i.e the membrane. Although staggered insulation did show favorable results in minimizing moisture 
accumulation, the air intrusion of 0.08 cfm/ft2 (0.77 L/s-m2) measured for the staggered insulation systems 
was critical to initiate surface condensation. 
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Figure 10: Air intrusion and moisture performance of MARS with and without staggered insulation layout. 


 Solar Absorptance of the Membrane 


Figure 11 compares the moisture performance of the reflective single-ply or thermoplastic systems (S1 & 
S3), non-reflective single-ply or thermoset system (S4) and non-reflective two-ply or modified bituminous 
system (S5). It should be noted that all these systems had one layer of 2 in. (51 mm) thick paper-faced 
polyisocyanurate. As shown in Figure 11, there was only an 8% increase in the air intrusion rate between the 
6 ft (S1) and 10 ft (S3) (1.83 and 3.05 m) sheet reflective single-ply systems, and therefore both of them 
showed almost similar moisture performance by gaining and losing the same amount of moisture within the 
24 h winter and summer cycles. Both S1 and S3 required 48 h for complete drying while the non-reflective 
systems took 24 h. This minimum wetting-to-drying ratio clearly identifies the effect of membrane solar 
absorptance on the moisture performance of the roofing system in the heating season. 


Although the thermoplastic system with one layer of insulation showed inferior performance with a higher 
rate of air intrusion and higher wetting-to-drying ratio, it  showed better moisture performance with staggered 
two-layer insulation layout both in winter and summer cycles as shown in Figure 10. The staggered two-
layer insulation layout, irrespective of the system type, mitigated almost 60% of the air intrusion into the 
system compared to the one layer insulation layout.   


 


 


 


 
Figure 11: Comparison of moisture performance between reflective vs non-reflective membrane roofing. 
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In the thermoplastic system with staggered insulation, S6, this minimal air intrusion transported less moisture, 
accumulating only 1.34 lb (610 g) or 0.0084 psf (0.041 kg/m2) over the winter cycle. In the summer cycle, 
the system completely dried out (100%) within 24 hrs, demonstrating a minimum wetting-to-drying ratio of 
1:1. The moisture performance of S6 is a good example to show that with staggered insulation the potential 
for moisture accumulation can be minimized.  


Air Intrusion Aids in Moisture Removal  


From the above discussions, it has been observed that air intrusion could transport considerable moisture into 
the system. But air intrusion can also aid in taking moisture out of the system; this is demonstrated by 
comparing two systems (S1 and S12) that are identical with 6 ft (1.83 m) sheet thermoplastic membrane and 
one layer of 2 in. (51 mm) insulation without any vapor barrier. The winter cycle testing is the same for both 
the systems and the moisture gain was around 4.08 lb (1850 g). In the summer cycle, S1 is subjected to 
dynamic wind conditioning of 5 psf (239 Pa) while there is no wind conditioning in S12. Drying through the 
vapor diffusion process is the driving mechanism in S12. In the first summer cycle, the moisture loss in S1 
was 2.09 lb (0.95 kg), which is 50% of the moisture gain, while the moisture loss in S12 was only 15%, i.e. 
0.61 lb (0.275 kg). In the second round of the summer cycle, S1 completely dried out while S12 removed 
another 0.55 lb (0.25 kg) of moisture with RH under the membrane still at 60% during the peak temperature. 
In summary, air intrusion not only transports moisture into the roof system during the heating season but also 
can contribute to drying of the system in the summer (cooling) season. 


Condensation and Air Intrusion Limits 


Figure 12 shows the normalized moisture gain of all the tested systems where air intrusion is the moisture-
driving mechanism. As indicated in the graph, there was condensation in Systems S1 to S7, while systems 
S8 to S11 had no sign of condensation. With moisture accumulation greater than 0.02 psf (0.08 kg/m2), the 
non-reflective membrane systems, which had higher solar absorptance and higher temperatures, completely 
dried within 24 h compared to the reflective membrane systems, which took twice this time for drying. The 
reflective membrane system with staggered insulation that had a moisture accumulation of 0.01 psf 
(0.041kg/m2) completely dried within 24 h, demonstrating a minimum wetting-to-drying ratio of 1:1. 
Therefore, by comparing the moisture accumulation data, a threshold of 0.01 psf (0.04 kg/m2) could be 
identified as the critical moisture accumulation as highlighted by the dotted line in Figure 12a. It means that 
if the moisture accumulation is below this limit, there is potential for the system to dry out without any 
progressive accumulation of the moisture over the season. 


