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Abstract 

The Canadian buildings sector is responsible for 13% of greenhouse gas emissions in Canada. As 

such, mandatory and voluntary building codes are becoming increasingly stringent on 

requirements for highly insulated wall assemblies to reduce building heating loads, thereby 

reducing emissions. However, traditional means of insulating a wall significantly increase its 

thickness and in scenarios where the building’s footprint is constrained this causes a decrease in 

indoor living space and a reduction in the home’s market value. To address this, this thesis 

proposes thin, highly insulated wood-frame wall assemblies which incorporate highly performing 

insulation materials. A variety of such novel wall assembly designs are developed and modelled 

for thermal performance. Three of these designs are tested using the guarded hot box method 

described in ASTM C1363. It is found that the proposed wall assembly designs provide sufficient 

thermal performance with little increase in wall thickness compared to traditional wood-frame 

walls.  
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1. Introduction 

The following chapter provides an introduction to the research conducted as part of this thesis. 

This introduction includes the motivation which inspired this research, background knowledge 

essential to the understanding of the topics discussed throughout the thesis, the underlying 

objectives which framed the research presented, and an overview of the layout of the thesis as well 

as the methodology used to reach these objectives. 

1.1 Motivation and Background 

The underlying motivation for the research presented in this thesis is to resolve an incongruency 

between the needs of society and the interests of residential construction developers. On the one 

hand, as a society and a nation, we would like to see a reduction in the greenhouse gas emissions 

produced by the construction and operation of our homes. On the other hand, developers would 

like to build homes which maximize the floorspace provided in each housing unit, as it is a 

significant determinant for the price they are able to charge for each home. In the following two 

sections, both of these desires are further explained, the apparent incompatibility between them is 

made clear, and it is shown how high performance, thin walls can help bridge the divide. 

1.1.1 Reduction of Residential Building Operational Emissions 

Over the past several years, the human-caused climate crisis has become abundantly clear, and 

impossible to ignore. With environmental disasters like those climate scientists have been warning 

about occurring increasingly more frequently, and their consequences becoming more painful for 

many Canadians to bear, there is now broad nation-wide consensus that something must be done 

to curb national greenhouse emissions [1]. With both federal and provincial politicians attuned to 

this desire, many roadmaps have been drawn to chart the course towards a state of net-zero 
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emissions in the coming decades [2]. Given the enormous impact our buildings – the spaces we 

live, work, and congregate in – have on national emissions, it is unsurprising that reductions in 

their emissions play a central role in these roadmaps. 

Canadian homes play a large role in contributing to national greenhouse gas emissions, with most 

of these emissions associated with the heating of space [3]. Canada’s winters are cold, and 

adequate space heating in homes is essential for both the wellbeing and the comfort of occupants. 

Many approaches have been proposed to reduce the emissions associated with space heating in 

homes while still maintaining adequate indoor temperatures, with several of those approaches 

discussed in Section 2.1. One essential solution is the improvement of the thermal insulation of 

homes, which would trap more heat inside, thereby requiring less space heating. This approach 

has the added benefits of reducing the cost of heating and reducing the amount of cooling needed 

to maintain a comfortable indoor environment in the summer months.  

Although windows, doors, roofs and foundation elements all contribute towards a home’s degree 

of thermal insulation, as the biggest component of a typical home’s surface area – and heat transfer 

being proportional to surface area and insulating level – walls play an enormous role in a home’s 

overall thermal barrier [4]. Any improvement in a wall’s thermal resistance value will thus have a 

consequential effect on reducing the emissions associated with the heating of the home. Such 

improvements necessarily require the addition of thermal insulation materials to the wall assembly, 

and these materials most often rely on large volumes to reduce the transmittance of heat; that is, 

the thicker a wall is, generally, the better it is at keeping indoor heat. For example, adding 10 cm 

of expanded polystyrene (EPS) insulation to the walls of a typical home in Ottawa whose half of 

the exterior surface area is made up of walls will reduce that home’s heat losses (and thus emissions 

associated with space heating) by nearly 25%. This simple illustrative example assumes a home 
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with a whole-envelope thermal resistance value of 4.05 m⋅K/W (R-23) and EPS insulation with 

thermal resistivity of 25.0 m2⋅K/W [1]. 

1.1.2 Reduction in Floorspace Loss due to Thick Wall Assemblies 

The aforementioned approach may seem like an appealing way to reduce the costs and emissions 

associated with space heating, especially when considering that EPS insulation only costs about 

CAD$6.73 per square metre for 2.5 cm thick insulation in June 2022 [5]. Unfortunately, the issue 

not represented in this assessment is the fact that adding this insulation necessarily increases the 

thickness of each wall. If the lot that this home is built on is much larger than the space occupied 

by the building, this would not be an issue; the walls of the home could simply be extended further 

out, increasing the home’s overall size. However, with developers increasingly employing tract 

building techniques to increase floorspace as much as possible, whereby each home occupies as 

much area of the lot it sits on as is permitted by local setback by-laws (this is shown illustrated in 

Figure 1-1), increasing the thickness of the walls would come at the expense of interior floorspace.  

 

Figure 1-1: Tract Built Homes in Ottawa’s Barrhaven Neighbourhood (Photo: Google Maps) 
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If, for example, the home in question had two storeys and an 8.6 m2 footprint (and hence  

1600 square feet of floorspace, the average for a home in Ottawa [6]), adding 10 cm of insulation 

to each wall – without increasing the home’s external footprint – would reduce the home’s 

floorspace by 7.0 m2, or 75 square feet. With the cost per square foot of floorspace of single 

detached homes in Ottawa being CAD$282 in August 2019 [6], this would mean that the value of 

the home could be reduced by as much as CAD$21,150. Residential construction developers, who 

presumably aim to maximize their profits from the sale of each home, are thus clearly 

disincentivized from building walls any thicker than absolutely required by building codes. This 

often leads to reduced wall insulation, leaving homes which are less capable of retaining interior 

heat, leading to increased heating requirements and higher emissions. 

1.1.3 Maximizing Floorspace While Reducing Heat Loss 

A way to reduce heat emissions while maximizing floorspace is to design wall assemblies which 

are highly thermally insulated but are also as thin as possible. To accomplish this, materials which 

are highly thermally resistive – that is, their thermal conductivity per unit thickness is very low – 

must be effectively employed, accomplishing an elimination of thermal bridges while occupying 

as much of the wall’s volume as possible. Simultaneously, the other functions of the wall must still 

be considered. 

In Canada, low-rise residential buildings are most often built with softwood lumber in a practice 

known as platform framing. An example of a typical Canadian home under construction, showing 

its lumber framing walls, is shown below in Figure 1-2. These walls, built of many individual 

lumber framing pieces, must accomplish the structural requirements of the building, including the 

support of upper floors and of wall cladding features, while also allowing for sufficient space for 

insulation materials within them. Some approaches to minimizing the volume occupied by these 
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structural members have been proposed, and they are discussed in more detail in Section 2.3. Due 

to their widespread use throughout Canada for residential construction applications, wood-frame 

walls form the focus of the investigation presented in this thesis, and Chapter 4, which focuses on 

the development of innovative wall assembly designs, builds upon common practices in wall 

framing in Canada today. 

 

Figure 1-2: Typical Wood-frame Residential Construction in Ottawa (Photo: Jordan McNally) 

1.2 Research Objectives 

The overarching goal of the research presented in this thesis is to contribute towards the design of 

a practical wall assembly for Canadian residential wood-frame construction. This wall 

incorporates nascent, high performance insulation materials and achieves a high degree of thermal 

performance, thereby reducing the environmental costs associated with the heating and cooling of 

the home. Such an approach maintains a thin profile which does not appreciably reduce interior 

floorspace and is thereby attractive for builders and developers.   
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This overall objective is reached by focusing on a research scope which encompasses the initial 

design stages of the wall assembly. Within this scope, the following research objectives are met: 

• Identify high-performance nascent insulation materials which are suitable for residential 

construction based on a set of criteria developed in consultation with a group of industry 

experts including researchers, builders, and materials experts. 

• Propose novel wall assembly designs which incorporate these nascent insulation materials 

and present these wall assemblies to industry experts for their feedback. 

• Model the hygrothermal performance of the proposed wall assemblies using common finite 

element methods to estimate their effective thermal resistances and moisture control 

capabilities in a variety of Canadian climates. 

• Validate the thermal performance of select wall assemblies using an industry-standard 

experimental procedure. Use the results obtained from the experimental procedure to 

calibrate the thermal models of the wall assemblies proposed. 

• Based on knowledge and experience gained, propose recommendations for future work 

which will continue to advance the design of thin, high performance wall assemblies until 

they are able to be incorporated into the construction of homes across the country. 

1.3 Thesis Layout and Methodology 

This thesis document contains eight chapters which discuss all the work completed. The topic of 

each chapter is as follows: 

• Chapter 1 – Introduction 

An outline of the motivations and objectives of the work conducted, as well as background 

into the relevant fields discussed in this thesis. 
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• Chapter 2 – Literature Review  

A review of important literature and the identification of gaps in research related to the 

building science topics discussed in this thesis. 

• Chapter 3 – Material Selection 

A discussion of the work conducted in identifying nascent high-performance insulation 

materials of interest, how these materials were evaluated for potential integration in 

residential wood-frame construction applications, and the rationale for selecting three 

materials for further research. 

• Chapter 4 – Wall Concept Development 

This chapter outlines how novel wall concepts were developed to incorporate the insulation 

materials selected in the previous chapter. Each of these wall concepts is described in detail 

and the rationale for their design is discussed. 

• Chapter 5 – Hygrothermal Performance Modelling 

Using software tools, the wall concepts developed in the previous chapter are modelled to 

get a better understanding of their thermal and hygric performance. These software tools 

are discussed in detail, and the advantages of hygrothermal modelling of building 

envelopes are discussed. 

