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Abstract 
 
As energy certification programs and mandatory governmental building codes demand better building 
energy performance, the development of durable, highly insulated wall systems has become a top 
priority.  Wood framed walls are the most common form of residential wall in North America and the 
materials used are vulnerable to moisture damage.  This damage typically occurs first at the wall 
sheathing in the form of mould, fungal growth and rot.   Increased thermal resistance can lead to two 
potential issues related to moisture durability: 1) increased potential for air leakage condensation at the 
sheathing and 2) decreased ability of the wall to dry after a wetting event. 
 
A natural exposure experimental ǎǘǳŘȅ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǘ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ ²ŀǘŜǊƭƻƻΩǎ .9DI¦¢ ǘŜǎǘ 
facility to evaluate the hygrothermal performance of exterior insulated wall systems utilizing 3 different 
insulation types.  These walls had approximately 2/3 of their total thermal resistance interior to the 
sheathing and 1/3 exterior to the sheathing.  These walls were compared to a standard construction wall 
and a highly insulated double stud wall system.  The test walls were evaluated during as-built conditions 
and during imposed wetting conditions.  Moisture was introduced into the walls in two phases.  The air 
injection wetting phase was designed to evaluate air leakage condensation potential during winter 
conditions, and the wetting mat wetting phase simulated an exterior rain leak and was used to evaluate 
the drying potential of the test walls.  Hourly temperature, relative humidity and moisture content 
measurements were taken at multiple locations within each test wall.  This data was analyzed to 
determine the air leakage condensation potential and the drying capability of each test wall.  
 
Results showed that the effective thermal resistance of the polyisocyanurate (PIC) insulation was 
significantly less than its nominal R-value rating under cold and moderate temperature conditions, and 
slightly higher under hot conditions.  The effective thermal resistance of the extruded polystyrene (XPS) 
insulation was slightly less than its rated value under cold and moderate temperature conditions and 
significantly less under hot conditions.  The rockwool (RW) insulation performed slightly above its rated 
thermal resistance under cold and moderate conditions and slightly less under hot conditions.       
 
Results also showed that only the double stud wall was vulnerable to winter-time interstitial 
condensation during the as-built (air-sealed) condition.  This was a result of the hygroscopic nature of 
the cellulose insulation and a large temperature gradient across the insulation cavity.  During the air 
leakage wetting phase, all of the exterior insulated walls showed a significantly decreased risk of air 
leakage condensation compared to the Datum and Double stud walls.  During and following the wetting 
mat wetting phase, the PIC and XPS walls showed significantly reduced drying capability, while the RW 
wall showed a small reduction in drying capacity compared to the Datum and Double stud walls. 
 
It was concluded that adding insulation exterior to the wall sheathing can be an effective method to 
minimize air leakage condensation.  The minimum ratio of exterior to interior insulation, however, must 
be suitable for the local climate and interior humidity conditions.  Exterior insulation materials with low 
vapour permeability can significantly reduce the drying capacity of a wall system, but may be 
appropriate where exterior solar vapour drive is a concern or sufficient drying to the interior is available.   
Exterior insulation materials with high vapour permeability facilitate drying to the exterior and dry 
nearly as well as wall systems with no exterior insulation. 
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1 Introduction  
In Canada, buildings account for approximately 31% of all energy consumed.  Residential energy use 

alone, costs Canadians $28.3 billion per year (NRCan, 2011).   Due to the increased cost (both financially 

and environmentally) of harvesting, delivering and consuming this energy, reducing the energy footprint 

of buildings has become the focus of both governmentally mandated building codes and voluntary 

certification programs.  Of all of the energy consumed in Canadian buildings, space conditioning 

accounts for more than half and presents the greatest opportunity for improvement.  Improving the 

thermal resistance of the building enclosure is considered by many to be the most cost-effective method 

of reducing space conditioning demands. 

Government codes and green building certification programs are now recognizing this opportunity.  A 

revision to the 2012 Ontario Building Code requires an improvement in the thermal resistance of the 

building enclosure of 20- 25% relative to the previous code, (or equivalent improvements in mechanical 

systems).  Voluntary programs such as R-2000, Energy Star and Passivhaus require even greater levels of 

thermal resistance for certification.   

In their development of a national sustainable housing initiative (Equilibrium Home), the Canadian 

Mortgage Housing Corp. found that permanent fixed components such as walls are the most 

reasonable, cost-effective, low-maintenance and prudent investment in the pursuit of low energy 

homes (CMHC, 2007).  The U.S. Department of Energy (DOE) agrees, stating that the top priority in 

pursuit of a cost-neutral, net-zero energy home design is to develop a durable high-R wall design for 

cold climates (Anderson & Roberts, 2008).    

One major concern with increasing the thermal resistance of wall assemblies is that the durability of the 

building may be compromised.  Wood framed walls are the most common form of residential wall in 

North America and the materials used are vulnerable to moisture damage.  This damage typically occurs 

first at the wall sheathing in the form of mould, fungal growth and rot.   Increased thermal resistance 

can lead to two potential issues related to moisture: 1) increased potential for air leakage condensation 

at the sheathing and 2) decreased ability of the wall to dry after a wetting event.    

In wall designs where 100% of the insulation is within the framing cavity, the wall sheathing closely 

follows the exterior temperature conditions.  The greater the thermal resistance within the framing 

cavity, the closer the sheathing temperature will be to the exterior temperature.  In cold climates, this 

results in sheathing temperatures which are below the interior air dew point for a large percent of the 

year.  Under these conditions, even small amounts of exfiltrating air can result in significant amounts of 

condensation on the interior surface of the sheathing.   Without the proper conditions for drying, 

moisture can quickly accumulate within the wall cavity, leading to mould growth and deterioration of 

the framing materials.   

In wall designs where insulation is placed exterior to the wall sheathing, the sheathing temperature lies 

somewhere in between the interior and exterior conditions.  If the ratio of thermal resistance interior 
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and exterior to the sheathing is properly designed for a given climate, the sheathing will remain above 

the dew point of the interior air for most of the winter and air leakage condensation potential will be 

greatly reduced.        

By definition, a high-R wall will experience less heat flow through it than a standard wall design.  This 

reduction of energy flow can adversely affect the ability of the wall system to dry out after a wetting 

event.  With limited energy flow through the wall during the winter, these wall systems must be able to 

safely store moisture until warmer weather allows for drying to the exterior.  In a wall system with 100% 

of insulation within the framing cavity, the sheathing is closely linked with the exterior conditions.  With 

access to heat energy from the exterior and low resistance to vapour in that direction, drying can occur 

quickly.   

In exterior insulated wall systems, less heat energy is available for drying to the exterior during warm 

weather.  Also, depending on the vapour permeability of the exterior insulation layer, the flow of vapour 

to the exterior may be slowed significantly.  This can result in a much slower rate of drying and cause the 

moisture sensitive materials to be wetter for a longer period of time.   

Understanding and predicting heat energy and moisture movement into, within and through an 

assembly is of fundamental importance to predicting and improving the durability of highly insulated 

wall systems.  Further research is needed to establish design guidelines for optimizing thermal and 

moisture performance considerations in various climate zones.     

1.1 Scope 
This thesis focuses on highly insulated (high-R) wall designs for low energy houses in the Canadian 

climate.  For the purpose if this Thesis, a high-R wall system is a wall with a minimum thermal resistance 

of RSI 6.12 (R-35).  The performance of these types of wall systems with respect to air leakage 

condensation potential and drying capacity will be discussed.  Much of the information discussed and 

conclusions made will also apply to other wood-framed wall systems and other climate zones.   

The walls that were part of the experimental program were RSI 6.2 nominal (Rς 36) including 

approximately 1/3 of the thermal resistance on the exterior of the structure.   All of the assemblies 

studied were composed of readily available and approved materials.  Performance was studied under 

different imposed wetting conditions, and the natural climate conditions at Waterloo, Ontario, Canada.   

    

1.2 Objective  
The objective of this thesis is to improve the understanding of the moisture-related durability 

performance of exterior insulated, high-R, wood-framed wall systems.  This knowledge will help the 

construction industry meet the increasing requirements for building energy efficiency mandated by 

building codes while minimizing the risk of moisture-related durability issues.  The primary focus of the 

study will be on air leakage condensation potential and the ability of the wall system to dry after a 

wetting event.  This information will be used to predict the long term durability of these wall systems 
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and can then be used in conjunction with laboratory testing and computer modeling to develop design 

guidelines for various Canadian climate zones.  

1.3 Approach  
The approach for evaluating the hygrothermal performance of exterior insulated wall systems included a 

review of the theory and past research, as well as experimental field exposure testing.   

In the experimental portion of this study, three different exterior insulated walls were compared to a 

standard residential wall, to a double-stud cellulose wall and to each other under field exposure 

conditions.  The temperature, relative humidity, and moisture content of different components of the 

wall assemblies were measured and used to make these comparisons.  Imposed periods of wetting were 

used for the evaluation of wall performance under air exfiltration and rain leakage conditions.  The data 

collected from this field testing is also used to predict the relative durability of these assemblies.  
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2 Background  

2.1 The History of Low Energy H ousing  

2.1.1 Introduction  

Prior to the discovery and distribution of electricity, oil, gas and coal, all houses were inherently low 

energy homes.  Because only small amounts of energy were available at the home site, only small 

amounts were consumed.  Another characteristic of these homes was a very low level of comfort and 

convenience.  Primitive homes were built of whatever materials were locally available, including stones, 

sticks, dirt, clay, snow and animal skins.  These homes required very little energy, because they were 

very small, had few conveniences and many occupants.  The occupants also had a very high tolerance 

for discomfort.  When heat was required, it was usually provided by burning wood or other combustible 

materials in an open pit.   

Some early civilizations also developed strategies such as sighting, orientation, thermal mass and 

shading to utilize energy from the sun to heat living spaces.  Passive solar strategies do not involve low 

amounts of energy, but rather large amounts of free energy from the sun.  These strategies have been 

demonstrated for thousands of years, by necessity, before the invention of mechanical heating systems.   

The famous roman bath houses of the first century BC were built with large south facing windows to let 

in the heat (Perlin, 2013), while the Anasazi Indians of North America utilized south-facing cliff dwellings 

that were shaded by the cliffs in the summer, but allowed direct sunlight in the winter (Lea, 2010).  

With advancement in housing technology, including the invention of residential mechanical heating 

systems, much of this knowledge was lost or ignored in the mainstream housing industry.  There were 

however visionary researchers and designers experimenting with these strategies in North America as 

far back as the 1930s and 40s, starting with an accidental discovery by architect George F. Keck.  Keck 

was ŎƻƳƳƛǎǎƛƻƴŜŘ ǘƻ ōǳƛƭŘ Ψ¢ƘŜ IƻǳǎŜ ƻŦ ¢ƻƳƻǊǊƻǿΩ ŦƻǊ ǘƘŜ мфоо /ƘƛŎŀƎƻ ²ƻǊƭŘ's Fair.  The house he 

designed was a three-story, 12-sided building with 90 percent plate glass walls.  Keck chose the glass 

structure for its aesthetics, not its solar collecting properties.  During construction, Keck noticed that it 

was warm inside the building, even before the installation of the heating system.  He realized that the 

sunlight illuminating the interior also heated the concrete floor slab, which in turn, radiated heat after 

the sun set.  It was also discovered that due to the extensive areas of un-insulated glass, heat loss was 

rapid. Keck went on to experiment with and build upon the discoveries he made in the House of 

Tomorrow.  This work culminated in his first comprehensive solar design in 1940, a house for real estate 

developer Howard Sloan.  It was an elongated home which gave all major rooms southern exposure and 

had a high projecting shed roof above the south facing clerestory windows.  The Chicago Tribune 

ŘǳōōŜŘ ǘƘƛǎ ŀ Ψ{ƻƭŀǊ IƻƳŜΩΣ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜ ǘƘŜ ǘŜǊƳ ƘŀŘ ōŜŜƴ ǳǎŜŘΦ  IƻǿŀǊŘ {ƭƻŀƴ ǘƘŜƴ ǿŜƴǘ ƻƴ ǘƻ build 

a 30-house development called Solar Park, the first completely sun-oriented residential community in 

the modern U.S. (Zonkel, 1998). 