Figure 12b plots the measured air intrusion for all the tested systems at the testing pressure of 5 psf (239 Pa). 
The joints of the structural deck are the primary flow paths for air intrusion, and if that air intrusion could be 
minimized to as low as 0.002 cfm/ft2 (0.02 L/s-m2) by a properly installed vapor barrier that also functions 
as an effective air retarder, the risk of condensation and moisture accumulation could also be minimized. 
This could be said to be a “no-condensation” criterion. In Canada it is mandatory to include a vapor barrier 
in most roof designs. NBCC and provincial codes allow VB-free designs under certain conditions. In United 
States, there are no widely accepted guidelines for the inclusion of vapor barrier in low slope roof assemblies. 
If air intrusion could be minimized to between 0.06 and 0.08 ft3/s-ft (0.5 and 0.8 L/s-m), there will be minimal 
moisture accumulation which might dry out in the cooling season without progressive wetting. If the air 
intrusion exceeds 0.08 cfm/ft2 (0.8 L/s-m2) as in the case of systems with single layer insulation, there is 
potential for higher seasonal wetting in heating-dominated climatic zones thereby decreasing the moisture 
tolerance of the system.  
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Figure 12: Air intrusion and moisture performance of MARS. 


CONCLUSIONS 


In the current study, the research focused on quantifying the impact of air intrusion on moisture movement 
and condensation within seam-fastened mechanically attached roofing systems with a view to establishing 
air intrusion tolerance limits for practice. A new unique test approach has been developed for evaluating 
climatic impacts on the hygrothermal performance of the roof system through simultaneous application of 
wind pressure, temperature and relative humidity conditions. The limitations of the current study are the 
extreme testing conditions discussed above. Therefore the results presented in this report are applicable at 
these testing conditions only and might not be representative to on-site performance of the roofing systems. 
Based on this limited study, the following conclusions can be drawn: 


 Membrane weight, sheet width or fastener row spacing, and membrane elasticity are some of the 
parameters that influence the rate of air intrusion into the roof assembly. Air intrusion and moisture 
accumulation in modified bituminous systems was on average 25 to 30% less than in single-ply 
systems owing to its higher material density. 


 In the heating season, air intrusion at 5 psf (239 Pa) wind pressure transported sevenfold more 
moisture into the system compared to vapor diffusion. In the summer cycle or cooling season, air 
intrusion also helped vent moisture out of the system at a faster pace compared to the vapor drive. 


 Three different vapor barriers – kraft paper, polyethylene film and self-adhered sheet – were 
evaluated to quantify their performance as an effective air retarder. The seam overlaps of the kraft 
paper were identified as the weakest link but with proper installation technique it mitigated almost 
100% of air intrusion into the system. All these systems demonstrated better performance with no 
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condensation and moisture accumulation.   


 The combination of high solar absorptance and fluttering action associated air intrusion in membrane 
roof systems enhanced the rate of drying in non-reflective membrane systems compared to reflective 
membrane systems.  


 A two-layer staggered insulation arrangement in membrane roof systems minimized air intrusion by 
60%, transporting only one third of the moisture compared to the one-layer insulation layout. 
Staggered insulation introduces channel flow in the system, increasing the length of the flow paths 
for air intrusion to respond to the fluctuating dynamic wind pressures. It should become standard 
practice rather than recommended practice.   


 The critical threshold of moisture accumulation was determined as 0.008 psf (0.04 kg/m2) for systems 
with polyisocyanurate insulation. If the moisture accumulation is below this limit, irrespective of the 
membrane color, i.e. reflective or non-reflective, the mechanically attached system has the potential 
for drying without progressive moisture accumulation.  


 With a vapor barrier that also function as an effective air retarder installed on the deck, air 
intrusion was very minimal   (< 0.002 cfm/ft2 [0.02 L/s-m2]): the mass flow of vapor was minimized, 
reducing the risk of condensation and moisture accumulation. When multiple layers of insulation 


are installed in staggered arrangement, the air intrusion was reduced; however, the risk of 
condensation still exists with minimal moisture accumulation. This accumulated moisture could 
potentially dry out without any progressive accumulation.  