• Chapter 6 – Thermal Performance Experimental Validation 

Three of the wall concepts developed are selected for further experimental testing based 

on the guidance of a panel of industry experts. The testing conducted is based on ASTM 

C1363. 
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• Chapter 7 – Results and Analysis 

The results, consequences, and feasibility of the experimental validation experiment are 

presented and compared to the results of the hygrothermal modelling. 

• Chapter 8 – Conclusion and Further Work 

Concluding remarks are made regarding the research presented in this thesis, key findings 

of the research are restated, and recommendations are made for future work to continue 

based on the research conducted. 

The methodology and process followed throughout this research is shown on the following page 

in Figure 1-3. After a literature review was conducted to identify gaps in knowledge in the field, a 

charette was conducted with industry experts, including builders, insulation material 

manufacturers, and members of governmental agencies, to identify key material selection criteria. 

Based on these selection criteria, insulation materials of interest were identified and rated. Top-

performing insulation materials were chosen to be integrated into wall assemblies which were 

designed and presented at a second design charette. The performance of these assemblies was 

evaluated using hygrothermal modelling methods, and top-performing assemblies were assembled 

and undergone thermal testing. The results of these tests were then used to calibrate the 

hygrothermal models. Based on this process, recommendations are made for future work and 

development of thin, highly insulated wall assemblies. 
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Figure 1-3: Research Methodology and Process 
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2. Literature Review 

The following literature review explores a diverse range of academic and professional work related 

to the topics discussed in this thesis. It begins with background on the impact which Canadian 

buildings and their operation have on the ongoing climate crisis, and the role building envelopes 

play in reducing this impact. The building codes which determine how our buildings are built and 

to what performance criteria, are then discussed. The focus is then shifted to wood-frame 

residential buildings in Canada, and what practices and techniques are utilized during their 

construction. Common wall insulation practices are then discussed, as well as state-of-the-art 

innovations to these practices. The tools used to model and test innovations in wall assembly 

design – both numerically and experimentally – are discussed, including the tools used in this 

work. Finally, based on the information gathered in this literature review, gaps in literature are 

identified so that they can be addressed in this thesis. 

2.1 The Need for More Sustainable Buildings 

In recent years, the impact of the buildings sector on global greenhouse gas emissions has received 

significant attention from industry. It was estimated by the United Nation’s Global Alliance for 

Building and Construction that the construction of buildings and their maintenance account for 

roughly 37% of overall human-caused greenhouse gas emissions [7]. In Canada, Environment and 

Climate Change Canada estimates that buildings account for 13% of national emissions, the third 

largest overall contributor of emissions and behind only the oil & gas and transportation sectors 

[8]. The success of Canada’s goal of reaching net-zero emissions by 2050, as outlined in the 2030 

Emissions Reductions Plan [2], is therefore highly dependent on significantly reducing the 

environmental impact of buildings. 
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Greenhouse gas emissions associated with the buildings sector can generally be divided into two 

categories. The first is known as embodied carbon and refers to the greenhouse gas emissions 

associated with the construction or retrofitting of a building. These emissions are largely due to 

the manufacturing of the building materials eventually used in construction [9]. The sources of 

embodied carbon in building materials – and specifically insulation materials – are discussed in 

Section 3.1.4. The second is known as operational carbon, and it accounts for the emissions 

associated with the general operation and maintenance of an existing building over its lifetime 

[10]. In Canada and in the residential context in particular, the largest contributor by far to 

operational carbon emissions is the heating of indoor space [3]. 

Reductions in the emissions associated with space heating can be accomplished in one of two 

broad ways. First, one could focus on improving the method of heating used. This can be 

accomplished by improving the efficiency of the heating system as has been done in recent decades 

with high efficiency gas boilers [11], thereby reducing the amount of fossil fuel needed to 

accomplish an equivalent level of heating. In regions where the electrical system has low emissions 

intensity, improvements in heating method can also be accomplished by choosing an electric 

heating system. This is especially true of high efficiency heat pump systems, which employ a 

thermodynamic heat pump cycle to achieve more heating than electrical energy required [12]. 

Continuous improvements in heat pump technology, and in particular improvements in their cold 

weather efficiency, have made them an attractive option for space heating in Canada [12]. 

The second approach to reducing emissions associated with space heating is by reducing the 

amount of heating needed altogether. This can be accomplished with smart occupancy controls 

which use computational technology to assess when and how much heating is really needed [13], 

or by improving the building envelope by either increasing thermal insulation or by improving 
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airtightness so that more heat remains in the conditioned space for longer [4]. It is these envelope 

improvements, and in particular improvements to wall assemblies, which are the focus of this 

thesis. 

2.2 Building Envelopes and Performance-Based Building Codes 

A building’s envelope refers to all which separates the indoor environment from the outdoor, 

including windows, doors, walls, roof, and foundation. A building’s envelope serves as three 

different types of barriers between the outdoor and the indoor. First, the envelope serves as an air 

barrier; undesired mixing of indoor and outdoor air, a large contributor to thermal energy loss in 

buildings, is reduced by designing airtight envelopes with careful elimination of air infiltration 

pathways [14]. Second, the envelope serves as a water and moisture barrier, preventing exterior 

water sources from infiltrating into the home. Beyond just preventing water ingress, building 

envelopes must also be carefully designed in a manner which reduces the likelihood of the 

envelope itself being damaged by moisture, whether from the outdoors or indoors [15]. Finally, 

the building envelope also serves as a thermal barrier, offering insulative properties, which reduce 

the loss of heat energy from the indoor heated environment to the outdoors during cold weather.  

As the primary thermal barrier, as well as a large source of embodied carbon during construction 

and retrofit [16], the building envelope plays a critical role in achieving reductions in building 

emissions. This fact has not been ignored by regulatory agencies throughout the world and in 

Canada, who in recent years began to codify minimum performance criteria for envelope elements 

within building codes. In Canada, the primary codes document to spearhead improvements in 

envelope performance is the National Energy Code of Canada for Buildings, or the NECB [17]. 

First published in 1997 and most recently updated in 2020, the model building code sets out 

technical requirements for the energy efficient design and construction of new buildings [17]. As 
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a model code, the NECB has no legal status until it is adopted, in full or with revisions, by 

jurisdictions across Canada, most notably by the individual provinces and in some cases, specific 

municipalities. 

Although each subsequent revision of the NECB increases the performance requirements for 

building envelopes, to ensure that new construction remains affordable to build, the code must also 

balance feasibility. Therefore, the performance requirements prescribed within it are well within 

what is attainable with regular construction practices. For example, the thermal performance 

requirement prescribed in the 2020 NECB for above-grade walls in climate zone 6 (4000-4999 

heating degree days), the climate zone Ottawa is in, is 4.05 m2·K/W (R-23) [17]. This is well below 

the effective thermal resistance typically achieved by high performance walls, which can exceed 

7.04 m2·K/W (R-40) [18]. In cases where such high-performance targets are achieved, builders 

typically follow a voluntary building code. 

Several of these voluntary codes apply for residential construction and regularly followed in 

Canada. These include R-2000, Passive House, and NetZero Ready. R-2000 is a voluntary 

technical standard developed by Natural Resources Canada (NRCan) and launched in 2013 [19]. 

It outlines environmental responsibility, air quality, and energy efficiency requirements for new 

residential construction, and requires builders to undergo regular training and certification to be 

kept up to date on the continuously evolving standard. Homes certified to the R-2000 standard can 

expect energy consumption levels lower than 50% of an equivalent code-built home [19]. Passive 

House, also known as Passivhaus, is an energy-based voluntary standard originally developed in 

Germany and maintained in Canada by Passive House Canada, a non-profit organization [20]. 

Considered to be highly rigorous, this standard requires that heating loads for a home must not 

exceed 15 kWh per metre squared of floorspace, in addition to a stringent air infiltration  
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standard [20]. Finally, NetZero is a voluntary code currently being developed by NRCan in 

partnership with industry partners. This code is building upon, and a continuation of the R-2000 

program with even more stringent performance-based requirements; homes certified to the 

NetZero standard can only consume as much energy as can be produced by renewable sources on-

site [21]. 

2.3 Wood-frame Residential Construction 

In Canada, the vast majority of single-family homes are built with wood frame construction [22]. 

These homes are typically built using softwood lumber structural members colloquially known as 

“sticks”. These structural members are typically made of either spruce, pine, or fir wood, hence 

the material’s Canadian Standards Association (CSA) standardization designation – SPF lumber. 

The CSA also regulates a variety of geometric and material properties for the lumber, to ensure 

conformity, uniformity, and structural soundness [23]. SPF lumber comes in a variety of sizes, 

with the most common sizes for residential construction being “two by four”, which refers to 

lumber 38.1 mm thick by 88.9 mm wide, and “two by six”, which refers to lumber 38.1 mm thick 

by 139.7 mm wide.  

Modern Canadian wood frame construction adheres to the platform framing method, whereby each 

floor of a wood frame structure is separately framed (hence, a “platform”) and supported by the 

floors below [22]. Rather than relying on several distinct structural members to support each 

platform, the walls of each platform are the structural component supporting the platform or roof 

above it. Therefore, careful consideration must be given during the framing process to ensure that 

vertical framing members, known as studs, and horizontal framing members, known as plates, are 

located in a manner that supports the structural integrity of the building. Canada’s model building 

code, the National Building Code of Canada (NBC), describes acceptable solutions for the framing 
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of wood frame buildings in Part 9, Section 9.23 [24]. The acceptable solutions are based on best 

practices commonly carried out in the construction industry today. Paragraph 9.23.10. describes 

the way wall studs must be sized, spaced, and oriented. Any deviation from this prescribed 

approach must be inspected and approved by a structural engineer, who is to confirm that the 

deviation meets the load bearing requirements set out in the Code. 