Other early leaders in the solar home movement include the team from the Massachusetts Institute of 

Technology (MIT) who created Solar 1 in 1939.  Solar I was designed by Professor Hoyt C. Hottel, and is 

http://en.wikipedia.org/wiki/George_F._Keck
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considered the first building in America to be intentionally heated using only the sun's energy.  It was a 

single story house-like structure containing two rooms and functioned as an experimental lab.  To heat 

the building, a sun heat trap, tilted at a 30 degree angle was placed on the roof under three layers of 

glass. The bottom of the heat trap was a sheet of copper painted black.  Water circulated through tubes 

below the heat trap and was stored in metal tank located in the basement until needed (Denzer, 2013).   

The architect Frank Lloyd Wright used passive solar principles in some of his designs.  The most notable 

ŜȄŀƳǇƭŜ ƻŦ ²ǊƛƎƘǘΩǎ ǎƻƭŀǊ ǿƻǊƪǎ ǿŀǎ the Jacobs House, built in 1944 in Wisconsin, which was also 

ƪƴƻǿƴ ŀǎ ǘƘŜ Ϧ{ƻƭŀǊ IŜƳƛŎȅŎƭŜέΦ  ¢Ƙƛǎ ƘƻǳǎŜ ǿŀǎ ŀ ǘǿƻ ǎǘƻǊȅ ǎŜƳƛ-circular plan with a vast expanse of 

glass on the south elevation.  The north, east and west sides of the house were bermed with earth for 

thermal resistance and to protect the house from the cold north winds.  The lower level featured a 

concrete floor and limestone walls for thermal mass and a completely open floor plan (Aitken, 2011)  

 Outside of a few visionary researchers and designers who were experimenting with solar heating 

strategies, the homes built in North America before about 1930 were heated by the combustion of coal 

and/or wood.  With the invention in the 1920s of the residential oil furnace, a new era in residential 

heating began.  Due to the convenience and low cost of oil heat, by the 1960s the vast majority of 

homes in North America were heated with oil furnaces.   

The modern era of low energy housing design began in 1973.  Due to geo-political turmoil in the Middle-

east, the OPEC (Organization of the Petroleum Exporting Countries) oil cartel -- which controlled 50% of 

world oil production -- raised oil prices by 70 percent overnight.  In November 1973, all Arab oil- 

producing nations stopped shipping oil to the U.S. The OPEC oil embargo caused the price of oil to rise 

from $3.56 a barrel in October 1973 to $11.65 in January 1974 (Holladay, 2010).  Since heating oil was 

the main source of space heating, this dramatic change in the price and availability of oil started a chain 

of events that continue today. 

Due to the realization that oil will not always be cheap and plentiful, many parallel steps were taken to 

investigate and improve the energy required for heating homes in North America. Several government 

initiated programs helped kick-start the modern approach to low energy homes.   

Lƴ мфтпΣ tǊƛƴŎŜǘƻƴ ¦ƴƛǾŜǊǎƛǘȅΨǎ /ŜƴǘŜǊ ŦƻǊ 9ƴŜǊƎȅ ŀƴŘ 9ƴǾƛǊƻƴƳŜƴǘŀƭ {ǘǳŘƛŜǎ ǊŜŎŜƛǾŜŘ ŀ ŦŜŘŜǊŀƭ ƎǊŀƴǘ ǘƻ 

study residential heat loss.  At the Center, a group that included Ken Gadsby, Gautam Dutt, David Harrje, 

and Frank Sinden performed research that has led to our current understanding of the importance of 

air-tightness and air pressure dynamics in residential heat loss.   

This research lead the US government to implement the Ψ²ŜŀǘƘŜǊƛȊŀǘƛƻƴ ŀǎǎƛǎǘŀƴŎŜ ǇǊƻƎǊŀƳΩ in 1976.  

The program provided funds to low income home owners and renters for air sealing measures to reduce 

home heating costs and conserve fuel oil.  In 1977, the US government created an entire federal 

ŘŜǇŀǊǘƳŜƴǘΣ Ψ¢he Department of EnergyΩΣ ŘŜŘƛŎŀǘŜŘ ǘƻ studying energy use.  In Canada, oil price 

increases lead the federal government to create a government-owned petroleum company in 1975 

called PetroCanada and to create the National Energy Program in 1980. 

http://en.wikipedia.org/wiki/Frank_Lloyd_Wright
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During the 70s and 80s, two distinct approaches to low energy buildings developed: the passive solar 

approach and the super-insulation approach.  Although these approaches had overlapping goals, time 

lines and technologies, they began as quite distinct concepts.    

2.1.2 The Passive Solar Approach 

The passive solar approach was an extension of the work of Keck and others.  It was based on the 

philosophy that most, if not all heating loads for a house could be provided by the sun via direct gain 

through windows.    One of the defining features of these passive solar houses was large areas of south-

facing windows.  Those who had previously attempted this approach soon realized that large amounts of 

solar radiation energy could be brought into the house with the use of extensive glazing and trapped via 

the greenhouse effect.  South-facing window areas of 10 to 20% of floor area were commonly specified.  

They also learned that the practical challenges of this approach were to avoid overheating during the 

day and heat loss through the windows at night.  To overcome these wide temperature swings, and to 

store solar energy for use at night and cloudy days, unique technologies were developed.  

The primary approach was to increase the thermal mass within the house, through the use of concrete 

floor slabs, masonry interior walls, or added layers of gypsum.  Surfaces exposed to direct sun were 

made dark-colored and of thermally massive materials.  Another important aspect of passive solar 

design was the care taken to design both fixed and operable shades to minimize overheating in summer, 

spring and fall.  To reduce night time heat loss, moveable insulating shutters were developed and 

deployed (Shurcliff, 1980). 

More radical approaches, which impacted the design of the house more than passive direct gain 

systems, also were attempted.  Invented in мфслΩǎ, the Trombe wall is a mass-wall situated behind a wall 

of windows, with an air-ǎǇŀŎŜ ǘƻ ŎŀǇǘǳǊŜ ŀƴŘ ǎǘƻǊŜ ǘƘŜ ǎǳƴΩǎ ŜƴŜǊƎȅ (Mazria, 1979).  Vents are then 

opened to allow convection of the heat to the rest of the house during the day and closed to prevent 

heat loss at night.  A similar concept uses vertical black-painted water-filled tanks for thermal storage.  

The Barra system consisted of a similar collector wall and utilized the thermosiphon effect to distribute 

the warm air through channels in the concrete slab floor (Barra et al., 1987).  

Attempts to simplify the more radical approaches and overcome some of their less desirable constraints 

develƻǇŜŘ ƭŀǘŜǊΦ   hƴŜ ŜȄŀƳǇƭŜ ƛǎ ǘƘŜ άsolar slabέ foundation as invented by Kachadorian in the 1970s, 

was built of concrete blocks with a poured slab over the top and paired with large amounts of south-

facing windows.  In this approach, the thermal mass the floor slab is used to store solar radiation let in 

by the windows and the air in the cavities of the hollow concrete blocks are used to transport the stored 

heat throughout the house when required. (Kachadorian, 2006) 

Other storage systems attempted include ǿŀǘŜǊ ǘŀƴƪǎ ƛƴ ǘƘŜ ŀǘǘƛŎ όŜΦƎΦΣ {ŀǳƴŘŜǊΩǎ ά/ƭƛŦŦ IƻǳǎŜέύΣ ƭŀǊƎŜ 

bins full of stones (so-ŎŀƭƭŜŘ άǊƻŎƪ ōƛƴ ǎǘƻǊŀƎŜέύ in the basement and sealed gravel or sand formed below 

a slab through which water was pumped (Shurcliff, 1978). The effectiveness of these energy storage 

strategies was limited and they were expensive, cumbersome and many relied on powered, often 

complex and unreliable, mechanical systems.   
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 As experience in constructing and living in these passive solar heated buildings increased, it became 

clear that the most cost effective method of keeping the solar energy within the building was through 

high levels of enclosure thermal resistance, good windows (and/or thermal shutters) and air tightness.  

One example of a passive solar home that put this approach into practice was the άDavid Robinson 

Houseέ.  Featured in the October, 1979 Issue of Solar Age Magazine, this house was built in Minnesota 

and was designed utilizing life cycle cost analysis to determine building enclosure thermal resistance 

levels.  The home featured careful air sealing, R-30 walls with limited thermal bridging, an R-60 roof and 

R-16 insulation of the basement walls and below the slab (Holladay, 2010).  This house featured 50% of 

the total window area facing south (double glazed) with triple glazing on the rest of the orientations and 

also employed an active solar heater and a heat recovery ventilator.  This home was significant in that it 

demonstrated a shift in focus from maximizing solar gain, to minimizing thermal loss.  While 

fundamental passive solar strategies are still considered one element of a low energy building design, 

the huge expanses of glazing and complex storage systems have been replaced with moderate amounts 

of south-facing glazing and thermal mass.  In modern low energy building designs for cold climates, solar 

energy is considered a supplemental source of space heat energy, with the design focus on retaining 

heat within the building.  The strategy of minimizing thermal loss has become known as the super-

insulation approach.              

2.1.3 The Super -insulation Approach:  

While the passive solar approach focused on maximizing solar heat gain, the super-insulation approach 

focused on minimizing heat loss through the building enclosure.  Practical research into super-insulated 

ƘƻƳŜǎ ōŜƎŀƴ ƛƴ ǘƘŜ ŜŀǊƭȅ мфтлΩǎ ŘǳǊƛƴƎ ǘƘŜ ǎŀƳŜ ǘƛƳŜ ǇŜǊƛƻŘ ŀǎ ƘƻǳǎŜs based on passive and active 

solar heating. Super-insulated houses were typified by a concern for airtight construction, thick layers of 

insulation, and modest south-facing window areas (usually in the range of less than 8% of floor area). 

/ƻƴǎƛŘŜǊŜŘ ōȅ ǎƻƳŜ ǘƻ ōŜ ǘƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ǎǳǇŜǊ-ƛƴǎǳƭŀǘŜŘ ƘƻǳǎŜΣ ǘƘŜ ά[ȅƴƎōȅ IƻǳǎŜέ ǿŀǎ ŘŜǎƛƎƴŜŘ ŀƴŘ 

built by researchers from the University of Denmark (Van Korsgaard and Esbensen) in 1974.  The goal 

was to create a zero-energy house.  This home included roof and wall insulation 12 to 16 inches thick 

and double glazed windows with insulating shutters.  The home also utilized active flat plate thermal 

collectors (connected to an 8000 gallon storage tank), one of the first residential air-to-air heat 

exchangers and a solar space and water heating system.  The active solar features of the house soon 

broke down and were abandoned.  The lessons learned in this project, however started a shift in focus; 

away from active, high-tech solutions and towards the development of simple, passive low energy 

buildings όΨtƛƻƴŜŜǊ !ǿŀǊŘΩΣ нлмоύΦ   

!ƴƻǘƘŜǊ ŜȄŀƳǇƭŜ ƻŦ ǘƘƛǎ ƴŜǿ ŦƻŎǳǎΣ ǿŀǎ ǘƘŜ ά[ƻ-/ŀƭέ ƘƻǳǎŜΦ   ¢Ƙƛǎ ŘŜǎƛƎƴ ǿŀǎ Řeveloped by Wayne 

Schick at the University of Illinois at Urbana-Champaign in 1976 using computer simulations to predict 

the amount of energy that could be saved using high levels of insulation. This house employed double 

2X4 walls, air-tight construction, a heat recovery ventilation system and triple glazed windows.  The 

design had R-30 walls, R-60 ceilings and R-20 foundation insulation (McCulley, 2008).  Although the 

house was never built, the simulation experiments demonstrated the energy savings that were possible 
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using simple, passive designs and played an important role in legitimizing and popularizing the early 

super-insulated approach. 