 Although this study has been limited to one indoor RH condition and one type of insulation that is 
less absorptive, it would be ideal to validate this classification with other common insulation types 
and roof boards across the RH range of 30 to 60% recommended by ASHRAE 62.1 and the ASHRAE 
Handbook.  
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When air enters or leaves from one environmental


condition to the other environmental condition  through the building 


envelope assembly, it is termed as “Air Leakage”.
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AIR INTRUSION :the mechanism by which indoor air enters into a 
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Phase 2: Air Intrusion Impact On Moisture 
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Experimental Approach 
Energy Efficient Roof Testing Facility
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Step 1 : Air Intrusion Quantification


Air Intrusion per GUST = 3.37 ft3 (95.61 Litres)
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Step 2 : Dynamic Wind – Temperature  Testing 
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Results 
S1: Time History Plots
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S1 : System Condition after Winter  and Summer Cycle
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S1 - Weight Observations – after One Winter & Two
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S6 : Thermoplastic – 6ft – Two layer Staggered Insulation
Construction


Installation of Second Layer ISO Top Layer ISO fastened 4 per board


Membrane Installation – System Ready for Testing
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S6 : Thermoplastic – 6ft – Two layer Staggered Insulation
– System Condition After Winter and Summer Cycle
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S6 : Thermoplastic – 6ft – Two layer Staggered Insulation
– Moisture Performance
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S10 : Thermoplastic System – 6ft with 10mil Poly as AR
System Construction


Installation of Vapour Barrier


Membrane Installation – System Ready 
for Testing


6 Inch seam overlapInstallation of Poly


Seam Location
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S10 : Thermoplastic System – 6ft with 10mil Poly as AR
System Condition After Winter and Summer Cycle


Winter Cycle Summer Cycle
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Moisture
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S10 : Thermoplastic System– 6ft with 10mil Poly as AR
Moisture Performance
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Phase 2: Air Intrusion Impact On Moisture 
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Energy Positive Roof
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Simultaneously minimize energy loss through the use of advanced 
insulation AND harvest energy through the use of PVs


 Roofs represent substantia 
portion of the building thermal 
Envelope


 Significant opportunity for
reducing energy in heating and
Cooling


 Platform for energy harvesting







Energy Saving
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• The energy code provide prescriptive 
requirements for the effective use and 
conservation of energy over the useful 
life of each building.


Zone 4 5 6 7A 7B 8
Maximum Overall 


Thermal 
Transmittance


(W/(m2K))


0.227 0.183 0.183 0.162 0.162 0.142


Effective Thermal 
Resistance
((m2K)/W)


4.41 5.46 5.46 6.17 6.17 7.04


Effective Thermal 
Resistance


(ft2hr°F/BTU)


25 31 31 35 35 40







Integrating Advanced Insulation
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• A material with superior thermal performance can be added to compliment 
the current system, such as Vacuum Insulation Panels (VIPs)


• Maintain desired thickness and achieve specified R-values







VIP4ALL
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http://www.vip4all.com/project-proposal/


VIP4ALL is the acronym of a research project entitled "Highly Sustainable and 
Effective Production of Innovative Low Cost Vacuum Insulation Panels for Zero 
Carbon Building Construction". It was launched in 2013 and it’s funded by the 
[Seventh Framework Program] ([FP7])


VIP4ALL will completely or substantially 
replace these core materials by natural, 
cheaper and more sustainable ones, 
creating hybrid multi-level networking 
structured cores, using wood-based 
materials and/or special minerals. 