In recent years, a set of framing practices known as advanced framing techniques have emerged 

and grown in popularity as a means of balancing structural building code requirements and 

increasingly stringent thermal resistance requirements. In essence, these practices promote a 

reduction in the proportion of the wall volume occupied by framing members, and thus a lower 

framing ratio. This leaves a higher proportion of the wall volume available to be filled by insulation 

materials, which have a higher thermal resistivity value than the wooden framing members, thus 

increasing the effective thermal resistance value of the wall [25]. These practices also have the 

benefit of reducing the amount of lumber needed to frame a building, thereby reducing the material 

costs. Advanced framing techniques include increasing the spacing of studs as much as possible 

(typically increasing spacing from 406 mm on centre to 610 mm on centre), increasing the width 

of studs to allow for larger stud cavities to be filled with batt insulation, and adjusting the geometry 

of wall corner framing such that continuous insulation can be accomplished [26]. The overall 

outcome of employing advanced framing techniques is a reduction of up to 5% in overall heating 

and cooling loads when compared to an equivalent conventionally framed home [27]. Several of 

the wall concepts presented in this work have been inspired by the practices of advanced framing 

techniques [28]. 
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2.4 Integration of Novel Insulation Materials in Wall Assemblies 

More important to the thermal performance of a wall assembly than the framing technique 

employed are the insulation materials used. In Canada, the practice of filling stud cavities with batt 

insulation such as mineral wool or fiberglass blankets, or blown insulation such as cellulose or 

polyurethane foam (PUR), is now practically universal, and the practice of installing rigid 

sheathing insulation, most commonly expanded polystyrene (EPS) or extruded polystyrene (XPS), 

is becoming common.  

Despite limited real-world use, some research has been conducted into the integration of novel, 

high performance insulation materials into residential wall assemblies. Conley [18] studied the 

thermal performance of residential wall assemblies incorporating vacuum insulated panels (VIPs) 

embedded in XPS and found that they offer improved performance over conventional insulation 

practices, while reducing the risk of panel puncture. Campbell [29] employed long-term in-situ 

hygrothermal monitoring of a research house to observe the long-term performance of wall 

systems employing VIPs, and found no risk of mould growth during the testing period. Cuce et al. 

[30] conducted a comprehensive review of the application of aerogels as building insulation 

materials and found them to be promising, but still hampered by the materials’ very high 

manufacturing costs, which they predicted will continue to decrease. Finally, Brideau [31] 

contemplated the use of phenolic foam insulation in Canadian wall insulation applications but 

found very little literature discussing its use. It is clear, then, that little work has been carried out 

to analyze the performance of highly insulated, thin wall assemblies incorporating insulation 

materials other than VIPs. 



17 

 

2.5 Thermal Modelling of Highly Insulated Wall Assemblies 

A variety of tools and software can be used for the thermal modelling of wall assemblies. 

Modelling can take place in one, two, or three dimensions, and the choice between the three 

approaches typically depends on whether the design of the wall assembly is homogeneous along 

the horizontal plane. Commonly used two-dimensional modelling tools include THERM and 

HEAT2, and commonly used three-dimensional modelling tools include ANSYS, ABAQUS, 

HEAT3, and SIEMENS [32]. When used correctly, these tools enable a modeller to assess the 

thermal properties of envelope assemblies at a fraction of the cost required to conduct in-situ or 

steady state testing. However, to ensure that these tools are correctly used, studies must be 

conducted to validate the modelled results with experimental data, as was done by del Coz Diaz et 

al. [33] for concrete hollow brick assemblies. 

For the purposes of the study presented here, two-dimensional modelling was sufficient to 

represent the wall assemblies proposed, as their geometry and material properties do not vary in 

the vertical axis. For this reason, THERM and HEAT2 were chosen to model the assemblies and 

their operation is described in detail in Section 5.3 and Section 5.4, respectively. The usage of 

these software tools is broadly popular in the study of building envelopes; for example, Stanescu 

et al. [34] used HEAT2 to model the walls of a newly-constructed recreation centre in Montreal 

and demonstrate that nonconformities in the walls’ designs did not contribute meaningfully to heat 

losses from the building, and Sadowska and Bieranowski [35] used THERM to study different 

modernization methods for balcony slabs in multi-family building retrofits. 

2.6 Steady State Testing Methods 

A variety of standard testing methods have been described to test the thermal performance both of 

individual materials, as well as of wall specimen meant to simulate a real wall assembly. The work 
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presented in this thesis relies on two such testing methods; the first, ASTM C177: Standard Test 

Method for Steady-State Heat Flux Measurements and Thermal Transmission Properties by 

Means of the Guarded-Hot-Plate Apparatus, is used in the calibration of the guarded hot box by 

comparison to results obtained using the hot plate method [36]. The application of this test method 

to this work is described in Section 6.2.3. The second test method used, ASTM C1363: Standard 

Test Method for Thermal Performance of Building Materials and Envelope Assemblies by Means 

of a Hot Box Apparatus [37] is used to evaluate the thermal performance of the wall assemblies 

proposed in this work. The application of this test method is described in detail in Section 6.1. 

The ASTM C177 test method is a steady state test which makes use of a central guarded hot plate, 

to which heat addition is metered. On either side of this plate is a specimen sample; it is crucial 

that both samples are identical in all properties for measurement to be accurate. On the other side 

of each test sample is a cooled plate, which can be set to a specific temperature. Around the guarded 

hot plate are auxiliary guard heaters which maintain the surrounding area at the same temperature 

as the guarded plate; this minimizes any flanking heat losses which would otherwise be 

unaccounted for in heat flux and thermal conductivity calculations. Figure 2-1 presents a diagram 

of this apparatus based on ASTM C177 [36]. This method is very commonly used for the heat flux 

and thermal conductivity testing of both homogeneous building materials (both insulation 

materials and structural materials) [38]–[40], as well as the testing of simple assemblies and 

composites [41]–[43]. The guarded hot plate present at Carleton University’s facility is configured 

to test only homogeneous samples. 
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Figure 2-1: A Diagram of the Guarded Hot Plate Apparatus as Described in ASTM C177 

There is precedent for the use of the ASTM C177 test procedure as a means of calibration by 

comparison of other tests. This approach was used by Conley [18] in preparation for the testing of 

advanced wall systems which incorporate VIP panels in a guarded hot box with test method ASTM 

C1363. Similarly, Somerford [43] made use of the ASTM C177 test method to evaluate the thermal 

performance of a novel masonry wall employing an integrated thermal barrier and recommended 

to validate the results they found by using the ASTM C1363 method. Finally, Kodur et al. [44] 

compared test method ASTM C177 to test method C1363 in determining the thermal properties of 

fiber-reinforced polymer composites, finding that the primary practical difference between both 

approaches is in the size of specimen which can be tested, with the hot plate method allowing for 

smaller specimens than the hot box method. ASTM C177 is very similar, but not identical, to ISO 

8302 Thermal insulation — Determination of steady-state thermal resistance and related 

properties — Guarded hot plate apparatus [45]. 
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The guarded hot box test procedure outlined in ASTM C1363 is very commonly used for the 

testing of the thermal properties of novel building envelope assemblies, including fenestration 

items such as windows and doors, as well as opaque wall assemblies. Guarded hot box apparatuses 

range widely in size, from metering areas in the range of a metre squared such as the one used in 

testing for this thesis, to tens of metres squared as the guarded hot box recently commissioned at 

Carleton University’s Centre for Advanced Building Envelope Research (CABER) [46]. Although 

they are typically vertical, some guarded hot box apparatuses can also be rotated to a horizontal 

position to test the thermal performance properties of roof assemblies [47]. Most commonly in 

guarded hot box testing, a building envelope assembly is constructed to represent a larger, 

repeating envelope unit, and installed into the apparatus. The thermal performance results 

produced are then used to validate models or identify any thermal bridges.  

A wide range of literature exists discussing the usage of the guarded hot box apparatus in this 

manner. Moore et al. [48] used a guarded hot box apparatus to study a metal stud wall incorporating 

VIP insulation, determine its effective thermal resistance, and identify the thermal bridges present 

on the edges of the VIP panels. Tarabieh and Aboulmagd [49] used the guarded hot box procedure 

to characterize the performance of three wall assemblies typical in Egypt to identify areas of 

potential improvement and to identify the best wall design. Finally, Conti et al. [50] used the 

guarded hot box apparatus to study the thermal properties of rectangular straw bales, a potential 

biogenic insulation material, to better understand how it can be incorporated into building 

envelopes. 
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2.7 Areas of Limited Research 

Based on the foregoing topics discussed, the following research questions were identified which 

this thesis aims to answer.  

• How can nascent, high performance insulation materials be identified, evaluated and 

selected for consideration for residential building wall insulation applications? The 

properties of many nascent insulation materials are readily available in literature. Some are 

even used in insulation products in other markets. However, no attempt has been recorded 

in literature to evaluate how these properties make these materials suitable for a wood-

frame residential application. 

• How can these insulation materials be effectively incorporated into residential wood-

frame wall assemblies? To date, little has been written in literature about approaches 

which should be taken to incorporate new insulation materials into residential wood-frame 

wall assemblies while minimizing disruption to existing framing practices. Such 

approaches should incorporate knowledge attained through the practice of advanced 

framing techniques to further reduce any thermal bridges through structural members. 

• How can such wall assemblies be designed with the explicit purpose of reducing the 

wall thickness so that interior floorspace is maximized? Some work has been done to 

date with the explicit aim of designing a thin profile, highly insulated wall assembly; such 

work has been carried out by Conley [18]; however, his research focused on the 

incorporation of VIPs alone, and did not consider additional insulation materials. With the 

known disadvantages of VIPs and in particular their fragility to damage which may cause 

them to lose their seal, it is important to identify how other highly insulating materials can 

be used to reduce the profile of wood-frame walls. 
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• How can such wall assemblies be modelled using finite element tools to assess their 

effective thermal resistances and any potential thermal bridges? Modelling software 

which is commonly used for the assessment of the performance of newly proposed wall 

assemblies and whose usage is regularly cited in literature can bolster confidence in the 

performance of the wall assemblies presented in this thesis. 