At the same time as the Scandinavian and American developments, a systematic study of energy-

efficient buildings was carried out in Germany by H. Hörster, B. Steinmüller and others, with funding 

from the Federal Ministry of Research. .ŀǎŜŘ ƻƴ ǘƘƛǎ ǎǘǳŘȅΣ ǘƘŜ άtƘƛƭƛǇǎ 9ȄǇŜǊƛƳŜƴǘŀƭ IƻǳǎŜέ ǿŀǎ 

designed using computer simulations and verified with field tests.  Completed in 1975, the house had an 

R-40 building enclosure, coated, double pane windows with insulated shutters, a heat recovery 

ventilation system and active solar and heat pump technology.  This building served as an experimental 

house for many years.  The heating demand for this house was shown to be 20-30 kWh/m2, which was 

15 times less than the typical German housing stock at that time (Steinmuller 2007). 

 

Figure 1- Phillips Experimental House (Passipedia.passive.de) 

In 1978, ά¢ƘŜ {ŀǎƪŀǘŎƘŜǿŀƴ IƻǳǎŜέ ǿŀǎ ŘŜǎƛƎƴŜŘ ŀƴŘ ōǳƛƭǘ ōȅ a group of Canadian researchers lead by 

Harold Orr and supported by the Canadian Government.  The house featured R-40 double stud wall 

construction, R-60 ceilings, triple glazed windows and R-20 insulated shutters.  The building had air-tight 

construction (1 ACH@50), a heat recovery ventilation system, a drain water heat recovery system and 

active solar collectors (Orr, 2013).  By 1979, energy monitoring showed that the combination of super-

insulation and the active and passive solar features reduced heating energy by 90% compared to a code 

compliant house of that era (Besant, Dumont & Schoneau, 1979).   The active solar heating system was 

found to be very expensive, and experienced reliability problems.    By 1983, a large study of 27 

Saskatchewan houses built using the same energy-saving principles (without the active solar energy 

components), as The Saskatchewan House showed annual average heating loads of 63 kWh/m2, a 

reduction of 70% compared to contemporary code-built houses, in a climate twice as cold as central 

Germany (Dumont, Orr & Hedlin, 1983), with modest additional costs.   The lessons learned in the 

design, construction and operation of the Saskatchewan house and similar local homes were massively 
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influential, eventually leading to a national low energy building certification program, known as the R-

2000 program in 1982. This program still exists today and has produced tens of thousands of low-energy 

homes. 

 

Figure 2- The Saskatchewan House (Passivehouse.ca) 

In 1979, ά¢ƘŜ [ŜƎŜǊ IƻǳǎŜέ ǿŀǎ ōǳƛƭǘ ōȅ DŜƴŜ [ŜƎŜǊ ƛƴ aŀǎǎachusetts.  This house featured double-wall 

construction, a heat recovery ventilation system, was extremely air tight and had no passive solar 

features.  The house was heated with a natural-gas on-demand water heater and had an annual heating 

bill of under $40.  The simplicity and low cost of the Leger house was in stark contrast to the passive 

solar designs of the time and this seemed to resonate with more developers and consumers.  Many 

consider the success of DŜƴŜ [ŜƎŜǊΨǎ ƘƻǳǎŜ ŀǎ ǘƘŜ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ǘƘŜ ŘŜōŀǘŜ ōŜǘǿŜŜƴ ǇŀǎǎƛǾŜ ǎƻƭŀǊ ŘŜǎƛƎƴ 

and super-insulation: The debate was resolved in favor of super-insulation (Nisson and Dutt, 1985). 
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Figure 3- The Leger House (Holladay, 2010) 

Inspired by the success of the early super-insulation houses described above, physicist, Harvard 

professor and supporter of the passive solar approach, William Shurcliff issued a press release in 1979 

defining what he thought the future of low energy homes should be (Nisson and Dutt, 1985).  He 

essentially defined the super insulation approach as: 

1) άTruly superb insulation, not just thick, but clever  

2) Envelope of the house is practically air-tight 

3) No provision for extra thermal mass 

4) No provision for excessive south windows 

5) No conventional furnace 

6) No conventional heat distribution system 

7) No weird architectural shapes necessary 

8) No big added expense 

9) Passive solar heating is modest 

10) No need for humidifiers 

11) No south side overheating ά 

As the 1970s was the decade for research and development in super-insulation techniques, the most 

important developments in the 1980s were related to the sharing this information and promoting the 

concepts of super-insulation to industry and the general public.  As early as 1981, super insulation 

techniques were being featured in published books, trade journals and consumer magazines.    

The Superinsulated Retrofit Book by Canadian researchers Brian Marshall and Robert Argue was 

published in 1981, giving practical advice and real examples on methods of retrofitting existing homes to 

ƛƳǇǊƻǾŜ ŜƴŜǊƎȅ ŜŦŦƛŎƛŜƴŎȅΦ  ¢Ƙƛǎ ōƻƻƪ ŘŜǎŎǊƛōŜŘ ǘƘŜ ΨŎƘŀƛƴǎŀǿ ǊŜǘǊƻŦƛǘΩ ǿƘƛŎƘ ƛƴǾƻƭǾŜǎ ŎƻƴǎǘǊǳŎǘƛƴƎ ŀ 



11 

 

new outer envelope including a continuous air barrier, thick layers of exterior insulation and new siding 

and roofing.  Also included, were a third glazing layer on the windows and a heat recovery ventilation 

system.  The same year, William Shurcliff released Super Insulated Houses and Double Envelope Houses 

(Shurcliff, 1981).  This book described in some detail, the design and construction of successful super-

insulated home projects throughout North America.   

First published in July 1982, Energy Design Update was a super-insulation newsletter written by 

Massachusetts engineer Ned Nisson.  Along with Princeton researcher Dautam Dutt, he also wrote The 

Super Insulated Home Book in 1985.  This book provides actual construction details for several types of 

super-insulated wall systems, ventilation and air tightness strategies and vapor barriers.    

The concepts of super-insulation were even featured in consumer magazines as early as 1981.  An article 

in the May 1981 Popular Science ƳŀƎŀȊƛƴŜ ŜƴǘƛǘƭŜŘ Ψ{ǳǇŜǊ LƴǎǳƭŀǘŜŘ IƻǳǎŜǎΩ όwǳōȅΣ мфумύ Ŧeatured 

construction details and energy use data for a double-stud home that was inspired by the Saskatchewan 

house. 

2.1.4 Low-Energy Certification Programs  

Beginning in the mid-1980s, government and other organizations interested in promoting low energy 

housing began to dŜǾŜƭƻǇ ǾƻƭǳƴǘŀǊȅ Ψƭƻǿ-ŜƴŜǊƎȅΩ ŎŜǊǘƛŦƛŎŀǘƛƻƴ ǇǊƻƎǊŀƳǎΦ  ¢ƘŜ w-2000 program, the 

Energy Star program and Passive House program are the three most influential of these programs in 

North America. 

2.1.4.1 R-2000 

The R-2000 Program was developed by Natural Resources Canada in conjunction with the Canadian 

Home Builders Association, based on the lessons learned in the Saskatchewan House project.  The 

program kicked off in 1981, and included ratings for energy efficiency, indoor air quality and 

environmental impact.   

The goal of the energy efficiency component of the program was to reduce energy use by 30% 

compared to a code-compliant home.  Towards that goal, the standard required minimum levels of 

thermal resistance which exceed local building codes, set a maximum air leakage target, requiring air 

leakage measurements and defined maximum energy use as a function of climate.   By 1995, the 

influence of the program could be seen in the national and provincial building codes of Canada, which 

increased the required thermal resistance to the R-2000 levels.  In 2012, the R-2000 program received a 

major update.  The new program is performance- based and requires a 50% decrease in energy use 

compared to the original program requirements.  To meet this performance goal requires thermal 

resistance levels significantly higher than local building codes (NRCan, 2012) 

2.1.4.2 Passive House 

Another well regarded and influential residential certification program is the Passive House (or 

Passivhaus) standard, developed in Germany but applied throughout Europe, Scandinavia, and North 

America.  The first Passive houses were designed by Bo Adamson and Wolfgang Feist based on the 

lessons learned from previous low energy homes such as the Philips House, the Lyngby House, the Lo-
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Cal House and the Saskatchewan House (Steinmüller, 2008).  A major development of over 100 houses 

was built in Darmstadt, Germany in 1990 and monitoring showed that they required 90% less space 

heating energy than code-compliant German houses of that time (Schneiders, 2003).    The Passivhaus-

Institute was created in 1996 to promote and control the building standard.  The three core 

requirements of the Passive House certification are (Passive House Institute, 2014) 

1) The building must be designed to have an annual heating demand as calculated with the 

Passivhaus Planning Package of not more than 15 kWh/m² per year (4746 btu/ft² per year) in 

heating and 15 kWh/m² per year cooling energy  

2) Total primary energy consumption (primary energy for heating, hot water and electricity) must 

not be more than 120 kWh/m² per year (39 K btu/ft² per year) 

3) The building must not have an air leakage rate of more than 0.6 times the house volume per 

hour (n50 Җ лΦс κ ƘƻǳǊύ ŀǘ рл Pa (N/m²) as tested by a blower door 

Meeting the first requirement requires the building enclosure to have high levels of thermal resistance 

and usually significant amounts of passive solar gain.  Depending on the climate, solar gains and internal 

gains, the thermal resistance levels required in cold climates far exceed any building code in North 

America, and often exceed levels used previously for super-insulated homes in cold climates.  Because 

the same energy target is used in all climate zones, only a modest amount of insulation is required in 

moderate climate zones, such as Southern California and the Pacific Northwest (Walker and Less, 2013).   

The Passive house standard is considered one of the most demanding housing certification from an 

energy use perspective and is seen as one of the most commercially successful programs, although far 

fewer homes have been registered in North America than the R-2000 program to date.   

2.1.4.3 Energy Star 

The Energy Star program was developed in 1992 by the U.S. by the Environmental Protection Agency 

(EPA) and the Department of Energy (DOE).  Energy Star labeling was first applied to consumer 

electronics and appliances as an indication of the most energy efficient products in their category.  

Following the success of this program in the electronics and appliances markets, the Energy Star for new 

homes program was developed in 1995 and has had 2 major updates since then.  The Canadian version 

is based on a prescriptive package of requirements, based on 2 climate categories (NRCan, 2014).  

Energy Star windows, heating equipment and appliances are required and minimal thermal resistance 

for building enclosure components are specified.  An air leakage rate of about 2.5 air changes per hour 

at 50 Pa is required as well as an approved ventilation design.  Some alternative methods and trade-offs 

are allowed under the program.  Because the goal of a labeled house is only about a 15% improvement 

over a code-compliant house, these requirements are only slightly more restrictive than many local 

building codes.  This results in a certification that is more easily attained and has become a popular 

choice, even among larger builders.   