Complementary, VIP4ALL intends to 
create a new thin protecting facing for 
its VIPs, making it much more user-
friendly to handle, stock and transport 
before and during installation.



http://www.vip4all.com/project-proposal/





VIP in Roofing Applications
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Courtsey: Chalmers University of Technology


Courtsey: Kingspan
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VIP in Roofing Applications


Camden U.S Post Office
And Court House – New Jersey


Courtsey: ORNL
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POLYISO


COMPOSITE VIP


VIP in Roofing Applications







Energy Harvesting


• Incorporation of renewable energy sources such as solar energy by 
photovoltaic (PV) systems


• Reduce of even eliminate a building’s energy demand
• Achieve status of energy positive building
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Canada PV Potential
Major Canadian 


cities and capitals


Yearly 
PV 
potential
(kWh/kW
)


Major cities 
worldwide


Yearly 
PV 
potential
(kWh/k
W)


Regina 
(Saskatchewan) 1361 Cairo, Egypt 1635


Calgary (Alberta) 1292 Capetown, 
South Africa 1538


Winnipeg 
(Manitoba) 1277 New Delhi, 


India 1523


Edmonton 
(Alberta) 1245 Los Angeles, 


U.S.A. 1485


Ottawa (Ontario) 1198 Mexico City, 
Mexico 1425


Montréal (Quebec) 1185 Regina, 
Canada 1361


Toronto (Ontario) 1161 Sydney, 
Australia 1343


Fredericton (New 
Brunswick) 1145 Rome, Italy 1283


Québec (Quebec) 1134
Rio de 
Janeiro, 
Brazil


1253


Charlottetown 
(Prince Edward 
Island)


1095 Beijing, China 1148


Yellowknife 
(Northwest 
Territories)


1094 Washington, 
D.C., U.S.A. 1133


Victoria (British 
Columbia) 1091 Paris, France 838


Halifax (Nova 
Scotia) 1074 St. John’s, 


Canada 933


Iqaluit (Nunavut) 1059 Tokyo, Japan 885


Vancouver (British 
Columbia) 1009 Berlin, 


Germany 848


Whitehorse 
(Yukon) 960 Moscow, 


Russia 803


St. John’s 
(Newfoundland and 
Labrador)


933 London, 
England 728
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Advanced PV- Pilot Study
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Experimental Approach: 
Roof Mock-up with Composite VIP
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1/2 in. Poly-ISO


1/2 in. Poly-ISO
Two Layers - 1/2 in. VIP
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PV laminates 
using 


amorphous 
silicon 


technology


Experimental Approach – PV Installation


Mock-up with roof 
VIP insulation


Reference mock-up with 
roof Poly-Iso insulation


PV laminates


PV laminates







Results – Temperature Profiles
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Results – Heat Flux


• Average daily heat fluxes for a typical winter week in 2016
• Average heat flux = 9.73 W/m2


• When compared to an identical system with 2“ of conventional polyiso, the heat 
flux was reduced by 52.4% for the system with the VIP composite
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Results – Thermal Resistance


• Average daily R-values for a typical winter week in 2016
• Average monthly R-value for January 2016 = 3.57 m2K/W 
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Results – Energy Consumption


• Total daily energy consumption for a typical winter week in March 2016
• The walls of the mock-up were constructed of regular polyiso insulation
• Highly insulated walls are being considered for next phase of the project
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Results – Energy Generation


• Energy generation is low in winter months due to snow coverage and low 
solar radiation in Ottawa in January (maximum of 8 hours)
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Results – Energy Generation vs. Energy Consumption
Winter


• Winter 2016
• Expected due to climate
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Results – Energy Generation vs. Energy Consumption
Summer – Daily Data
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Results – Energy Generation vs. Energy Consumption
Summer – Monthly Data


• Summer 2016
• Successfully demonstrates the preliminary concept of net energy positive 


roofs
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Conclusion and Future Work


Demonstrated the preliminary concept of energy positive roofs
High performance insulation incorporated with energy generating 


photovoltaics
 VIPs as a complimentary insulation for integration into current roofing 


insulation


Develop strategies for VIP implementation
 Further studies on energy positive roofs
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ABSTRACT 


As concerns of the worldwide energy consumption continue to grow, the development of alternative 
technologies and systems is needed to reduce the consumption of energy from both a sustainability and an 
environmental perspective. Over 30% of Canada’s national energy use is expended on energy requirements 
for buildings. Therefore, advancements in building envelope technologies provide a significant means of 
improving the overall efficiency and reducing energy use. The current study examines the concept of energy 
positive roofs, which surpass net zero energy technologies, to obtain energy positive buildings. The energy 
positive aspect is achieved using high performance insulation, vacuum insulation panels (VIPs), incorporated 
with energy generating photovoltaics. A roof mock-up was constructed at the National Research Council 
Canada to assess the field performance of the technology. The thermal insulation used consisted of a 
composite system to reduce heat losses and gains of VIPs sandwiched between polyisocyanurate (polyiso) 
insulation. Photovoltaic laminates were added to the roof membrane to allow for energy generation of the 
system, and the power consumption of the conditioned spaces was monitored. It was found that when the 
composite insulation systems, such as VIPs with conventional materials, are incorporated with energy 
generating technologies, such as photovoltaics, the resulting building envelope transitions towards 
sustainability. Through the implementation of high performance building materials, Canada has the potential 
to both reduce its overall energy use, and utilize the renewable energy sources available to harness additional 
energy. 