• How can these models be validated against experimental test conducted using the 

ASTM C1363 standard? The experimental validation of the numerical models developed 

in this thesis will contribute towards the validation and calibration of future models 

incorporating high performance insulation materials in residential wood-frame assemblies, 

a topic which to date has been scarcely discussed in literature.  
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3. Material Selection and Assessment 

The initial step in the wall design process was the selection of material for the thermal barrier 

layer. High thermal performance can only be accomplished in a thin wall profile if highly 

insulating materials are used, and therefore only such materials were considered. A review of 

commercially available insulating materials identified a variety of materials whose thermal 

resistivity exceeds 34.7 m·K/W (5.0 ft2·°F·h/BTU·in), which was decided as the minimum thermal 

performance for materials to be considered. These materials include vacuum-insulated panels 

(VIP), extruded polystyrene (XPS), phenolic foam, silica aerogel, carbon aerogel, gas-filled panels 

(GFP), graphite-infused expanded polystyrene (GPS), polyisocyanurate (PIR), and polyurethane 

(PUR). The integration of VIPs into thin-profile, highly insulated residential wall assemblies has 

been previously researched and discussed [18], and they are therefore not considered for further 

research in this project. Nonetheless, to compare their performance to other insulation materials, 

VIPs are included in the material selection evaluation process. In this chapter, the process taken to 

narrow down this list of candidate materials is discussed. 

3.1 Selection Criteria 

To narrow down the number of prospective insulation materials to be considered for this study, a 

list of five selection criteria was developed to evaluate the materials and compare them to one 

another. These selection criteria, which are meant to assess a material’s compatibility with 

conventional Canadian wood-frame construction, were developed in consultation with a panel of 

subject matter experts during a design charette held on December 15th, 2020. The participants of 

the charette included two members of Carleton University’s CABER, three members of NRCan’s 

CanmetENERGY research centre in Ottawa, a building science engineering consultant based in 

Vancouver, an engineer with an insulation materials manufacturer based in Quebec, and a home 
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builder who specializes in construction in Canada’s Northern climate. The weighing of each of the 

selection criteria presented in this thesis was decided during this charette, based on the input of the 

participants, who were briefed on the goals and objectives of this project. Therefore, the criteria 

and their weighing presented here are specific to the application discussed in this thesis. 

The selection criteria include long-term thermal resistivity, durability, cost, environmental impact, 

and safety. Greater weight was placed on the long-term resistivity criterion as it was determined 

to be the most important during the design charette in accomplishing the goals of the research. The 

performance of insulation materials in each of the criteria was assessed based on a review of data 

from manufacturers, retailers, academic researchers, and the experience of construction experts. 

Each of the selection criteria is discussed in detail in the following sections. 

3.1.1 Long-term Thermal Resistivity 

The thermal resistivity of insulation materials defines the ratio between the material’s resistance 

to conductive heat transfer and the insulation layer’s thickness. This relationship is expressed 

below in Equation ( 3-1 ). The unit for this value is mK/W. 

 𝑟 =
Reff

𝑥
 

( 3-1 ) 

In other words, materials which have a high thermal resistivity achieve a high degree of thermal 

insulation over a thinner profile, as is desired by the objectives of this study. Because thermal 

resistivity values typically vary with temperature, it is important to consider the mean temperature 

for which the value is cited. For the purposes of this study, thermal resistivity values at a 

temperature of 0°C will be considered. 

The advertised thermal performance of building insulation products commercially available in 

North America is determined using test method ASTM C518, which cites no requirements for the 
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minimum age of the test specimen. Because of varying manufacturing processes, many insulation 

products are generally expected to lose some thermal performance over time. Test methods such 

as those described in ISO 11561, ASTM C1303 and CAN/ULC-S770 measure the thermal 

performance of insulation materials after this decrease in performance by subjecting the insulation 

to an accelerated laboratory-controlled ageing process to produce a value known as the “long-term 

thermal resistance”. Many insulation manufacturers cite the long-term thermal resistance of their 

products along with thermal performance determined using test method ASTM C518. Because the 

long-term thermal resistance value better represents the performance of the insulation material 

over time, where possible it will be this value which is used in the material evaluation. 

3.1.2 Perforation Vulnerability and On-site Alteration Capability 

In a construction setting, it is advantageous to be able to easily alter the shape and dimensions of 

insulation materials, both before and after installation. This is both to accommodate the geometric 

constraints of a particular wall section (for example, to allow for the installation of fenestration) 

as well as to allow for deviations from the original design. Also in a construction setting, materials 

are frequently subjected to poor storing conditions and handling. Ideally, the thermal performance 

of the insulation product should not diminish due to either practice. A notable example of an 

insulation product which is incapable of being altered on-site nor withstand significant damage 

without loss of thermal performance is the vacuum insulated panel (VIP). VIPs cannot be cut to 

size to adapt to deviations in construction from original plans, nor can they be subjected to 

significant abuse and misuse. This means that integration of VIPs in building plans must be 

carefully considered before construction, and any labourers which encounter VIPs should be 

trained in their care. Both considerations may add significant costs to the price of construction.  
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Thus, in this evaluation, the ability of the various insulation materials to withstand both accidental 

damage and intentional alteration without degrading in performance is evaluated qualitatively. 

Those materials which can be both altered and damaged without significant impact are rated 

favourably, whereas those which experience a significant decrease in performance are rated 

poorly. Materials which are either difficult to alter on-site or which experience a moderate decrease 

in performance upon alteration or damage, are rated moderately. 

3.1.3 Cost 

An important consideration when choosing any construction material is its cost. However, when 

evaluating the cost of an insulation product, many different factors are considered, including the 

thermal performance and the material’s coverage area. For the purposes of this evaluation, a 

generalized before tax cost was determined for each of the insulation materials, in Canadian 

dollars, and normalized based on the thermal resistance of the insulation and material’s surface 

area coverage. Prices presented in this analysis were determined in December 2020. The price for 

each material is cited in units of Canadian dollars per RSI per m2. Materials with a lower 

normalized cost thus perform better in this criterion than those with a higher normalized cost. It is 

important to note that some of the evaluated materials are not yet commercially available, and 

others are not widely available in Canada. The costs shown in this evaluation are therefore only 

estimates, and their sole purpose is to compare between the different materials. 

3.1.4 Environmental Impact 

In recent years, engineers and architects began to develop an appreciation of not only the technical 

performance of building materials, but also their environmental impact. Indeed, some researchers 

have determined that when considering a building’s lifetime emissions, the large environmental 

impact of manufacturing certain high performance insulation materials significantly negates the 
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reductions in operational emissions the usage of the material enables [51]. To accomplish an 

overall reduction in environmental impact for a building, it is therefore important to consider the 

emissions produced when manufacturing the insulation materials.  

To take the environmental impact of the various insulation materials into consideration, The 

environmental product declarations (EPDs) of representative products were considered. These 

documents, which are typically authored by third party reviewers and voluntarily published by the 

manufacturer, aim to estimate the environmental impact of a product throughout its life, from 

manufacturing to disposal. ISO 14025 is one international standard for the authoring and 

publishing of EPDs. Although environmental impact is dependent on a great number of variables, 

global warming potential (GWP) is a commonly used metric evaluated in many EPDs to estimate 

how much the product contributes towards climate change. GWP is a measure of greenhouse gas 

emissions produced in terms of kilograms of CO2 gas equivalent. 

For the purpose of this evaluation, the environmental impact of the various insulation materials 

will be estimated using the GWP values associated with the raw material supply, transport, and 

manufacturing of each product. These values correspond to modules A1, A2 and A3 in the ISO 

14025 standard EPD. Only these values are used and values associated with product installation, 

use and disposal are omitted so that variations in installation and disposal practices across different 

markets are ignored. To normalize these values across different types of materials, the value is 

divided by the RSI and the surface area of the product, to produce a value measured in kilograms 

of CO2-equivalent per RSI per meter squared. Materials which demonstrate a lower environmental 

impact will perform better on this criterion than those which demonstrate a higher environmental 

impact. 
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3.1.5 Material Handling, Machining and Fire Safety 

The final criterion aims to evaluate the overall safety of the insulation material; both for those 

installing it as well as the future occupants of the building. Safety concerns for each material were 

evaluated by reviewing the material safety data sheets (MSDS) for representative products. These 

documents indicate to the installer whether they need to take any safety precautions due to known 

health and safety issues with the product. In particular, the MSDSs were reviewed for three aspects 

of product safety: (1) handling safety during installation; (2) any evidence of VOC off-gassing; 

and (3) performance in fire testing.  

Based on these three aspects, each of the materials was given a value of one through five on this 

criterion, based on the following rubric: 

1) Evidence of volatile organic compound (VOC) off-gassing and/or failure to meet fire safety 

standards. 

2) Serious handling concerns which require specific training and personal protective 

equipment during installation. No evidence of VOC off-gassing, and adequate fire 

performance. 

3) Some handling concerns, no evidence of VOC off-gassing, and adequate fire performance. 

4) Minimal handling concerns, no evidence of VOC off-gassing, and adequate fire 

performance. 

5) No handling concerns, no evidence of VOC off-gassing, and excellent fire performance. 

3.2 Materials Evaluated 

The following insulation materials were identified as potential candidates for further study: 
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3.2.1 Phenolic Foam 

Phenolic foams are synthesized from phenolic resin, which is the product of the condensation 

reaction between phenol and formaldehyde and is better known for its commercial name, Bakelite; 

the first synthetic plastic to be created. Phenolic foam can be formulated from Bakelite in a variety 

of ways to accomplish a diverse range of physical, mechanical, and thermal properties, which are 

predominately influenced by the foam’s cell geometry. In phenolic-foam based insulation 

products, a closed cell geometry is desired, which is typically accomplished by volatizing a low-

boiling point blowing agent in the foam mixture [52]. To maintain a low thermal conductivity, it 

is desired that this blowing agent remains trapped in the foam cell structure. In the past 

chlorofluorinated blowing agents were typically used, but those have been largely replaced by 

pentane [53]. 