 

 

http://en.wikipedia.org/wiki/Watt-hour
http://en.wikipedia.org/wiki/Btu
http://en.wikipedia.org/wiki/Watt-hour
http://en.wikipedia.org/wiki/Primary_energy
http://en.wikipedia.org/wiki/Central_heating
http://en.wikipedia.org/wiki/Water_heating
http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Pascal_(unit)
http://en.wikipedia.org/wiki/Newton_(unit)
http://en.wikipedia.org/wiki/Blower_door
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2.1.4.4 Net Zero Energy Buildings 

 

A Net Zero Energy (NZE) building is defined as a building that uses only as much energy as is generated 

on site, using renewable energy sources.  A NZE building may use the electrical grid for storage and 

retrieval of excess energy or it may employ an off-grid system, with batteries for storage and retrieval.  

Grid-tied systems have the advantage of limitless, and low-cost, storage and retrieval to get through 

periods of high energy use and/or low energy production.  With an off-grid system, the cost and size of 

battery storage limits capacity, meaning that energy production and usage must be closely balanced on 

a day-to-day basis.  

 

Many NZE buildings use only use electricity as their energy source, so that all energy required for the 

building is produced on site via photovoltaics and/or wind power.  A grid-tied NZE building can, 

however, also use other energy sources such as natural gas or propane, as long as the electricity 

produced on-site off-sets the total sum of the electricity plus all other energy consumed at the home.       

 

The U.S. Department of Energy (U.S. DOE) has studied the development of a proven, cost neutral, net 

zero energy (NZE) home design (Anderson & Roberts, 2008).  In order to meet the objective of a 

practical NZE ready design, it is estimated that whole house energy must be reduced by 40% compared 

to the best current designs.  To reach this goal, considerable research must be completed to develop 

and validate low risk, cost neutral building components and strategies.  One of the top 5 priorities of this 

research program is to develop a durable high-R wall system for cold climates.   

 

2.1.5 Summary  

North American builders have had access to research data, construction techniques, and the materials 

necessary for building low energy houses since the mid-1980s.  The effectiveness of these construction 

techniques has also been demonstrated over the past 30 years through programs such as R-2000, 

Energy Star and Passive House.  These efforts have resulted in incremental changes to North American 

building codes which now require significantly greater thermal resistance and much more attention to 

air tightness than they did before 1980.  As shown in Figure 4, these code changes have resulted in a 

decrease in heating energy consumption of approximately 20% over the past 20 years (RECS, 2012) in 

the U.S.  Despite these improvements, much greater levels of thermal resistance are required to create 

truly low energy buildings in most climate regions of North America.  
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Figure 4- Average energy consumption per home from 1980 to 2009 (RECS, 2012) 

 

2.2 The Role of Wall Systems in Low Energy Housing  
 

The building enclosure system includes all of the elements of the building that separate the interior from 

the exterior.  These include the floor, the roof, windows and doors and below grade and above grade 

wall systems.   

To quantify the heat loss characteristics of each of these components in prototypical American homes, a 

study was performed by researchers from Lawrence Berkley National Laboratory (LBNL) (Huange et al, 

1999).  This study makes use of a database of existing residential building prototypes for different 

regions of the country (Ritschard et al. 1992).  Parametric simulations were performed on these 

buildings using the DOE-2 building energy simulation program to calculate the seasonal heat loss 

attributable to the different building components: floors, walls, roof and windows.  Heat loss due to air 

leakage was also simulated and reported as a separate component.  Heat loss through windows can also 

be adjusted (reduced by 1/3) to account for solar heat gain through windows during the heating season.    
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Figure 5- Building Enclosure Components (Straube, 2006) 

The heat loss results of this study for the geographical area most closely representing the Canadian 

climate (North) can be seen in Figure 6.  Using the insulation and air leakage characteristics of a 

prototypical home in the U.S. Northern region, air leakage is the largest source of heat loss, accounting 

for 32 % of total heat loss.  Heat loss through the walls is the next largest contributor, accounting for 

21% of total heat loss, while floors accounted for 18%, windows for 17% and the roof for 12%.  This 

study showed that the walls were responsible for more heat loss than any other physical enclosure 

component.   Although air leakage was not broken down by component, leakage through wall systems is 

obviously a major contributor to this category also.   Historically, Canadian houses tend to be 

significantly more airtight than in the US (Fennell and Haehnel, 2005) and this tends to reduce the 

relative contribution of air tightness and increase the relative contribution of enclosure components. 
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Figure 6- Seasonal heat Loss by Component (based on data from Huange et al, 1999) 

The data from this study can also be used to demonstrate the effects of improvements in insulation 

strategies in the past 30 years.  The housing units were broken down into two age categories: old (pre-

1980) and new (post 1980).  As shown in Figure 7, the newer houses show a significant decrease in the 

percentage of heat loss through the roof, (from 14.8% to 7.1% of total) and a much smaller decrease in 

the percentage of heat loss through the walls (from 21.4% to 19.1% of total) compared to the older 

houses.  Although the nominal percentage changes are complicated by changes in the other elements 

over the same time period, a direct comparison between walls and roofs can be informative.  

The difference between roof and wall heat loss changes (as a percentage of the total) over this period 

demonstrates that it is often easier to increase insulation levels at the roof/ceiling plane compared to 

wall systems.  A large majority of single family homes have ventilated roof systems where there is ample 

room between the ceiling plane and the roof deck for increased levels of insulation.   

In a traditional wood-framed wall system however, the thickness of the insulation layer is limited to the 

framing cavity depth.  While innovative products such as spray polyurethane foam (SPF) insulation have 

a greater thermal resistance per inch (R-6) than traditional batt or loose fill insulations (R-4), major 

improvements in wall thermal resistance can not be achieved using this traditional approach.  The 

standard framing cavity simply does not provide enough depth and the wood framing members allow 

too much heat flow to bypass the insulation.  To reach effective thermal resistance values of R-35 or 

higher, innovative approaches to wall assembly design are required.  Since the construction of new 

housing units represents only a small fraction of the total existing units, these innovative approaches 

should also ideally be applicable as a retrofit to existing buildings if they are to have a significant impact 

on the energy footprint of the housing stock. 
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Figure 7 ςHeat loss by component for houses built before and after 1980 (based on data from Huange et 

al, 1999) 

In order to make significant improvements in the thermal resistance of residential wall systems, a 

dramatic change in design is required.  With dramatic change however, comes significant risk.  The 

building industry has experienced serious system failures in the past when changes were implemented 

without a complete understanding of the system by the designers and installers.  The implementation of 

several building systems and materials such as Exterior Insulated Finish System (EIFs), Structural 

Insulated Panels and Oriented Strand Board (OSB) siding were marred by water-related durability 

failures (Lstiburek, 2006) and demonstrate the need for a complete understanding of the performance 

of a system before applying it broadly.   To understand the performance and potential risks of any 

building enclosure system, it is important to define the functional layers of the system, and evaluate the 

ability of these layers to perform their required functions.   The following two sections will define the 

required functional layers and provide a basis for evaluating potential performance. 

 

2.3 The Wall as a System 

2.3.1 Introduction  

Like the other components of the building enclosure, above grade wall systems must provide four 

important functions (Straube and Burnett, 2005): 
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1) Support ς against all internal and external forces applied to the enclosure 

2) Distribute- goods and people into and out of the building and utilities throughout the building  

3) Finish ς to create durable and esthetically pleasing surfaces on the interior and exterior of the 

building 

4) Control ς the access of people and pests and environmental loadings such as precipitation, air 

flow, vapour flow, heat energy, sound and solar radiation. 

 To design an effective wall system, the most critical control layers must be identified and detailed 

appropriately.  The most critical control layers, in order of importance are (Lstiburek, 2008): 

a) Rain Control layer -  

b) Air control layer 

c) Vapour control layer  

d) Thermal control layer 

2.3.2 Rain Control Layer   

This layer must prevent rain water from entering the wall assembly and damaging moisture sensitive 

materials.  Siding or cladding acts as the primary rain shedding surface in a wall system, however the 

rain control layer is the last and most complete line of defense against the intrusion of rain water.  This 

layer should be detailed with joints lapped in a shingle fashion and not rely on tapes or sealants to 

prevent water intrusion.  In a typical residential wall system, the rain control layer is composed of 

building paper or polymeric house wrap but may, in unique and high-performance designs, be peel and 

stick membrane or a spray or trowel applied bituminous membrane.   The greatest challenge is to 

maintain continuity at window and door penetrations. This requires careful detailing of flashings 

between the rain control layer and the window/door structure. 

2.3.3 Air Control Layer  

This layer must prevent the movement of air into or through the assembly.  Controlling air flow is 

important for durability, energy saving, comfort and indoor air quality (IAQ). Air can carry significant 

quantities of water vapor, which can be deposited inside the assembly as condensation.  The heat 

capacity of air also enables air to carry heat through the wall system, bypassing the resistance of the 

thermal control layer and increasing energy use and compromising comfort. Contaminants from 

outdoors or from within the wall assembly can ride along on the flow of air and thereby impact indoor 

air quality.  A typical Canadian residential wall assembly relies on an interior layer of polyethylene 

behind the drywall as the air control layer.  Taped and sealed sheathing membranes (e.g., housewraps) 

are one of the most common approaches taken in the United States.  Other options include sealed 

gypsum wall board (the air-tight drywall approach), taped and sealed sheathing on the exterior of the 

framing members, and spray foam in the stud cavities combined with sealant at all joints. 

The greatest challenge in maintaining continuity of the air control layer is sealing at wall-to-floor and 

wall-to-ceiling ceiling joints, penetrations for services, and window/door rough openings.  
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2.3.4 Vapour Control Layer  

The function of this layer is to limit the flow of water vapour into or through the assembly by diffusion 

so as to avoid damaging quantities of condensation.  Vapour diffusion is driven by vapour pressure 

differences across a material or air space and its rate is controlled by the vapour permeability of the 

material and the size of the vapor pressure differences.  While it is not necessary to completely block 

the flow of water vapour diffusion in a wall assembly, it must be slowed considerably to prevent 

damaging levels of interstitial condensation by diffusion from the interior during cold weather and 

diffusion from the exterior during hot weather.  Warm weather condensation can become especially 

important if the cladding can store significant amounts of absorbed rainwater (Straube et al., 2009 and 

Straube and Burnett, 1995).  It is important to note that vapour flow is an important method of drying 

should the assembly get wet during construction or operation, and hence completely preventing 

diffusion also eliminates drying in the direction of the vapour barrier.  In Canada, the vapour control 

layer is almost always applied to the interior side of the thermal control layer and is typically a 

ǇƻƭȅŜǘƘȅƭŜƴŜ ǎƘŜŜǘΦ  hǘƘŜǊ ƳŜǘƘƻŘǎ ƻŦ ŎƻƴǘǊƻƭƭƛƴƎ ǾŀǇƻǳǊ Ŧƭƻǿ ŀǊŜ ǘƘǊƻǳƎƘ ǘƘŜ ǳǎŜ ƻŦ ΨǎƳŀǊǘΩ ǾŀǇƻǳǊ 

retarders that change permeability with relative humidity, by the application of vapour control paint to 

gypsum wall board, and through the use of vapor retarding insulating sheathing layers on the exterior of 

the structure. 

2.3.5 Thermal Control Layer  

The thermal control layer must control the flow of heat across the wall assembly.  Controlling heat flow 

is important for occupant comfort and reducing space heating and cooling energy requirements.  The 

layering and positioning of insulating materials can also be used to control the temperature of building 

components and affect the long-term durability of the assembly.  In a typical Canadian wall assembly, 

the thermal control layer is composed of low-density batt insulation placed between the framing 

members.  In this approach, the amount of insulation is limited by the thickness of the wall cavity and 

the framing members create many thermal bridges, reducing the effective thermal resistance of the 

assembly.  In pursuit of energy reduction, the level of thermal resistance has been slowly increasing in 

Canadian buildings for the past 30 years.  This improvement has primarily come from increasing the 

thickness of the insulation within the wall cavity.  This was accomplished by changing the exterior walls 

from 2 X 4 to 2 X 6 construction, creating room for an additional 2 inches of cavity insulation.  There 

have also been small improvements in the thermal resistance of the available cavity insulations.  In 

order to reach aggressive energy reduction goals and net-zero energy buildings however, dramatic 

increases in thermal resistance are required.   