INTRODUCTION 


The Department of Energy’s (DOE) 2011 Buildings Energy Data Book states that the building sector 
accounted for 41% of energy consumption in 2010 [1]. In Canada, according to Natural Resources Canada’s 
(NRCan) report of the Survey of Commercial and Institutional Energy Use, the total energy consumption of 
commercial and institutional buildings represents approximately 12% of the overall energy consumption [2]. 
NRCan’s report states that the commercial and institutional building energy consumption represents 482,266 
buildings with an energy use of 842.2PJ (Petajoules). Over 70% of the energy use is consumed for space 
heating, water heating and space cooling. These significant energy consumptions indicate that energy 
efficient building envelopes are of paramount importance to prevent undesired energy losses and gains, and 
thus prevent the consumption of unnecessary energy. Efficient building envelopes reduce both the expenses 
incurred by the building owner and the resulting negative impacts on the environment. 


There are various sources which provide recommendations of the thermal requirements for Canadian climatic 
zones including the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) 
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and the National Energy Code of Canada for Buildings (NECB) [3, 4]. The NECB provides recommended 
effective R-values of 25 to 40 for Canadian regions, as shown in Table 1. In order to achieve the specified 
R-values with conventional insulation, larger thicknesses are required to provide an increased energy barrier. 
The increased insulation thickness requirements can present major obstacles when performing a building 
retrofit where the amount of useable space is already allocated. From a roofing perspective, an increase in 
the insulation thickness can result in increased movement between the roofing components which can reduce 
the overall durability of the roof. An alternative to providing additional layers of the conventional insulation 
is to compliment the current systems with a material that has a superior thermal performance to achieve an 
increased R-value while maintaining a desirable thickness of insulation.  Vacuum insulation panels (VIPs) 
are a high-performance thermal insulation which can be integrated into current systems in order to achieve 
the increased R-value requirements. VIPs have a thermal resistance of five to ten times that of typical 
insulations, and therefore, have the potential to be used as a next-generation material to meet increased R-
value requirements.  


 


Table 1: Thermal Transmittance and Corresponding Effective Thermal Resistance for Roofs as Specified in the National Energy 
Code of Canada for Buildings. 


Zone 4 5 6 7A 7B 8 


Maximum Overall Thermal 


Transmittance 


(W/(m2K)) 


0.227 0.183 0.183 0.162 0.162 0.142 


Effective Thermal Resistance 


((m2K)/W) 


4.41 5.46 5.46 6.17 6.17 7.04 
 


Effective Thermal Resistance 


(ft2hr°F/BTU) 


25 31 31 35 35 40 


With the goal of obtaining high performance energy efficient building envelopes to minimize undesired 
energy transfer, the recent trend includes the accommodation of renewable energy sources. Renewable 
energy technologies, combined with high performance insulation systems, such as VIPs, can reduce or even 
eliminate a building’s energy demand, achieving the status of an energy positive building. Among many 
types of renewable technologies, harvesting solar energy by photovoltaic (PV) systems is quickly gaining 
popularity for roofing applications.  Many studies worldwide have evaluated the performance of PV rooftop 
systems and have found that they can effectively harness a significant amount of energy [5, 6, 7, 8, 9, 10, 
11]. In order to harvest solar energy efficiently on a building’s rooftop, the following considerations and 
benefits are evaluated. 