In North America, phenolic foam became a popular roof insulation solution in the 1980s when it 

was first marketed by Koppers Co. However, issues emerged with the insulation product several 

years later, when it was discovered that a corrosive reaction would initiate between the phenolic 

foam and metal roof decks in the presence of moisture. This led to the discontinuation of the roof 

insulation product, and a large class action lawsuit settlement against the manufacturer in 2000 

[54]. 

While the reputation of phenolic foam as a building insulation product suffered in North America 

following the lawsuit, the material gained popularity in Europe, where new formulations overcame 

the corrosion issues first encountered. Today, the material continues to be popular there for a 

variety of building insulation solutions, with the most common product being Kingspan 

Insulation’s Kooltherm line of products. Modern phenolic foam insulation boards accomplish RSI 

per metre values of up to 58.9 m·K/W, are fire resistant, moisture resistant, and do not produce 
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irritative fibers during installation [55]. However, concerns exist about the long-term thermal 

performance of the boards, as their thermal performance relies in part on the pentane blowing agent 

which may permeate from the closed cells over time [53]. 

3.2.2 Silica Aerogel 

Aerogels are materials produced by extracting the liquid constituent of a gel through freeze-drying 

or supercritical drying [30]. This process allows the gel’s liquid content to be replaced with a gas 

without the collapse of the gel structure, leaving a unique cross-linked molecular structure whose 

volume is primarily made of many small air-filled pores, ranging in size from 10 to 100 nm [56]. 

This structure leads to aerogels’ physical properties, including their extraordinarily light weight 

and exceptionally low thermal conductivity. It is this low thermal conductivity which makes 

aerogels a compelling material for building insulation applications [30].  

Silica aerogel is the most common and best studied type of aerogel, and the most commonly used 

type in building insulation applications [30]. Like other aerogels, silica aerogel is highly brittle, 

limiting its usability as an insulation material in its pure form. However, silica aerogel can be 

impregnated into fibrous reinforcement to form a flexible and highly thermally insulative blanket. 

One commercially available building insulation product which incorporates a silica aerogel blanket 

product is Aspen Aerogels’ Spaceloft, which is marketed primarily for scenarios where a high 

degree of thermal insulation is desired without a significant impact on wall thickness, such as in 

the retrofit of architecturally significant buildings [57]. Despite silica aerogel’s exceptional 

thermal performance, its introduction into the building insulation market has been limited due to 

its significant cost. 
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3.2.3 Carbon Aerogel 

Carbon aerogel, also known as organic aerogel, was first synthesized in 1989 via high-temperature 

pyrolysis of polymerized resorcinol and formaldehyde [58]. A variety of processes have since 

developed for the synthesis of carbon aerogels. Like silica aerogel, carbon aerogel is highly brittle, 

light, and has extraordinarily low thermal conductivity, having a molecular structure full of 

nanopores of air [59]. Since it was first synthesized, carbon aerogel has attracted significant 

attention for potential insulation applications, and in particular high temperature insulation, due to 

the material’s extraordinarily high temperature resistance; carbon aerogel retains its low thermal 

conductivity up to 2800°C [60]. To date, the commercialization of carbon aerogel remains limited 

[61], and little consideration has been given to it as a potential building insulation material, likely 

due to its large manufacturing cost and low mechanical strength [62]. Nonetheless, as with many 

carbon-based “super materials”, enthusiasm remains for the applications of carbon aerogel. 

3.2.4 Gas Filled Panels (GFP) 

GFPs are insulating panels filled with either air or a low-conductivity gas such as argon or krypton, 

and composed of layers of aluminum foil honeycombs and enveloped in a sealed barrier. GFPs 

can either ship inflated, or be inflated on-site [63]. By shipping the GFP uninflated, the packaged 

size of insulated panels is significantly smaller than the volume being insulated, thereby reducing 

shipping costs. This makes GFPs an attractive option for applications where the transport of 

building materials makes up a significant proportion of the overall cost of construction, such as in 

military applications or in remote regions [64]. Predictably, GFPs cannot be cut to shape or 

significantly altered, making them more appropriate in prefabricated construction. Nonetheless, 

GFPs do not seem to be readily commercially available in Canada. 
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3.2.5 Graphite Polystyrene (GPS) 

Expanded polystyrene (EPS), a closed cell, air-blown material commonly referred to in North 

America by the genericized trademark Styrofoam, has been a ubiquitous building insulation 

material throughout the world since the 1950s [65]. Although it is still commonly used in a variety 

of applications, the thermal performance of EPS has been surpassed by a variety of foam insulation 

products, including chemically similar extruded polystyrene (XPS). As a means of improving the 

thermal performance of EPS, graphite dust is added during the expansion of the polystyrene beads 

in the manufacturing process, producing graphite-infused expanded polystyrene, or GPS. 

Although it is otherwise identical to EPS, the addition of graphite to GPS reduces the thermal 

conductivity across the material by reflecting radiant heat energy [66] and gives GPS its distinct 

grey colour. The resulting material demonstrates mechanical properties nearly identical to those 

of EPS, but thermal performance comparable to that of XPS [67].  

In Canada, GPS is used in a variety of commercially available building insulation products, 

including Plasti-Fab DuroSpan, Amvic Building System SilveRboard Graphite, Halo Exterra, and 

BASF Neopor. 

3.2.6 Polyisocyanurate (Polyiso) 

Polyisocyanurate, commonly known in North American construction parlance as polyiso, is a 

thermoset plastic produced from the reaction between methylene diphenyl diisocyanate and polyol 

and expanded with a blowing agent. Polyiso is commonly used as an insulation material in rigid 

insulation panels. It is chemically identical to polyurethane (PUR), but manufactured in different 

reaction conditions. Although polyiso is more common in warmer climates, the material’s unique 

characteristic of decreased thermal resistance with decreasing temperature (meaning its 

performance degrades with colder temperatures) [68], as well as issues associated with material 
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shrinkage [69], have limited its use as a construction insulation material in Canada. Nonetheless, 

it is commercially available under a variety of brand names, including IKO EnerFoil and Soprema 

SOPRA-ISO. 

3.2.7 Polyurethane (PUR) 

Polyurethane foam, like polyiso, is synthesized from the reaction between methylene diphenyl 

diisocyanate and polyol, and mixed with a blowing agent. Unlike polyiso, however, the reactants 

which form PUR foam are kept separate until they are sprayed on the surface which is to be 

insulated, reacting on contact. In commercial insulation applications, the two reactants are 

typically stored in separate containers labelled A and B, with container A typically comprised of 

methylene diphenyl diisocyanate [70], and container B comprised of polyol, blowing agents, flame 

retardants, a surfactant, and reaction catalysts [71]. In smaller spray can applications, such as the 

consumer product Great Stuff Insulating Foam Sealant, the two reactants are kept pressurized in 

separate sections of the same container until they are released [72]. PUR foam insulation is very 

commonly used in building construction in Canada, both as the primary thermal insulation layer 

in opaque assemblies, as well as a sealant foam to fill gaps and cracks surrounding other wall 

components and fenestration. The insulation material’s popularity is thanks to its ability to expand 

to fill the space it is being sprayed into and provide effective coverage easily. 

3.3 Material Performance against Selection Criteria 

The following sections summarize the relevant results for each insulation material in each of the 

evaluation criteria.  

3.3.1 Long-term Thermal Resistivity 

Table 3-1 below is a summary of thermal resistivities for the evaluated insulation materials. 

Wherever possible, an aged thermal conductivity value is quoted, representing the thermal 
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performance of the material years into its use. Most of the values cited here were tested to ISO 

11561:1999 Ageing of thermal insulation materials — Determination of the long-term change in 

thermal resistance of closed-cell plastics (accelerated laboratory test methods). 

  



35 

 

Table 3-1: Material Long-term Thermal Resistance Performance Summary 

Material R-value / inch 

[ft2·°F·h/BTU·in] 

RSI / m 

[m·K/W] 

Notes Ref. 

VIP 20.6 – 36.0 

Compromised: 

7.2 

142.8 – 249.6 

Compromised: 

49.9 

 [73] 

XPS 4.5 – 5.0 31.2 – 34.7  [74] 

Phenolic 

Foam 

6.6 – 8.5  45.8 – 58.9 Kingspan Kooltherm R-

values are supposedly aged 

R-values, representing the 

long-term thermal 

performance of phenolic 

foam, and thermal 

performance is guaranteed 

for the life of the building. 

[75]–[77] 

Silica 

Aerogel 

9.6  

 

66.6 Thermal conductivity of 

silica aerogel blanket. 

Research has shown a 

negligible effect on the 

thermal conductivity of 

silica aerogel blankets due 

to accelerated aging. 

[78]–[80] 

Carbon 

Aerogel 

6.3 43.7 Very limited research. [81] 

Gas-filled 

Panel 

5.0 – 11.0 34.7 – 76.3  [63], [64] 

GPS 5.0 34.7  [82], [83] 

PIR 5.6 – 7.2 38.8 – 49.9 The thermal performance of 

PIR insulation is reduced in 

temperatures below 5°C. 

[68] 

PUR 5.2 36.1 Sprayed PUR insulation. [84] 

3.3.2 Perforation Vulnerability and On-site Alteration Capability 

Table 3-2 presents a summary of results in the Perforation Vulnerability and On-site Alteration 

Capability criterion, a single criterion which represents the fragility of an insulation material in 

handling. Materials whose thermal performance is completely compromised due to perforation, 

and which cannot be cut to size on site were given a high impact score. Materials whose thermal 

performance is somewhat diminished when perforated or cut were given a moderate impact score. 
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Finally, materials which are designed to be cut to shape and whose thermal performance is 

unaffected by perforation were given a low impact score. 