2.3.6 Summary  

The typical residential wood framed wall system, used in Canada for the past 30 years is illustrated in 

Figure 8 below.   
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Figure 8- Typical Canadian wall assembly (Straube and Smegal 
(2009) 

 

2.4 Heat, Moisture and Air Movement  
In order to evaluate the performance of wall systems, it is important to understand the nature of heat, 

moisture and air movement within and across the wall assembly.  An assembly is composed of multiple 

layers of different materials with different hygrothermal properties and the movement of heat, 

moisture and air through an assembly is a dynamic, complex, interdependent process.  While 

hygrothermal modeling and field measurements are used to predict and evaluate the performance of 

assembly, an understanding of the basic mechanisms is important to understanding and interpreting the 

results   

2.4.1 Thermal Control in Assemblies  

2.4.1.1 Modes of Heat Transfer  

The primary modes of heat transfer are conduction, convection and radiation.   

Conduction  

Conduction is the movement of heat energy via direct molecular contact.  This is the predominant 

mechanism that moves heat through a solid material and also an important mechanism of heat energy 

transfer between materials that are in physical contact with each other.  The flow of heat energy by 

conduction conforms to the fundamental equation developed by Fourier.  For many practical building 

science applications, a one dimensional Fourier equation can be expressed as: 

Air and Vapour Control Layer 

(typ. 6 mil poly sheeting) 

Thermal Control Layer (typ. 

fiberglass batt. Insulation) 

Rain Control Layer (typ. 

polymeric house wrap) 

Wall Sheathing (typ. 11 mm 

oriented strand board (OSB)) 

Interior Finish (typ. gypsum 

wall board) 
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Where:  Q = rate of heat flow (in watts (W)) 

 A = the area (in m2) 

 ƪ Ґ ǘƘŜ ǘƘŜǊƳŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭ όƛƴ ²κƳωƪύ 

 l = the length of the flow path (in m) 

 T1 and T2 are the temperatures on either side of the material (in ° K or °C) 

Conduction is the primary mode of heat transfer in building enclosure assemblies.  Generally, the lower 

the density of the material, the lower the rate of conduction through that material.  Structural materials 

such as steel, concrete and brick are excellent conductors of heat.  Even wood, which is less dense and 

has lower conductivity than other structural materials, has a much higher thermal conductivity than 

modern insulation products.  Air is a poor conductor of heat which is the basis for most commercial 

insulation products.  Products such as fibreglass and rockwool insulation are low conductors not 

because glass or rock are poor conductors, but because of the amount of air between the fibres.  The 

fibres of the insulation are there to reduce convection.  Expanded polystyrene (EPS) is composed of 

foam beads that form pockets of air within its structure.  Other plastic foam insulations such as extruded 

polystyrene (XPS), spray polyurethane foam (SPF) and polyisocyanurate (PIC) trap pockets of inert gases 

within their structure.  These blowing agents have a lower conductivity than air, but can leak out slowly 

over time to be replaced with air.    

Convection 

Convection is the transfer of heat energy by bulk movement of a fluid.  Convection is an important 

mechanism of heat flow within fluids and between fluids and solid materials.  Sir Isaac Newton noticed 

that the temperature of a heated object approaches the temperature of the air around it at an 

exponentially decaying rate.  Using his newly developed calculus, Newton showed that the heat flow 

due to convection at any instant was proportional to the temperature difference at that instant.  The 

equation he developed to express this is known as ΨbŜǿǘƻƴΩs Law of CoolingΩ, and is written as:   

Q = hc * A * (Ts-Tinfinity)  

where: Q = heat flow (in watts) 

 hc = convective heat transfer coefficient 

 A = surface area (in m2) 

 Ts = surface temperature (in ° K) 

 T infinity = temperature of the air at a distance where it is not affected by the object (in °K). 
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For convection to occur there must be bulk movement of a fluid.  This movement can occur naturally, 

due to temperature dependent buoyancy differences, or be driven by external forces like the wind or 

fans.  Convection can affect heat transfer across building enclosure assemblies at several different 

locations.  As shown in Figure 9, the exterior surface of the assembly is especially affected by wind-

driven convection, also known as wind washing.  The interior surface of the assembly is affected by 

natural convective loops, especially vertical surfaces.   As shown in Figure 9, the same natural loops can 

also occur within the assembly at any air gaps and to a lesser extent, within low density batt insulations. 

 

Figure 9- Wind washing effects on air-permeable insulations (Straube, 2006) 
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Figure 10- Convective loops around and through air-permeable insulation (Straube, 2006) 

Radiation 

Radiation is the emission of heat energy by electromagnetic waves through a gas or vacuum.  For 

radiation heat transfer to occur there must be a direct line of sight between the two objects involved.  

All objects above absolute zero (-273 °C) emit heat energy, however it is the net difference between two 

radiating materials that is relevant to the rate of heat energy transfer.  For the purposes of most building 

science applications, radiation heat transfer can be simplified using the Stefan-Boltzmann equation: 

ὗ ‐ „ ὃ Ὕ Ὕ  

Where: Q = heat flow (in watts) 

 A = surface area (in m2) 

 Ts = the surface temperature (in °K) 

 Ta = outdoor temperature (ambient air temperature) (in °K) 

 Ů = thermal emissivity of the object  

 „ = the Stefan-Boltzmann constant (5.67 X 108 W/m2*K4) 

For most building enclosure assemblies, radiation contributes to heat flow at the exterior surface, at the 

interior surface and across any air gaps within the assembly.  At the exterior surface, solar radiation can 

cause a roof or wall surface to exceed ambient air temperature, while night sky radiation losses can 

cause them to be colder than ambient air temperature.  Radiation can affect the temperature gradient 
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across the assembly and directly influence heat flow.  On the interior surface of an assembly, cold 

surfaces result in net radiation from occupants to the surface, causing the occupant to feel cold, 

regardless of interior air temperature.  Another common example of radiation affecting heat flow across 

an assembly is between two surfaces separated by an air gap such as between the roof and ceiling 

assemblies in a ventilated roof system.  

2.4.1.2 The R-Value 

 ¢ƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ǘƘŜǊƳŀƭ ǊŜǎƛǎǘŀƴŎŜ ƻŦ ŀ ƳŀǘŜǊƛŀƭ ǿƛǘƘƛƴ ŀƴ ŀǎǎŜƳōƭȅ ƛǎ ǘƘŜ Ψw-ǾŀƭǳŜΩΦ   

The R-ǾŀƭǳŜ ƛǎ ǘƘŜ ǊŜŎƛǇǊƻŎŀƭ ƻŦ Ψ¦-±ŀƭǳŜΩ ƻǊ ŎƻƴŘuctance which is the flow of heat energy per area, for a 

unit difference in temperature.   

In imperial, the units for U-value are:  Btu/hourωŦǘ2ωϲC  

Therefore the units for R-value are:  hourωŦǘ2ωϲF/Btu  

In metric, the units for U-value are:  W/m2Å°K 

Therefore the units for R-value are: m2 ωϲK /W  

The insulation industry has decided to report R-value over U-value as the standard measure because it is 

more intuitive to consumers ς as the effectiveness of an insulation product increases, its R-value 

increases.  The R-values are also useful since the R-values of the materials in an assembly can simply 

added together to determine the total thermal resistance.     

In order to determine the R-value of a material, the U-value is first measured.  The current accepted 

testing methods to determine the R-value of an insulation product are ASTM C-177, ASTM C-518 and 

ASTM C-976.   In these testing procedures, heat flow is measured at a mean temperature of 75 ° F (23.9 

°C).  This means that insulation is usually tested with the cold side at 50°F (10°C) and the warm side at 

100°F (37.8°C).   The boundary temperatures used to determine a materials R-value are significant, since 

heat flow resistance for a given material will vary as average material temperature changes. Because of 

this, some insulation products will perform significantly better in service than predicted by the test, and 

some much worse. 

2.4.1.3 Summary 

The three heat flow mechanisms discussed above account for a different percentage of heat loss under 

different conditions.  For example, radiation plays a large role in heat flow during hot sunny weather on 

the roof or south face of a building, but will have little influence on a cold, cloudy day or on the north 

face of a building.  Convection plays a smaller role on still days or in a sheltered area, compared to a 

building in a high wind area.   

The layering of materials within the assembly also affects heat loss.  Low density insulation materials 

must be surrounded by materials that prevent air flow through them, or risk decreased performance 

due to convection or wind-washing.  High density framing materials that pass through the insulation 
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layer create thermal bridges which can result in local areas of high thermal conductivity and significantly 

reduce the overall thermal resistance of the assembly.    

Due to the properties of different insulation materials, their effectiveness can vary greatly depending on 

the conditions they are exposed to.  For example, when conduction is the primary heat flow mechanism 

(during a cold, still night) fiberglass insulation is more effective at preventing heat flow, than when 

convection and radiation are major contributors (ie. during windy or hot sunny days).      

Predicting the thermal performance of a given wall assembly in a given climate is not a simple process.  

Sophisticated hygrothermal modeling programs are able to utilize known material properties, hourly 

weather files and interior condition files to predict heat and moisture flow.  However, even 

sophisticated simulation tools require validation and calibration, as they can only simulate a limited 

number of mechanisms of heat and airflow and material properties are not always well known.  In order 

to calibrate and validate such a complex model, actual field measurements are required.  The tools and 

methods used to collect these field measurements are discussed in Appendix A.  

2.4.2 Moisture Control in Assemblies  

2.4.2.1 Introduction  

Moisture is the cause of nearly all durability-related issues in modern buildings.  The effects of moisture 

accumulation within a wall assembly include mould and fungal decay of wood framing, freeze-thaw 

deterioration of brick, stone and concrete, corrosion of metal components and staining or 

discolouration of building finishes.   

For moisture ςrelated problems to occur in an assembly, there must be: 

1) a moisture source 

2) a route for moisture to enter the assembly 

3) a driving force to cause moisture movement 

4) materials that are susceptible to moisture damage 

(Straube and Burnett, 2005) 

Unfortunately, completely eliminating all sources of moisture, creating a flawless moisture barrier or 

eliminating the driving forces of moisture is not practical in complex buildings constructed in the field.  

Using only materials that are unaffected by moisture would not be economical.  The more practical 

approach therefore is to utilize design strategies to minimize the impact of these inevitable conditions.  

In order to address these issues in design, one must understand the ways in which wall assemblies get 

wet, store moisture and dry out.     

2.4.2.2 The Wetting Process 

The three main sources of moisture for above grade wall assemblies are:   

1) Precipitation   
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2) Condensation due to air leakage 

3) Vapour diffusion  

4) Built-in moisture 

5) Capillary uptake from ground contact 

Precipitation, especially in the form of wind-driven rain is the greatest potential contributor of moisture 

to an above grade wall assembly.  Rain deposition on the face of an exposed low-rise building can 

exceed 100 kg/m2/year.  Although it is relatively simple to keep this water out of the assembly along the 

plane face of a wall, it is much more difficult at penetrations and junctions in the wall assembly.  It is at 

these areas, especially window and door penetrations, that moisture damage is most common. 

Air leakage condensation has the next greatest potential for introducing moisture into a wall assembly.  