 Placement above shade line, such as buildings and trees, to allow easy access for sunlight. 
 Both steep slope and low slope roofs have higher energy harvest potential compared to walls and 


other building structures. 
 Rooftop PV arrays provide additional value to otherwise unused areas of commercial roofs if 


properly installed and maintained. 
 Installation in an area with limited access to unauthorized individuals. 
 Energy is generated at the consumption site, eliminating transportation losses. 
 Energy is harvested in proximity to the grid, with no new infrastructure requirements. 
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For the present study, self-adhesive PV laminates manufactured using the amorphous silicon technology were 
used. The shape and electrical properties of the PV laminate are shown in Figure 1.  


 


 


Figure 1: PV laminate schematic and electrical properties. 


FIELD-MONITORING SYSTEM SET-UP 


In the initial stage of this project in 2010, a roof mock-up of 3.7 m x 3.7 m was constructed with VIPs 
sandwiched between polyisocyanurate (polyiso) insulation, which were assembled at the NRC. The details 
of the construction of the mock-up and the roof assembly are discussed in length in Report B1253.2 [12].  
The mock-up had a thermoset membrane, i.e. black EPDM membrane, with a 22 Ga steel deck and a self-
adhered film vapor barrier. The insulation consisted of 50 mm thick composite VIPs which was adhered to 
the vapor barrier on the steel deck with a low-rise two part urethane adhesive. The insulation boards were 
instrumented with thermocouples and heat flux sensors. The VIP composite insulation layout included two 
layers of 12.5 mm thick polyiso [1.2 m x 2.4 m- 2 boards and 1.2 m x 1.2 m - 2 boards] with a dual layer of 
12.5 mm thick VIP panels, to give an overall thickness of 50 mm for the composite VIPs. The thermoset 
black EPDM membrane was used as the waterproofing membrane and was installed using a solvent based 
membrane adhesive. The overhang membrane along the mock-up perimeter was mechanically fastened to 
the sides, and was overlaid with vinyl siding to prevent water ingress into the system.  All the instrumentation 
was connected to a data acquisition system for monitoring.  Figure 2 shows the schematics of the mock-up. 
At a later stage, a heating unit was installed inside the mock-up. The thermostat of the unit was set to control 
the air temperature inside the mock-up to a constant value of 20°C. The power consumption of the unit was 
monitored and logged by a data acquisition system. 


In order to test the concept of energy positive roofs, PV laminates were added to the roof membrane in August 
2015. The self-adhesive photovoltaic laminates PVL-144 were adhered to the EPDM membrane giving a 
system power of 1.3 kW. Separate arrays of laminates were integrated onto the mock-up, were wired, and 
were connected to the data acquisition to monitor the energy harvesting. The PV array layout is shown in 
Figure 3. 
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Figure 2: Mock-up system construction. 


 
 


 


 
Figure 3: Layout of PV arrays adhered to the mock-up membranes. 


RESULTS AND ANALYSIS 


The roofing insulation panels have been monitored and analyzed for five years at the NRC facility. The 
parameters evaluated included the heat fluxes, the thermal resistances, the energy generation and the energy 
consumption. Emphasis was placed on the winter months to assess the insulation performance in cold 
weather. Also, the preliminary data for the comparison of the energy generation and energy consumption is 
presented for the conditioned mock-up to evaluate the energy positive roof concept.  


 


Mock-up with roof 
VIP insulation


Reference mock-up with 
roof Poly-Iso insulation


PV laminates


PV laminates
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Heat Flux 


The average daily heat fluxes were determined for the VIP composite system, and are shown in Figure 4 for 
a typical winter week in 2016, when the mock-up was conditioned. The average monthly heat flux through 
the roof of the mock-up for January 2016 was 9.73 W/m2. When compared to an identical system with 2 in. 
of conventional polyiso, the heat flux was reduced by 52.4% for the system with the polyiso and VIP 
composite. The significant increase in the resistance to heat flow that the VIP produces demonstrates its 
suitability for inclusion in composite insulation systems. 


  
Figure 4: Daily heat flux data for the VIP composite for a typical winter week in January 2016. 


Thermal Resistance 


The average daily calculations of the dynamic R-value are presented in Figure 5 for the VIP composite during 
a typical winter week in 2016. The average monthly R-values were also determined for the winter months in 
2016 were the mock-up internal environment was conditioned. The average monthly R-value for January 
2016 was 3.57 m2K/W for the 2 in. VIP polyiso composite. Therefore, the inclusion of VIPs within the 
conventional polyiso insulation was shown to significantly increase the resulting thermal resistance of the 
system. 