Table 3-2: Material Perforation Vulnerability Performance Summary 

Material Impact of 

Perforation and 

Alteration 

Notes 

VIP High The perforation of a VIP panel compromises its 

thermal performance. 

XPS Low XPS insulation can be cut to shape without reduction 

in thermal performance. 

Phenolic Foam Moderate No research found which discusses the impact of 

board damage on the thermal performance of phenolic 

foam insulation.  However, as a closed cell insulation 

which contains a blowing agent (often pentane), it is 

reasonable to assume that compromising a phenolic 

foam board’s gas-tight foil would diminish its 

performance somewhat. 

Silica Aerogel Low 

 

Silica aerogel blankets employ air trapped in a nano-

porous matrix to achieve their thermal performance. 

Damaging the blanket is therefore not expected to 

compromise the performance of the insulation. 

Carbon 

Aerogel 

Low 

 

Carbon aerogel insulation employs air trapped in a 

nano-porous matrix to achieve its thermal 

performance. Damaging the blanket is therefore not 

expected to compromise the performance of the 

insulation. 

Gas-filled 

Panel 

High As with VIPs, a perforation in the foil of a gas-filled 

panel would cause irreversible damage to the panel’s 

thermal performance. 

GPS Low GPS insulation can be cut to shape without reduction 

in thermal performance. 

PIR Moderate As a closed cell insulation which contains a blowing 

agent, it is reasonable to assume that compromising a 

PIR panel’s gas-tight foil would diminish its 

performance somewhat. 

PUR Low PUR insulation is blown, poured, or spray-applied, 

and perforations in the insulation are not expected to 

cause an impact on thermal performance. 
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3.3.3 Cost 

Wherever possible, Canadian estimated costs were cited in Table 3-3 below. Bulk pricing is not 

considered. Prices for carbon aerogel insulation were not determined as the material is not yet 

commercially available, and prices for gas-filled panels were not determined as they could not be 

reliably established. 

Table 3-3: Material Cost Performance Summary 

Material Cost per R per ft2 

[CAD$] 

Cost per RSI per m2 

[CAD$] 

Reference 

VIP 0.36 – 1.26 22.0 – 77.0 [31] 

XPS 0.15 9.17 [85] 

Phenolic Foam 0.50 30.56 [31] 

Silica Aerogel 1.58 – 1.85 96.57 – 113.07 [31] 

Carbon Aerogel N/A N/A Not commercially available. 

Gas-filled Panel N/A N/A Could not be determined. 

GPS 0.11 6.72 [86] 

PIR 0.20 12.22 [87] 

PUR 0.18 11.00 [88] 

3.3.4 Environmental Impact 

Table 3-4 below presents a summary of results for the global warming potential for each insulation 

material, in units of kilograms of CO2 gas equivalent per RSI per metre squared of coverage. 

Representative product EPDs were used to assess the environmental impact of each insulation 

material type. 
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Table 3-4: Material Environmental Impact Performance Summary 

Material Global Warming Potential 

[kg CO2 eq / RSI / m2] 

Notes 

VIP 6.7 – 12.2 Lower threshold is based on 43.89 kg CO2 eq 

per m2 for 25 mm thickness panel with a rated 

thermal conductivity of 0.004 W/mK, 

equivalent to R-35 [89]. Higher threshold 

utilizes the specified calculation value for 

thermal conductivity, 0.007 W/mK. 

XPS 23.8 21.9 kg CO2 eq per m2 for an HFC-blown panel 

with a thickness that provides for an R-5.68 

[90]. HFO-blown XPS panels with a 

significantly lower GWP than existing XPS 

products are entering the market in the coming 

years; however, an EPD for such a product 

could not be found at the time of writing. 

Phenolic Foam 1.8 7.71 kg CO2 eq per m2 for 100 mm thickness, 

equivalent to R-28.4 [91]. 

Silica Aerogel 18.3 12.3 kg CO2 eq per m2 for 10 mm thick 

blanket, equivalent to R-3.79 [92]. 

Carbon 

Aerogel 

N/A No representative products exist. It is 

important to note however that because a 

biogenic feed-in material is used in the 

production of carbon aerogel, it is likely to 

have a lesser environmental impact than silica 

aerogel. 

Gas-filled 

Panel 

N/A No EPDs for existing products found. 

GPS 1.8 1.73 kg CO2 eq per m2 for a panel with a 

thickness that provides for an R-5.68 [93]. 

PIR 2.4 2.67 kg CO2 eq per m2 for a panel with a 

thickness that provides for an R-5.68 [94]. 

PUR 2.4 2.67 kg CO2 eq per m2 for a panel with a 

thickness that provides for an R-5.68 [94]. 

3.3.5 Material Handling, Machining, and Fire Safety 

Representative product Safety Data Sheets (SDS) and product specification sheets were used to 

assess the handling and machining safety of the selected materials. In particular, three aspects of 

product safety were assessed: (1) handling safety during installation; (2) any evidence of VOC off-
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gassing; and (3) performance in fire testing. Table 3-5 below presents a summary of these results 

for the insulation materials assessed. 

Table 3-5: Material Handling, Machining and Fire Safety Performance Summary 

Material Handling 

& Safety 

Score 

Notes 

VIP 5 • No special handling instructions specified.  

• No evidence of off-gassing of VOCs in commercially 

available products. 

• VIPs have been found to perform well in fire testing, 

increasing time-to-failure when compared to EPS [95]. 

XPS 3 • Product MSDS recommend limiting exposure to XPS boards 

and their dust to eight hours daily [96]. 

• XPS insulation contains no VOCs as defined by the U.S. 

Environmental Protection Agency. Nonetheless, DBDPE, a 

flame retardant not harmful to human health but which is 

harmful to organisms in the environment [97] has been 

recorded in XPS insulation boards [98]. 

• Flame retarded XPS insulation is classified as Euroclass E, 

indicating that it highly contributes to fire. 

Phenolic Foam 5 • MSDS indicates that dust is non-hazardous, the panels are 

skin non-sensitising, and there are no exposure limits 

prescribed [55]. 

• No evidence of off-gassing of VOCs in commercially 

available products. 

• Phenolic foam is classified as Euroclass C, S2, D0, indicating 

that it has limited contribution to fire, contributes some to 

smoke development, and does not cause production of 

flaming droplets [55]. 

Silica Aerogel 5 MSDS indicates that dust may cause eye irritation; however, no 

special precautions are required in handling [99]. 

• No evidence of off-gassing of VOCs in commercially 

available products. 

• Aspen Aerogels Spaceloft is classified as Euroclass C, S1, 

D0, indicating that it has limited contribution to fire, does not 

emit smoke, and does not cause production of flaming 

droplets [100]. 

Carbon Aerogel N/A The material is not yet commercially available, and its handling 

safety has not yet been assessed. 

Gas-filled Panel N/A Insufficient safety data found. 
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GPS 3 • The MSDS for BASF Neopor prescribes specific handling 

instructions to avoid exposure to vapors. Ventilation and/or 

respiratory equipment is required. Three materials in the GPS 

composition have occupational exposure limits: graphite, 

isopentane, and pentane [101]. 

• VOC off-gassing emissions testing proved to be below limits 

for any countries with VOC limits [93]. 

• BASF Neopor is classified as Euroclass E, indicating that it 

highly contributes to fire. 

PIR 5 • MSDS indicates that dust is non-hazardous, the panels are 

skin non-sensitising, and there are no exposure limits 

prescribed [102]. 

• No evidence of off-gassing of VOCs in commercially 

available products. 

• Kingspan PIR Isolation is classified as Euroclass C, S1, D0, 

indicating that it has limited contribution to fire, does not emit 

smoke, and does not cause production of flaming droplets. 

PUR 2 • The MSDS for PUR spray foam insulation requires special 

PPE when handling the product. It also indicates that the 

insulation is carcinogenic, demonstrates specific target organ 

toxicity from both single and repeated exposure, and is 

acutely toxic [70], [71]. 

• No evidence of off-gassing of VOCs when PUR spray foam 

is correctly applied. 

• Flame retarded PUR insulation is classified as Euroclass E, 

indicating that it highly contributes to fire. The curing process 

for PUR insulation is exothermic, and if applied too thick can 

spontaneously combust [70], [71]. 

3.4 Evaluation Results 

To assess the overall ranking of each insulation material compared to the others assessed, an 

evaluation matrix was developed. The performance of each insulating material in each criterion of 

the five outlined above, other than thermal resistivity and safety, was scored out of 1, with the 

best-performing material in a particular category receiving a score of 1, the worst a score of 0, and 

all others being scored proportional to their performance on the criteria. To evaluate safety, scores 

out of 1 were determined proportional to the safety score the material received. To evaluate thermal 

resistance, a score of 1 was set to represent the thermal resistivity of air at 5°C and 1 atm. Materials 
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were given a score proportional to their performance relative to air (for example, the average 

thermal resistance of a VIP panel is about 4.73 times higher than that of air).  

The sum of the scores in each evaluation criterion is the overall score the material received in the 

evaluation. Table 3-6 below presents a summary of the results for each of the insulation materials. 

Note that because carbon aerogel and GFPs each had insufficient data to complete their evaluation 

(in particular, their cost, environmental impact and safety could not be established), their overall 

total score cannot be compared to the scores of the other materials, and they are omitted from 

further consideration. 

Table 3-6: Material Evaluation Results 

Material Thermal 

Resistivity 

Cost Handling Enviro. 