During cold weather, when framing materials are below the dew point temperature of indoor air, any 

exfiltration of this air through the wall assembly can result in large amounts of moisture being deposited 

in the assembly.  Depending on the interior temperature and relative humidity and the leakage rate, this 

process could result in significant amounts of moisture being deposited into a wall assembly during the 

heating season. 

Vapour diffusion outward from the interior is not a powerful wetting mechanism, however solar vapour 

drive from the exterior can be a major contributor of moisture to the wall assembly during hot, sunny 

weather.  When a cladding such as brick or stone is exposed to prolonged periods of precipitation, they 

are able to store a significant amount of moisture.   When heated by solar radiation, the resulting 

vapour pressure can force significant amounts of water vapour into the wall assembly, if cavity 

ventilation or the appropriate vapour barrier is not present.  Vapour diffusion also plays a significant role 

in the redistribution and drying process. 

Moisture that is built-in to the assembly materials can sometimes result in moisture problems.  Trapping 

construction moisture within the wall assembly can be avoided by minimizing exposure of hygroscopic 

construction materials to the elements and by providing the appropriate conditions and time for 

adequate drying, prior to enclosing those materials within the wall assembly.    

Capillary uptake moisture is not a major contributor of moisture to above grade walls.  The use of 

capillary barriers between ground moisture and hygroscopic building materials is also a well understood 

method of avoiding this problem. 

2.4.2.3 Moisture Storage 

Since wetting and drying conditions occur at different times, often separated by days, weeks or even 

months, the assembly must have the ability to store moisture for extended periods of time.  Once 

moisture enters the wall assembly, it can be stored within the assembly materials in a number of ways: 

1) Trapped as liquid in poorly drained, non-porous portions of the assembly 

2) Adhered to non-porous materials via surface tension as droplets 

3) Adsorbed in or on the surface of hygroscopic materials 
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4) Absorbed and retained in the capillaries of porous materials 

5) Stored as vapour in air with the assembly 

The ability of the materials to safely store moisture is vital to the durability of a wall assembly.  The 

amount of moisture that can be stored and the length of time that it can be safely stored are important 

factors in determining the durability of the materials that are exposed to moisture.  The amount of 

moisture that penetrates into the wall system is a function of the wetting mechanisms described above, 

while the amount of time that the assembly is wet is a function of the drying mechanisms described 

below.         

2.4.2.4 The Drying Process 

The form of moisture storage within the assembly will dictate the mechanisms required to dry out the 

assembly.  The mechanisms involved, along with the boundary conditions, assembly design and material 

properties will determine the rate of drying.  

Moisture can leave the wall assembly by one of four processes: 

1) Drainage 

2) Diffusion 

3) Evaporation 

4) Ventilation 

If a wall assembly has a free drainage path, a large proportion of the rain water that penetrates into the 

assembly will be quickly removed by drainage.  A small percentage of that moisture however, will cling 

to the materials of the assembly via surface tension or trapped in depressions or the poorly drained 

portion of the assembly.  This un-drained moisture can then be held on the surface of non-porous 

materials or drawn into porous materials of the assembly via capillary forces and distributed through 

these materials through capillary flow.  Drainage is no longer an available method of removing this 

moisture.   

Drying by vapour diffusion can occur to the interior, or to the exterior.  It is driven by vapour pressure 

differences which typically results in drying to the exterior in the winter and to the interior in the 

summer.  Diffusive drying is resisted by the vapour permeability of the materials in the assembly and 

may be eliminated as an available drying mechanism by low permeability materials.   

Evaporation is the process by which moisture changes state from liquid to gas and is an essential drying 

mechanism for any liquid moisture not removed by drainage.  Bulk water trapped in the wall, and liquid 

water within the capillary structure of porous materials require evaporation at the surface of the 

assembly, or at an air gap to be removed from the assembly.     

Ventilation is the bulk movement of air through a space within the assembly.  Ventilation can magnify 

the drying effects of evaporation by replacing air that is humid (due to evaporated moisture) with dryer 

outside air. Depending on the moisture content of the exterior air and the air change rate, ventilation 

can act as a very powerful drying mechanism for wall assemblies.    
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2.4.2.5 Summary 

Each step in the wetting, moisture storage and drying of an assembly is dependent on many 

dynamic factors, including material properties (such liquid storage and vapour transport functions), 

moisture contents, air movement, and temperature and humidity boundary conditions. Evaluating 

the moisture performance of a given wall assembly in a given climate is very complex.  Hygrothermal 

modeling programs are able to use known material properties and transient weather and interior 

condition files to predict performance under different conditions, but require validation and 

calibration.  In order to validate and calibrate such complex models, actual field measurements are 

required.  The tools and methods used to collect the field measurements for the work performed in 

this thesis are discussed in Appendix A.  

 

2.4.3 Air Control in Assemblies  

2.4.3.1 Introduction  

In order for air to flow across a wall or ceiling/roof assembly, two factors must be present:  1) an airflow 

path and 2) a driving force.  In modern assemblies, air flow occurs primarily at joints, holes and cracks in 

the assembly layers.  Typical areas of concern include the wall to window interface, wall to wall and wall 

to ceiling joints and at mechanical penetrations.  The driving force is air pressure differences across the 

building enclosure.  The three primary causes of pressure differences are 1) wind, 2) stack effect and 3) 

mechanical ventilation systems.  Controlling air leakage through the building enclosure has been shown 

to be a critical factor for energy efficiency, indoor air quality, occupant comfort and durability of 

residential and commercial buildings (Lstiburek, 1999). 

2.4.3.2 The Effects of Air Leakage 

In a heating climate, the infiltration of cold outside air and subsequent exfiltration of warm indoor air 

has a significant impact on heating loads.  In addition to the mass flow of the warm air leaving (and cold 

air entering) the building, this air movement also reduces the thermal resistance of the insulation 

materials typically used within the building enclosure.  Early air leakage studies showed that infiltration 

contributed between 25% and 50% of the heating load in typical residential and commercial buildings.  

(Nevrala and Etheridge, 1977; Caffey, 1979).  Although building air tightness has been improved 

significantly since these early studies (Sherman and Dickerhoff, 1998), air infiltration still contributes up 

to 30% of total heating loads in modern buildings (Jokisalo et al, 2009).  This percentage becomes higher 

as the thermal resistance of the enclosure increases.  

In addition to thermal effects, air infiltration through the building enclosure can affect the indoor air 

quality and the distribution of indoor air pollutants (Lstiburek et al., 1999). Air infiltration through below 

grade enclosure elements could even be a route for the transport of detrimental microbes and/or 

ƘŀǊƳŦǳƭ ƎŀǎŜǎ ǎǳŎƘ ŀǎ ǊŀŘƻƴ ŦǊƻƳ ǘƘŜ ǎƻƛƭ ƛƴǘƻ ŀ ōǳƛƭŘƛƴƎΩǎ ƛƴŘƻƻǊ ǎǇŀŎŜ όwŀƴǘŀƭŀ ŀƴŘ [ŜƛǾƻΣ нллфύΦ  

Excessive air leakage through the building enclosure can also affect occupant comfort.  Typical 

complaints such as cold floors, localized cold spots on walls, cold draughts, large temperature 
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differences between rooms and the inability of the heating system to maintain a comfortable 

temperature can often be attributed to air leakage through the building enclosure and solved with air 

sealing measures (Lstiburek et al., 1999).  

Another important consequence of air leakage through the building enclosure is decreased durability.  

During cold weather, warm interior air can contain significant amounts of water vapour.  As this 

exfiltrating air passes through the building enclosure, it can contact elements of the enclosure that are 

below the dew point of the air.  This results in condensation and potentially the accumulation of 

moisture within the assembly.  This process was discussed over 50 years ago by Canadian researchers 

(Wilson, 1961) and is known as air leakage condensation.  Since many of the materials used in modern 

construction are more sensitive to moisture than the materials used in the past, the effects of air 

leakage condensation have become more troublesome, leading to mold, rot or corrosion of the 

materials that make up the enclosure and therefore negatively affect the durability of the building.   The 

same effect can occur in air-conditioned building during warm weather.    

2.4.3.3 Air Control Strategies  

The primary plane of air flow resistance in a wall assembly is termed- the air barrier.  Because it is often 

composed of different ŜƭŜƳŜƴǘǎ ŀƴŘ ƴǳƳŜǊƻǳǎ ƧƻƛƴǘǎΣ ǘƘŜ ǘŜǊƳ Ψair barrier sȅǎǘŜƳΩ ƛǎ ƳƻǊŜ ŀǇǇǊƻǇǊƛŀǘŜΦ   

In modern wood framed construction, multiple layers within the assembly contribute to the air tightness 

of the assembly, however it is important to define the primary air barrier layer so that it can be detailed 

appropriately. 

An air barrier system should meet the following requirements: 

1) Continuous ς around the entire building enclosure, including door and window penetrations 

2) Strong- to resist wind loads and pressures, especially at joints 

3) Durable- to last the lifespan of the other elements of the building enclosure 

4) Stiff- so that deformations do not affect the air tightness of the system 

5) Impermeable ς to air flow under service conditions 

In cold climes, the primary air barrier is usually located on the inside of the insulation, to minimize 

condensation fed by natural convection loops from the interior.  Multiple air barrier layers can be used 

to increase assembly air tightness and minimize wind washing of low density insulations.  The options 

for creating an air barrier are many.  Some common examples of air barrier systems include sheet 

ǇǊƻŘǳŎǘǎ ǎǳŎƘ ŀǎ с Ƴƛƭ Ǉƻƭȅ ƻǊ ΨǎƳŀǊǘ ƳŜƳōǊŀƴŜΩ ƻƴ ǘƘŜ ƛƴǘŜǊƛƻǊ ƻŦ ǘƘŜ ŦǊŀƳƛƴƎΣ ǎŜŀƭŜŘ ƎȅǇǎǳƳ ǿŀƭƭ 

board (the air-tight drywall approach), taped and sealed sheathing on the exterior of the framing 

members and a sealed membrane on the exterior of the sheathing. 

Because the air tightness of a wall assembly is heavily dependent on both the design and the quality of 

the construction, it is not possible to accurately predict the air tightness of an assembly.  Although some 

approaches are known to work better than others, any of the systems mentioned above can work if the 

details are correct.  The only accurate way to determine the air tightness of an assembly is by measuring 
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it.  The most common method of measuring the air tightness of an assembly is by fan pressurization.  

This method, along with other measurement methods is described in Appendix A.    

2.5 Past and Current Approaches to High -R Walls 
In the pursuit of low energy buildings, researchers, designers and builders have used several approaches 

to reduce heat flow through walls.  Each approach, along with their advantages and limitations are 

discussed below.   

2.5.1 The Thick Wall Approach  

The thick wall approach as pioneered by the Lo-Cal house, the Saskatchewan House and the Leger house 

relies on the traditional method of installing insulation between framing members.  To allow for more 

insulation, the thickness of the framing is expanded.  This has been accomplished using several 

methods:  

1) The Double Wall approach - two separate frame walls supported by the floor and separated by a gap 

(Figure 11),  

2) The Truss Wall - one interior wall supported on the floor system, which supports a second outer wall 

via plywood plates (Figure 12) 

3) The I-Joist Wall - using deep engineered wood I- beams (more commonly used for flooring systems)  
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Figure 11- Double stud wall (Straube and Smegal, 2009) 

The common feature of these wall systems is a deep wall cavity which is filled with insulation.  The first 

three typically utilize dense packed cellulose, although fiberglass (popular in the 1980s) and rockwool 

are also options.   Thermal bridging around the insulation varies between the systems, but is a factor in 

all of these thick wall approaches. Most of these wall systems use considerably more framing materials 

than a standard wall and like all thick wall assemblies, can also reduce the usable interior floor space of 

a home.  The most critical performance concern with these thick wall systems is interstitial 

condensation.  Because of the thermal resistance of the thick insulation layer, the outer wall sheathing 

will be very cold in winter and any interior air that penetrates to the sheathing will result in 

condensation.   Field monitoring studies of double stud walls systems show peak sheathing moisture 

content (M.C.) levels of 20% when vapour retarding paint acts as the vapour control layer (Arena et. al, 

2013) and up to 25% M.C. when normal latex paint is used (Ueno 2015).  These studies allowed no 

intentional air flow into the walls.      