 
Figure 5: Thermal resistances for a typical winter week for the VIP composite system. 
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Energy Consumption 


The total daily energy consumption for a typical winter week in March 2016 is presented in Figure 6 for the 
VIP polyiso composite system. The daily fluctuations of the energy consumption data can be attributed to 
the daily fluctuations of the temperature gradient on both sides of the assembly. It is important to note that 
the walls of the mock-up were constructed of regular polyiso insulation, providing less thermal resistance 
and therefore, redirecting the heat transfer from vertical (through the roof assemblies) to the horizontal 
direction via the walls. The concept of performing experiments on specimens with highly insulated walls has 
been expressed for the next stage of the project.  


 


Figure 6: Daily energy consumption of the VIP polyiso composite system for a typical winter week in March 2016. 


Energy Generation 


The energy generation results of the PV arrays for the month of January 2016 are presented in Figure 7. The 
amount of generated energy observed is low for several reasons. In the month of January, there were several 
days with snowfall, which covered the PV laminates and prevented them from generating energy. When the 
snow was removed from the surface, which is not always the case in the field, the laminates generated a small 
amount of energy. Due to frequent clouds, the level of solar radiation for Ottawa in January is low. Also the 
PV arrays exposure time in the proximity to winter solstice prohibits them from producing higher energy 
generations. An example of the PV array exposure time in one day and the corresponding solar irradiation is 
shown in Figure 8. The direct dependence of energy harvest on solar irradiation can be observed. During the 
winter, the power generation duration is limited to approximately 8 hours. In Figure 8, both the irradiation 
and the power generation begin after 8:00 am and end before 4:00 pm. Much longer active times and higher 
harvests are expected in the summer months. The summer data is analyzed in the following section together 
with the energy consumption. 
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Figure 7: Energy generation by PV arrays of the VIP composite mock-up for a typical winter month. 


 


Figure 8: PV power generation vs. solar irradiation for January 2016. 


Energy Generation vs. Energy Consumption 


The energy generation was compared to the energy consumption in order to determine whether the concept 
of net energy positive roofs was achieved. The energy consumption and generation was determined for a 
typical week in January, February, and March 2016 for the VIP composite, and is shown in Figure 9. For the 
three winter months, the overall consumption was much larger than the generation, and therefore, the energy 
positive concept was not achieved, which is to be expected given the climate. 


A typical summer week was also analyzed to assess the concept of the net energy positive roof. The energy 
consumption and generation was determined for a typical summer week in July, August, and September 2016 
for the VIP composite system, and is shown in Figure 10. The energy generation was significantly higher 
than the energy consumption, demonstrating that the concept of net energy positive roofs can successfully be 
achieved during the summer months. 
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Figure 9: Energy consumption and generation for winter 2016 for the VIP composite system. 


 


 
Figure 10: Energy consumption and generation for summer 2016 for the VIP composite system. 


CONCLUSION 


The concept of energy positive roofs was investigated using high performance insulation, vacuum insulation 
panels (VIPs), incorporated with energy generating photovoltaics. VIPs were assessed as a complementary 
insulation component for integration into current roofing insulation, namely polyiso systems. The assessment 
was completed through in-situ monitoring of the performance of VIP composite insulation systems. Through 
inclusion of PV panels on the rooftops, the concept of net energy positive roofs was investigated.   


The concept of net energy positive roofs was proven through the current study. Although the energy 
consumption was larger than the energy generation during the winter months of 2016, this was expected due 
to the high variability of the Canadian climate. However, during the summer months, the energy generation 
was significantly higher than the energy consumption, proving the concept of net energy positive roofs.  
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These results indicate that VIPs are a high-performance material that can significantly improve the thermal 
performance of the construction industry in general and the roofing community in particular. The 
incorporation of PV panels to obtain energy positive roofs is a significant modification of the roofing system 
that moves towards sustainability. Although VIPs have several limitations regarding the maintenance of the 
vacuum environment, they cannot be modified or cut on site and they are sensitive to puncture, research is 
ongoing to develop strategies for their implementation. Further studies of the energy positive roofs are also 
ongoing to obtain additional data. System modifications, including the proposal of highly insulated walls, 
have been considered for the next phase of the project.  
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