Impact 

Safety TOTAL 

VIP 4.73 0.08 0.00 0.13 1.00 5.94 

XPS 0.84 0.72 1.00 0.00 0.60 3.16 

Phenolic Foam 1.30 0.17 0.50 1.00 1.00 3.97 

Silica Aerogel 1.73 0.00 1.00 0.03 1.00 3.76 

Carbon Aerogel 1.13 N/A 1.00 N/A N/A 2.13 

Gas-filled Panel 1.73 N/A 0.00 N/A N/A 1.73 

GPS 0.90 1.00 1.00 1.00 0.60 4.50 

PIR 1.15 0.52 0.50 0.73 1.00 3.90 

PUR 0.93 0.58 1.00 0.73 0.40 3.64 

Based on these evaluation criteria results, phenolic foam, GPS and silica aerogel insulation 

materials are chosen for further consideration in the subsequent steps of this research. Despite 

performing better in the evaluation than silica aerogel, PIR insulation was not chosen for further 

consideration due to its tendency to decrease in thermal performance with decreased temperature, 

rendering inappropriate for Canadian climate where winter outdoor temperatures routinely drop 

below 0°C. 
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4. Wall Concept Development 

With the insulation materials to be used identified, the next step of the research was the 

development of innovative wall concepts which incorporate the three identified materials. In this 

chapter, the design considerations used in the design of the concepts are discussed, as well as the 

five unique concepts which were developed. 

4.1 Design Considerations 

Four design considerations are used in developing the five wall concepts presented below. These 

considerations were created to ensure that the concepts developed achieve the objectives of the 

research. In no specific order, these are the considerations: 

• Achieve an effective RSI of at least 5.28 m2·K/W (30 ft2·°F·h/BTU): although voluntary 

building codes such as Passive House and NetZero require higher values for the effective 

thermal resistance of above grade wall assemblies, to date most provincial building codes 

and the 2015 NECB require at most a minimum effective RSI value of 4.76 m2·K/W  

(27 ft2·°F·h/BTU) for nearly all residential construction outside of climate zone 8 (heating 

degree days exceeding 7000) [103]. Setting the desired effective RSI value at 5.28 ensures 

that the wall concepts developed here exceed the current code-required performance nearly 

everywhere in Canada. In addition, for most of the wall concepts presented here, the overall 

effective thermal resistance of the assembly can be easily increased by simply increasing 

the thickness of the thermal insulation layer by the requisite amount; this would go against 

the goals of this project, however the wall thickness accomplished would still be lesser than 

typical assemblies. 
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• Reduce wall thickness as much as possible: the impetus for this research is the reduction 

of the wall thickness to increase the livable space within a new building as much as 

possible, to make increased performance wall assemblies more attractive for building 

developers, who look to increase value for occupants.  

• Concepts are to be appropriate for new residential construction: as much as possible, the 

proposed wall concepts should comply with Division B, Section 9.23. of the 2015 NBC. 

This section outlines acceptable solutions for wood-frame construction in Canada, and any 

wall concepts which cannot follow the solutions listed in this section are considered an 

“alternative solution”. When an alternative solution is proposed, it must be demonstrated 

that the solution addresses the same issues as the applicable acceptable solution, and that 

it meets the same attributed objectives and functional statements. Clause 1.2.1.1.(1)(b) of 

the 2015 NBC outlines how an alternative solution can demonstrate compliance with the 

Code. Alternative solutions therefore would incur higher engineering costs and should be 

avoided. 

• Comply with existing wood frame construction techniques as much as possible: to reduce 

the costs associated with construction, the proposed wall concepts should not deviate 

significantly in required construction steps from typical Canadian wood frame 

construction. Any significant deviation will require additional training of contractors and 

labourers and increase the possibility that the wall will not be correctly assembled, 

potentially risking reduced hygrothermal performance. 

As a means of ensuring these design considerations are met, the design approach undertaken in 

developing the wall concepts started with considering a base case wood frame wall assembly, 

shown in Figure 4-1. This wall concept consists of a 13 mm (0.5 inches) gypsum board layer on 



44 

 

the interior, followed by 38 mm by 89 mm (2 by 4 inches nominal) wooden structural members 

spaced 406 mm (16 inches) on centre (OC) apart. 2 by 4 structural members were selected for 

consideration as they provide more flexibility to develop thin walls. The cavities formed by these 

structural members, which are 368 mm (14.5 inches) wide, are occupied by mineral wool 

insulation. Attached to the outboard side of the structural members is a 13 mm (0.5 inches) 

structural sheathing layer formed of oriented strand boards (OSB). Outboard of the structural 

sheathing is a rainscreen cavity and cladding. Effort is made to ensure each proposed wall concept 

deviates as little as possible from this conventional wall design, to reduce the chance of the design 

being considered an alternative solution or requiring additional training for construction personnel. 

 

Figure 4-1: Simple Base Case Wood Frame Wall Assembly 

4.2 Concepts Developed 

The following sections describe the designs of the proposed wall concepts. 

4.2.1 Rigid Exterior Insulation 

The first wall concept employs an existing industry practice of installing continuous rigid 

insulation on the exterior face of the wall, on the outboard surface of the plywood or OSB sheathing 
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layer. This is also known as insulation sheathing. At times, the layer of rigid exterior insulation 

has been used to replace the wood sheathing layer altogether with the interior gypsum board layer 

providing structural bracing to meet lateral load requirements. However, this practice is 

uncommon in Canadian wood frame construction [104] and for the purposes of this research, the 

layer of rigid insulation is modelled as an additional layer between the wood sheathing and the 

rain screen. Figure 4-2 shows an illustration of a continuous section of this wall concept. The 

required thickness of the insulation layer depends on the thermal resistivity of the insulation 

material, the effective thermal resistance of the other wall components, and the assumed film 

coefficients on the interior and exterior faces of the wall. Using the Isothermal Planes Method, the 

required thickness of the insulation layer is determined for phenolic foam, silica aerogel, and GPS 

as the insulation material in Section 5.2. 

 

Figure 4-2: Rigid Exterior Insulation Concept Diagram 

4.2.2 Thermal Break Insulation 

A significant design constraint in improving the thermal performance of wood frame walls is 

thermal bridging across the studs which constitute the structural frame of the wall. As a means of 

reducing the thermal bridging across the studs while minimizing additional material costs and 

added wall thickness, this wall concept adds a single thin layer of insulation on the exterior face 

of the studs as a thermal break. The thickness of this insulation strip is set to 10 mm (0.4 inches), 
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a popular material thickness for high-performance silica aerogel insulation. A continuous rigid 

insulation layer outboard of the structural sheathing would still be required, the thickness of which 

is determined based on the desired insulation material in Section 5.2. The thermal break insulation 

concept is shown in Figure 4 below. 

 

Figure 4-3: Thermal Break Insulation Concept Diagram 

The approach proposed here to mitigate the thermal bridging across structural members is not 

novel. Advanced Insulations Inc. manufactures a product by the name of Proloft, which is a  

10 mm thick strip of silica aerogel insulation with an adhesive on one side. This product is 

advertised for use with metal studs. 

4.2.3 Rigid Insulation with Stud Grooves 

Under current wall insulation practices, stud cavities are typically insulated with rock or glass fibre 

batt insulation blankets, which achieve a typical RSI of about 24.3 per meter (R-value of 3.5 per 

inch). Replacing this insulation with a higher performance rigid insulation would increase the 

overall thermal performance of the wall. An approach to extend the rigid insulation layer into the 

stud cavity is by making use of rigid insulation designed with appropriately spaced grooves for 

studs. One such approach is presented in Figure 4-4 below, where the layer of rigid insulation 

protrudes into the stud cavity by 25 mm (1 inch), leaving a 64 mm (2.5-inch) cavity to be filled by 

batt insulation. The remainder of the rigid insulation thickness is determined based on the 
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insulation material of choice to accomplish the desired effective R-value for the wall assembly. In 

this approach, some batt insulation remains to allow for wire passage and the installation of 

electrical junction boxes. This is thermally preferable to leaving a large air cavity between the rigid 

insulation layer and the gypsum board. 

 

Figure 4-4: Rigid Insulation with Stud Grooves Concept Diagram 

A similar design of rigid insulation is offered by Styro Rail, under the brand name SR.2X4. Offered 

in both EPS and GPS options, this design of rigid insulation is intended to be used to insulate 

foundation walls, with structural studs embedded into the rigid insulation layer. 

4.2.4 Offset-framed Wall with L-shaped Rigid Insulation 

In a departure from existing framing practices, this concept proposes to frame 48 x 98 mm  

(2 x 4-inch nominal) studs on 148 mm (6-inch nominal) plates, with stud members alternating 

between being flush with the interior and exterior faces of the plate in a practice known as offset 

framing. Stud spacing will be 406 mm (16-inch) OC. The remaining space between the studs will 

be occupied entirely by repeating L-shaped rigid foam insulation blocks, as shown in Figure 4-5 

below. The repeating stud-insulation block pattern would create a continuous, air-tight thermal 

insulation layer. Unlike the previous concepts, this design’s thermal performance is constrained 

by the thermal performance of the insulation material used, as the thickness of insulation cannot 

be increased. 
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Figure 4-5: Offset-framed Wall with L-shaped Rigid Insulation Concept Diagram 

This proposed concept relies on good compliance between the rigid insulation blocks and the studs, 

meaning that engineered wood studs may be required for this design. Alternatively, the faces of 

the rigid insulation which interface with stud faces could be trimmed, and replaced with a thin 

layer of soft, compliant insulation blanket, which would better fit potential dimensional 

imperfections in sawn lumber. Alternatively, gaps between structural members and rigid insulation 

could be filled with spray foam insulation. A second issue identified with this concept is the fact 

that the top and bottom 148 mm (6-inch) plates are not thermally broken, necessitating additional 

thought into how this thermal bridging can be addressed. 

4.2.5 Continuous Aerogel Layer Insulation 

The final wall concept considered incorporates two wall studs attached parallel to one another, on 

either face of an 89 mm (4-inch nominal) plate, with a 13 mm (0.5 inch) gap left between the studs. 