With very little heat flow from the interior, drying is very slow during cold weather and the assembly 

must be able to safely store moisture until warmer exterior conditions are available to promote drying.  

Depending on the amount of moisture accumulation, the vapour permeability of the sheathing and 

weather resistant barrier, and the temperatures and air flow available at the exterior face of the 
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Figure 12- Truss wall system (Straube and Smegal, 2009) 

sheathing, this drying process may or may not be sufficient to dry the assembly on a seasonal basis.  

Because of the susceptibility of thick wall designs to air leakage condensation, an interior air barrier is 

critical in this type of wall system.  Even small discontinuities in the air barrier system can result in 

significant amounts of interstitial condensation during cold weather.  Accumulation of condensation can 

lead to mould and rot, which could lead to indoor air quality issues and will also negatively affect the 

durability of the building.  The rotting of more than 60 SIPs roof systems after only 5 years in Juneau, 

Alaska also shows the importance of controlling air leakage.   The failure of this assembly was found to 

be the result of air leakage condensation at the joint at the peak of vaulted ceilings (Andrews 2001).   

2.5.2 The Interior Insulation Approach  

The application of insulation interior to the structural framing is usually combined with interstitial 

insulation, but can also be used as the primary thermal control.  This strategy is popular in below-grade 

walls and as a retrofit in load bearing masonry or other historic buildings where the exterior cladding 

can not be changed.  Two common examples of interior insulation strategies are: 

 1) Rigid Foam - foam board is applied directly to the interior structure and covered by a layer of gypsum 

wall board or other fire resistant finish (Figure 13) 
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2)  Strapping - horizontal strapping is applied to the interior of the wall to create a space where batt, 

board or spray applied insulation can be installed (Figure 14) 

 

Figure 13- Foam board on interior of foundation wall (Straube and Smegal, 2009) 
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Figure 14- Wall with interior strapping 

Thermal bridging is reduced in these designs because the interior insulation layer is continuous over wall 

studs and plates.  There are still potential areas of thermal bridging at rim joists however.  The main 

drawback in these designs, is the effect of the additional interior insulation on durability.  Like the thick-

wall designs described in the previous section, this strategy results in cold sheathing during winter 

conditions, increasing the potential for air leakage condensation. While monitoring studies of interior 

insulated wall systems is limited to foundation walls, it is clear that condensation risk is high when 

vapour and/or air flow is not well controlled at the interior face of these wall systems (Straube, 2009).  

Like the thick wall approach, a well detailed air barrier is critical to the durability of this type of wall 

system. As seen in the interior strapping example above, interior insulation is often paired with 

interstitial insulation in a hybrid approach ς described in section 2.5.4. 

2.5.3 The Exterior Insulation Approach  

The benefits of the exterior insulation strategy were first documented by in the early 60s for masonry 

wall assemblies (Hutcheon, 1964).  This approach results in higher winter temperatures of the buildingΩǎ 

structural elements.  The two important benefits of this approach are to shelter the structural elements 

and control layers from temperature cycling and to eliminate condensation on the inner surface of the 
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wall sheathing.  Both of these benefits can result in increased durability of the wall system.  Some of the 

more common examples of the exterior insulation approach include:  

1) Insulated sheathing- A layer of rigid foam or rockwool boards is fastened to the exterior of the 

structural framing.  Furring strips are then attached exterior to the insulation layer and fastened 

through the insulation to the wall framing as a means of securing the insulation and to provide 

attachment for the cladding system (Figure 15).   

2) EIFS-   A layer of rigid foam (typically expanded polystyrene) is fastened to the exterior of the 

structural framing.  The foam is then covered with a synthetic stucco system.  The stucco system 

is typically composed of a trowel-applied cementitous base coat with an embedded 

reinforcement fiberglass mesh and a finish coat composed of acrylic polymer.  Early versions of 

ǘƘƛǎ ǎȅǎǘŜƳ ǿŜǊŜ ΨŦŀŎŜ ǎŜŀƭŜŘΩ ǎȅǎǘŜƳǎ ǿƘƛŎƘ ǿŜǊŜ ŀǎǎǳƳŜŘ ǘƻ ōŜ ǿŀǘŜǊ-tight and made no 

accommodation for drainage.  The result was a significant number of failures due to rain water 

penetration (Lstiburek, 2006).  In response to this problem, drained EIF systems were developed 

by adding a drainage plane and gap behind the insulation level (Figure 16).  The drainage plane 

is applied exterior to the sheathing and can be lapped building paper, trowel applied or spay-

applied water barrier.   A drainage gap can be created using grooved foam board, by adhering it 

with adhesive applied by a notched trowel or using a wrinkled house wrap.        

3) Exterior Spray Foam- The application of spray polyurethane foam (SPF) to the building exterior is 

a common approach in commercial buildings.  The major benefit of this approach is that the 

spray foam acts as the thermal, air, vapour and rain barrier.  A major drawback of the exterior 

spray foam approach is that it results in a bumpy and uneven surface making cladding 

application challenging.  The solution to this issue is to apply a cladding attachment system prior 

to spraying the wall and leaving a variation gap between the foam and the cladding.  Some 

ŎƻƳƳƻƴ ŎƭŀŘŘƛƴƎ ŀǘǘŀŎƘƳŜƴǘ ǎȅǎǘŜƳǎ ƛƴŎƭǳŘŜ ōǊƛŎƪ ƭŜŘƎŜ ŀƴŘ ǘƛŜǎ ŦƻǊ ƳŀǎƻƴǊȅ ŎƭŀŘŘƛƴƎ ŀƴŘ Ψ½Ω 

brackets or the off-set wall approach (Figure 18) for lightweight cladding. 
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Figure 15 - Insulated sheathing wall system (Straube and Smegal, 2009) 

 

Figure 16 ς EIFS Wall System (Straube and Smegal, 2009) 
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Figure 17 ς Exterior Spray Foam wall system (Lstiburek, 2011) 

 

Figure 18- Off-set wall system (Straube and Smegal, 2009) 
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 ²ƘŜƴ ŀǇǇƭȅƛƴƎ ǘƘƛǎ ǎǘǊŀǘŜƎȅ ƛƴ ŀ ΨǎǳǇŜǊ ƛƴǎǳƭŀǘƛƻƴΩ ŀǇǇǊƻŀŎƘΣ ŀ ǘƘƛŎƪ ƭŀȅŜǊ ƻŦ ŜȄǘŜǊƛƻǊ ƛƴǎǳƭŀǘƛƻƴ ƛǎ 

required, resulting in potential construction complications regarding the attachment of cladding and the 

integration of windows into the building enclosure.  The cladding issue can be handled with the 

installation of vertical furring strips.  This method has the important added benefit of creating a drainage 

and ventilation gap behind the cladding, although it does put some limitations on cladding choices.  The 

window installation issue is more complicated. The window may be installed in line with the structural 

ŦǊŀƳƛƴƎ ƻŦ ǘƘŜ ōǳƛƭŘƛƴƎ όŀƴ ΨƛƴƴƛŜΩύΣ ƻǊ ŦƭǳǎƘ ǿƛǘƘ ǘƘŜ ŦǳǊǊƛƴƎ ǎǘǊƛǇǎ ƻƴ ǘƘŜ ŜȄǘŜǊƛƻǊ ƻŦ ǘƘŜ ǿŀƭƭ όŀƴ ΨƻǳǘƛŜΩύΦ  

Depending on the location of the rain barrier layer in the assembly, careful rain barrier detailing and 

flashings may be required to avoid water intrusion at window openings.   

Another important issue with the exterior insulation approach is the potential to significantly reduce the 

drying potential of the wall system due to reduced heat energy flow, the potential to trap moisture 

behind the insulation and the potential for reduced vapour flow to the exterior.  This issue gained a 

great deal of attention due to the massive failure of early EIFS applications.  These early EIFS assemblies 

had no rain control layer behind the insulation and no provision for drainage.  This approach was so 

unsuccessful that a study by the American Institute of Architects in 1995 found water intrusion in 94% of 

the homes inspected (Hall).  Multiple class-action lawsuits resulted from this early EIFS system.  While 

the EIFS issue was related mostly to a lack of a true rain barrier and drainage space (Keclik and Maino, 

2008), decreased drying potential is a concern for all exterior insulated wall systems.       

2.5.4 The Hybrid Approach  

An alternative to using one of the insulation strategies described above is to combine two or more 

strategies in a hybrid approach. Some common hybrid approaches include: 

1) Interior insulation combined with interstitial insulation (Figure 14)- The benefit of this approach 

compared to an interior-only strategy is that it provides more thermal resistance per unit 

thickness.  It also provides reduced thermal bridging compared to interstitial insulation alone.  

The main drawbacks of this method are that it does not reduce cold-weather condensation 

potential by warming the sheathing and it may reduce or eliminate drying to the interior, 

depending on the properties of the interior insulation.    

2) Exterior insulation combined with interstitial insulation (Figure 15)- The main benefit of this 

approach compared to an exterior-only strategy is that it provides more thermal resistance per 

wall thickness.  It also provides reduced thermal bridging and reduced cold-weather 

condensation potential compared to interstitial insulation alone.  If the proper ratio of 

interstitial to exterior insulation is used, the sheathing will remain above the dew point 

temperature of exfiltrating air, reducing the condensation accumulation within the wall during 

winter months.  A dew point analysis may be required to determine the appropriate ratio for a 

given climate.  The main drawback of this method is that it may reduce or eliminate drying to 

the exterior, depending on the properties of the exterior insulation.    

3) Insulated concrete form (ICF) walls ς ICF walls utilize insulation on both interior and exterior of a 

poured concrete wall.  Utilizing formwork made of an insulating material (typically expanded 

polystyrene), the forming and insulating can be accomplished in one step.  The result is a solid 
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concrete wall with 2-4 inches of insulation on both the interior and the exterior (Figure 19).   

Benefits of ICF walls include the strength and sound attenuation of a solid concrete wall and 

minimal thermal bridging.  The high thermal mass of the walls may also provide a benefit to heat 

loss/gain in climates with large diurnal variations in temperature.   Drawbacks include high cost 

and low thermal resistance per thickness.  Because the concrete core has very little thermal 

resistance, thick layers of insulation must be applied to the interior and/or exterior to create a 

super-insulated wall system.      

   

 

Figure 19- ICF wall system (Straube and Smegal, 2009) 
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3 Review of the Literature  

3.1 The History of Exterior Insulation  Strategies 

3.1.1 Introduction  

Before the time of wood framed buildings, mass wall systems of stone, sod, logs, earth, snow or other 

local materials were used to create shelter.  These buildings were small and the wall structures were 

thick, had significant thermal mass and some thermal resistance.  The expectations for occupant 

comfort were low and these types of mass wall systems provided enough shelter for survival, even in 

cold climates.  Starting in the mid-1800s, wood framing techniques began to take over residential 

construction in North America.  With these light framing techniques, much of the thermal mass and 

thermal resistance of the wall system was lost.  Although some examples of seasonal exterior insulation 

strategies have been recorded (involving the temporary use of straw or snow piled up on the exterior 

walls of the building), the application of insulation to wood framed walls has primarily involved 

insulation within the walls, between the framing members.  Despite some major limitations, this 

approach has been the standard practice in residential construction in North America for over 50 years.      

3.1.2 National Research Council of Canada (NRC) 

In 1960, the National Research Council of Canada began publishing short papers on building science 

topics, titled άCanadian Building Digestsέ (CBD).   The topics discussed in this series cover nearly every 

aspect of design and construction in Canada.  These digests include some the earliest discussions of the 

benefits of exterior insulation strategies.   

Insulation on the exterior of the building structure was first discussed in the context of building science 

in CBD#16 ς άThermal insulation in dwellingsέ (Ball, 1961).  In this article, the author describes the 

primary purpose for adding insulation is reducing overall heat flow, however it is also important that the 

thermal resistance is uniform to avoid variations in surface temperatures, as these variations can result 

in condensation and frost formation.    This article goes on to explain that the best way to achieve a 

uniform thermal layer is to apply insulation to the building άin a manner similar to that of clothing on a 

person. In this way the insulation would be continuous over the building and its structure would be 

ǇǊƻǘŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ŜȄǘǊŜƳŜǎ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ ōƻǘƘ ǿƛƴǘŜǊ ŀƴŘ ǎǳƳƳŜǊΦέ  The issues associated with 

thermal bridges are further discussed in CBD #44 ς άThermal Bridges in Buildingsέ (Brown and Wilson, 

1963).  The effects of thermal bridging on thermal and moisture performance are discussed, along with 

several methods to reduce these effects.  The use of continuous exterior insulation is presented as the 

άideal solutionέ to the problem of thermal bridging.      

In CBD #50- άPrinciples Applied to an Insulated Masonry Wallέ (Hutcheon, 1964), a typical commercial 

wall assembly is described. It is composed of a structure of concrete masonry units (CMUs) and steel 

beams/columns, with stone cladding attached to the exterior of the CMUs with a system of ties, steel 

ledge supports and a full mortar bed between the stone cladding and CMUs.  Insulation is applied to the 

interior of the CMUs with a plaster finish interior to that.  The author goes on to describe the 

temperature profile through this wall system in winter and summer conditions (Figure 20).    In this 
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assembly, the cladding and structural components of the building, go through extreme temperature 

variations throughout the year.  This can lead to temperature movement cracks in the CMU wall and 

stone cladding.  These cracks can allow rain water to enter from the exterior and warm humid air to leak 

from the interior and condense on cold structural elements.   

 
 

 
 

Figure 20- Temperature profile through typical 
CMU wall assembly (Hutcheon, 1964) 

Figure 21- Temperature profile through exterior 
insulated CMU wall (Hutcheon, 1964) 

 

This moisture within the wall assembly can lead to many durability issues including freeze/thaw 

degradation of masonry elements, corrosion of ties, ledges, beams and other steel elements and water 

staining of cladding and/or interior finishes.  This wall assembly is also effected by thermal bridging at 

slabs, cross walls, steel beams and windows (which are attached to the CMUs), which will greatly reduce 

the effectiveness of the insulation. 

The author then describes an improved wall design with insulation layer on the exterior of the CMU 

structural wall.  Exterior to this is an air space and then the stone cladding, with open joints that allow 

for expansion and contraction and facilitate drainage and ventilation (Figure 21).  Moving the insulation 

layer to the exterior of the CMUs, greatly reduces the seasonal temperature variation of the structural 

elements of the assembly, reducing the risk of temperature movement cracks.  The exterior insulation 
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also keeps the structural elements of the assembly above the dew point of exfilatrating air, eliminates 

freeze/thaw risk at the CMU wall and greatly reduces thermal bridging in the assembly.  

The article concludes by mentioning that an additional benefit to the exterior-insulated design, is that it 

allows for continuous air and vapor control layers exterior to the structural elements of the building.  

3.1.3 PERSIST 

While the research and analysis of Ball (1961), Latta and Garden (1962), Brown and Wilson (1963), 

Hutcheon (1964), and others at the NRC represent a huge step in the development of durable, exterior 

insulated wall systems, the application of this knowledge by practitioners took some time.  One of the 

first groups to put these principles into application (and document the process), was the Building 

Sciences branch of the Alberta Public Works Department.  They began applying these principles to 

Alberta Government Buildings starting in the mid- 1980s (Makepeace and Dennis, 1998).  The name that 

they gave to this design approach was the Pressure Equalized Rain Screen Insulated Structure Technique 

(PERSIST).   

The PERSIST design approach considers a wall assembly as a series of planes, each with a specific 

function.  These planes are arranged to maximize their effectiveness and to assure the durability of the 

assembly.  First, the structure is designed to maintain simple, continuous planes from foundation to 

roof.  Next, the air/vapour/rain barrier is applied in a continuous plane to the exterior of the structure.  

The air/vapour/rain barrier in this approach is a fully adhered bituminous membrane that is 

continuously supported by the structure and is flexible where movement may occur and is sealed at all 

penetrations.  Exterior to this membrane is the insulation layer, which is continuous and fastened tightly 

against the air/rain/vapour barrier.  Exterior to the insulation layer is the cladding layer, which includes 

an air gap to the insulation layer, for drainage and air movement.  This layer sheds bulk water, drains 

any water that penetrates through the cladding and protects the structure from U.V. exposure.  The 

cladding is attached to the structure with minimal penetration through the insulation and 

air/vapour/rain barrier layers. 

Makepeace and Dennis (1998) used a computer simulation tool (EMPTIED) to demonstrate the potential 

effects that the PERSIST method would have on air leakage condensation potential.  For this study, three 

wall systems were compared; a PERSIST wall with all insulation (RSI 10) on the exterior of the structure, 

a modified PERSIST wall with RSI 3.2 (R-18) on the exterior and RSI 2.1 (R-12) batt insulation added to 

the space between the framing members and a standard wall design with only RSI 2.1 (R-12) batt 

insulation between the framing members.  Three interior humidity levels were studied (10%, 25% and 

50%) along with 5 air leakage conditions (leakage areas of 0.0, 0.1, 1.0. 5.0 and 10.0 cm2 /m2).  The 

climate for Edmonton was used for the simulation. As seen in Figure 22, significant moisture 

accumulation was predicted for the standard wall under mid- and high RH conditions and higher air 

leakage.  The modified PERSIST wall showed moisture accumulation only under the 50% RH condition 

and the higher air leakage rates, while the true PERSIST wall showed no moisture accumulation over any 

of these conditions.    
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Figure 22 - Moisture accumulation results from computer simulation (Makepeace and Dennis ,1998) 
 

The PERSIST technique was successfully applied to commercial building throughout the 1980s and 90s, 

ƘƻǿŜǾŜǊ ƛǘΩǎ ŀǇǇƭƛŎŀōƛƭƛǘȅ ǘƻ ǊŜǎƛŘŜƴǘƛŀƭ ŎƻƴǎǘǊǳŎǘƛƻƴ ǿŀǎ ƴƻǘ ǿŜƭƭ ǳƴŘŜǊǎǘƻƻŘΦ  .ŀƪŜǊ ŀƴŘ aŀƪŜǇŜŀŎŜ 

(2000) studied this from a cost perspective.  This study showed that damage due to water penetration is 

a serious financial issue in residential construction and can also have potential health effects.  The most 

important benefit of applying the PERSIST method to residential construction is the reduced risk of 

damage due to water accumulation, however there could be other benefits including decreased heating 

energy requirements, comfort and health improvements and benefits for construction sequencing.  

Detail drawings (as seen in Figure 23 through Figure 25) were developed to demonstrate that the 

PERSIST concepts could be applied to residential construction and to develop cost estimates.  The wall 

system included a standard wood stud structure with no insulation between the framing members and 

typical exterior sheathing.  Exterior to this is a fully adhered membrane which acts as the air, vapour and 

water barrier.  A layer of foam board insulation is then applied continuously over the structural 

elements of the house including the rim joist and window/door headers.  Vertical strapping is used to 

hold the insulation tight to the membrane and to create an air gap behind the siding.  Siding is attached 

directly to this strapping.  The detail drawings for the roof were very similar to wall details with a wood 

stud structure with typical roof sheathing and a fully adhered membrane.  Exterior to this was a layer of 
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foam board insulation.  In order to specify typical asphalt shingles, a second roof structure was built on 

top of the insulation layer, with vertical strapping and a second layer of roof sheathing.  

Based on these details, the initial construction cost premium for a typical 1500 sq. ft. house in 1999 was 

estimated to be $4257, or 2.7% of the total construction cost.  The authors felt that this cost premium 

was easily justified when considering the costs of water damage repairs and the energy benefits of the 

method.      

 

3.1.4 The REMOTE Wall System 

In 2002, researchers at the Cold Climate Housing Research Center (CCHRC) in Fairbanks, Alaska began to 

study the application of PERSIST techniques to residential construction (Maxwell 2005).  The goal was to 

apply the principles behind the PERSIST method to cold climate residential construction, in a cost 

ŜŦŦŜŎǘƛǾŜ ƳŀƴƴŜǊΦ  ¢ƘŜ ǊŜǎǳƭǘ ƻŦ ǘƘƛǎ ǎǘǳŘȅ ǿŀǎ ǘƘŜ Ψw9ah¢9Ω ōǳƛƭŘƛƴƎ ǎȅǎǘŜƳΦ  w9ah¢9 ǎǘŀƴŘǎ ŦƻǊ 

Residential Exterior Membrane Outside Insulation Technique.  As a cost savings measure, the system 

pairs the PERSIST wall with a ventilated (cold) roof design (Figure 26).  The fully adhered membrane of 

the wall system is sealed to the ceiling plane air/vapour barrier (6 mil poly) which is behind the ceiling 

drywall.  The other important change from the PERSIST approach is the inclusion of insulation between 

the framing members. 

 
 

 
  

 

Figure 23 - Typical PERSIST 
residential wall section detail 
(Makepeace and Dennis, 1998) 

Figure 24 - PERSIST residential 
framing to foundation detail 
(Makepeace and Dennis, 1998) 

Figure 25- PERSIST residential 
roof and roof section detail 
(Makepeace and Dennis 1998) 
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Figure 26- Typical wall/roof detail for REMOTE system (Maxwell, 2005) 

 

In a small scale experiment, a house built with this system was compared to an identical house, 

built using standard construction techniques.  The REMOTE test house showed a significant 

decrease in condensation potential compared to standard construction, however some 

condensation could occur under conditions of higher interior humidity (35% or higher).    A 

direct comparison of the REMOTE house to the standard house also showed increased air 

tightness from 2 ACH50 in the standard house to .4 ACH50 in the REMOTE house.  This 

improvement demonstrated the effectiveness of the externally applied fully adhered membrane 

as an air barrier.  Construction costs were also studied.  The REMOTE house cost approximately 

$ .85 more per square foot of heated floor space or approximately $1275 for a typical 1500 sq. 

ft. house in 2005.  The authors also looked at this as a percentage of the wall system materials 

cost and found that the REMOTE wall system cost 15-23% more than the standard wall system 

used in Alaska at that time.   

3.1.5 The Perfect Wall  

¢ƘŜ άtŜǊŦŜŎǘ ²ŀƭƭέ ƭŀōŜƭ ǿŀǎ ŦƛǊǎǘ ǳǎŜŘ ōȅ [ǎǘƛōǳǊŜƪ όнллуύΦ  !ƭǎƻ ōŀǎŜŘ ƻƴ ǘƘŜ ŜŀǊƭȅ ǿƻǊƪ ŘƻƴŜ 

by the researchers at the NRC, the Perfect Wall concept was developed as a conceptual teaching 


























































































































































