This 13 mm gap is filled with a continuous layer of silica aerogel blanket insulation, serving as a 

continuous thermal barrier. The stud cavities on either side of the aerogel layer are filled with batt 

insulation. Two variations of this design are proposed: one with a 406 mm (16-inch) OC stud 

spacing shown illustrated in Figure 4-6, and one with a 610 mm (24-inch) OC stud spacing shown 

illustrated in Figure 4-7. A 610 mm (24-inch) option can be considered for this wall concept as the 

number of structural members is effectively doubled. Increasing the stud spacing is predicted to 
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increase the thermal performance of the wall, as a higher volume of the wall will be occupied by 

insulation. For either option, an additional rigid external insulation layer is required to achieve the 

desired effective RSI of 5.28 m2·K/W. 

 

Figure 4-6: Continuous Aerogel Layer Insulation, 406 mm (16-inch) OC 

 

Figure 4-7: Continuous Aerogel Layer Insulation, 610 mm (24-inch) OC 

With these proposed wall concepts refined, each is to be modelled using a range of thermal and 

hygrothermal methods to assess their performance and suitability for a range of Canadian climatic 

typologies. 
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5. Hygrothermal Performance Modelling 

In this chapter, the models developed to assess both the thermal performance and the hygric 

performance of the wall concepts are discussed. Three different approaches were used for the 

determination of thermal performance; the isothermal planes method was used to determine the 

thermal resistance in one dimension across the wall concepts, whereas THERM and HEAT2 were 

used to determine the thermal resistance, heat fluxes and temperature gradients across the wall 

concepts in two dimensions. WUFI Pro was used to assess the hygric performance of the wall 

assemblies in one dimension. 

5.1 Summary of Assumptions 

In developing both thermal and hygric models, assumptions must be made about the hygrothermal 

properties of all materials included, as well as the boundary conditions of any surfaces in the 

models. Table 5-1 below presents the assumed thermal resistances used in the models. For the 

novel insulation materials being investigated in this research, the thermal resistance was taken as 

the average value of the ranges shown in Table 3-1. For the other materials which constitute the 

wall assembly, including the gypsum board, the OSB, the soft wood lumber which makes up the 

studs, and the mineral wool batt insulation, the thermal resistances used were obtained from 

NRCan [105]. To simplify the models, it is assumed that the thermal resistances of all the materials 

do not vary with temperature, although it is known that most materials see an increase in thermal 

resistance with decreasing temperatures. 
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Table 5-1: Assumed R-values for Materials for Modelling 

Material RSI / m R-value / inch 

Gypsum Board 6.2 0.90 

Oriented Strand Board (OSB) 8.7 1.25 

Soft Wood Lumber (stud material) 8.7 1.25 

Batt Insulation 24.3 3.50 

GPS 34.7 5.00 

Phenolic Foam 52.0 7.50 

Silica Aerogel 66.6 9.60 

When assessing the effective thermal resistance of a wall assembly, the film coefficient is an 

important consideration. This value defines the convective heat transfer between the solid surface 

of the wall on either side, and the air making contact with the wall. The higher the film coefficient, 

the more heat transfer takes place through convection. The value of the film coefficient is 

dependent on multiple variables, including the air flow velocity around the wall, the air 

temperature, the surface finish of the wall, etc. A variety of empirical correlations between these 

conditions and the film coefficient have been proposed [106], however, they are beyond the scope 

of this research. For the purposes of estimating the performance of the wall assemblies, average 

film coefficients for the exterior and interior surfaces of the wall were based from NRCan estimates 

[105], and are shown in Table 5-2. The adjacent surfaces in each model were assumed to be 

adiabatic; this assumption is based on the idea that the wall section being analyzed is a part of a 

continuous, repeating envelope with identical features. 

Table 5-2: Assumed Boundary Conditions Used in Thermal Modelling 

Surface Temperature (C) Hc (W/m2-K) 

Interior 21.0 8.33 

Exterior -5.0 33.33 

Adjacent surfaces Adiabatic 
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5.2 Isothermal Planes Method Calculations 

The isothermal planes method for calculating the effective thermal resistance of wall assemblies 

is a simple approach to determining a one-dimensional approximation of a wall’s overall 

performance.  Also known as the series-parallel method, this approach divides the layers of a wall 

assembly into two types; (i) homogeneous, continuous material layers the thermal resistance of 

which can be added in series, and (ii) layers made up of materials of differing thermal resistance 

through which there will be parallel heat flow. The isothermal planes method is the method 

prescribed by NRCan for the calculation of the effective thermal resistances of opaque assemblies 

in ENERGY STAR certified homes [105]. 

A diagram describing the isothermal planes method is shown below, in Figure 5-1. In this diagram, 

a simplified wall assembly made of three layers is shown and compared to a thermal circuit. The 

first and third layers are homogeneous with a thermal resistance of R1, whereas the middle layer 

is made up of two materials of dissimilar thermal resistances, R2 and R3. In this second layer, the 

material with thermal resistance R3 makes up ¾ of the surface area of the wall, with the other 

material occupying the remainder.  

 

Figure 5-1: An Illustration of the Isothermal Planes Method 
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To calculate the effective thermal resistance of the overall wall assembly, the thermal resistance 

of each layer is added; this is simple for the first and third layers, but in calculating the thermal 

resistance of the second layer, one must take into account the fact that heat flow will take place to 

different degrees across both materials in parallel. This can be done by adding the reciprocal of 

the thermal resistances of the constituent materials (multiplied by the ratio of the surface area each 

material occupies), and then adding the reciprocal of this operation. The overall effective thermal 

resistance of this operation for the simple wall shown in Figure 5-1 is shown in the expanded form 

in Equation ( 5-1 ) and simplified in Equation ( 5-2 ). 

 
𝑅eff = R1 +

1

3
4

1
R3

+
1
4

1
R2

+ R1 ( 5-1 ) 

 

 Reff = 2R1 +
4R3R2

3R2 + R3
 ( 5-2 ) 

This approach is undertaken to determine the effective thermal resistances of the wall concepts 

proposed in Chapter 4. Where the effective thermal resistance of the proposed wall is dependent 

on the thickness of an insulation layer, the thickness of the layer is determined using the isothermal 

planes method to accomplish an effective thermal resistance for the wall of 5.28 m2·K/W (R-30). 

The work carried out to make these calculations is presented in Appendix A, and the results are 

presented and compared to the other thermal modelling methods in Table 5-3. 

5.3 THERM Thermal Modelling 

THERM is a free-to-use computer software developed by the Windows and Envelope Group in 

the Energy Technologies Area at the Lawrence Berkley National Laboratory [107]. Although it 

was originally developed for the purpose of assessing the thermal performance of glazing systems, 

the software is now commonly used in industry to assess two-dimensional steady-state heat 
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transfer across a variety of building components, including walls, windows, doors, foundations, 

and roofs. The software is particularly useful in the quick identification of possible issues of 

thermal bridging; such issues can be easily identified by reviewing the graphical results of a 

THERM model, where temperature distribution and heat flux distribution plots can be transposed 

over the model’s geometry. 

When creating a THERM model, one makes use of a simple graphic user interface which allows 

the user to draw a scale geometric model based on polygons. Each area enclosed by polygons must 

be assigned a material model, which defines the thermal properties of that particular area. Material 

properties can be drawn from THERM’s library or created by the user. With the geometric model 

drawn and material properties assigned, all that is left for the user to do is to define the boundary 

conditions present on the outer edges of the geometric model. These conditions describe the heat 

transfer parameters between the surface of the model and its theoretical surroundings.  

With the geometric model drawn, material properties assigned, and boundary conditions 

established, THERM solves the model by first creating a finite element mesh and determining the 

temperature and heat flux for each element. These results then undergo an error energy norm 

check, and if this check is failed, a finer mesh is used. Once a set of solutions meets the check, 

THERM’s post-processor displays the results as a colour gradient and determines overall thermal 

conductivity (U-factor) between two predetermined points of interest. The underlying algorithm 

behind THERM’s operation is based on ISO 15099: Thermal performance of windows, doors and 

shading devices - Detailed calculations, a standards document which describes a procedure for the 

calculation of thermal and optical transmission through both opaque and transparent fenestration 

[107].  
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The proposed wall concepts discussed in Chapter 4 were modelled to scale in THERM with the 

assumptions presented in Table 5-1 and Table 5-2 and their overall thermal resistance was 

determined and presented in Table 5-3. The graphical results produced by THERM displaying the 

temperature and heat flux gradients for each wall assembly are presented in Appendix B. Where 

the effective thermal resistance of the proposed wall is dependent on the thickness of an insulation 

layer, the thickness of the insulation layer found using the isothermal planes method was used in 

the THERM model.  

5.4 HEAT2 Thermal Modelling 

Like THERM, HEAT2 is a computer software commonly used in the building industry for the 

assessment of thermal performance of various assemblies and components. HEAT2, along with its 

three-dimensional counterpart HEAT3, were developed by the Lund Group for Computational 

Building Physics at Lund University in Sweden. AB. Unlike THERM which can only model steady 

state, HEAT2 can be used for the simulation of transient systems, and temperature-dependant 

properties such as thermal conductivity can be modelled to vary with temperature. Nonetheless, 

the graphical user interface for HEAT2 is not unlike that of THERM, and a similar procedure 

applies for the establishment of the model geometry, material properties, and boundary conditions. 

Just like THERM, HEAT2 solves the simulation by developing a finite element mesh, determining 

the temperature and heat flux for each element, and using these results to establish the overall 

thermal conductivity across the model. HEAT2 has been validated against ISO 10211 Thermal 

bridges in building construction – Heat flows and surface temperatures – Detailed calculations, 

and the underlying algorithm for the software has been described in [108]. 

The proposed wall concepts discussed in Chapter 4 were modelled to scale in HEAT2 with the 

assumptions presented in Table 5-1 and Table 5-2 and their overall thermal resistance was 
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determined and presented in Table 5-3. Where the effective thermal resistance of the proposed 

wall is dependent on the thickness of an insulation layer, the thickness of the insulation layer found 

using the isothermal planes method was used in the HEAT2 model.  

5.5 Comparison of Thermal Modelling Results 

The results presented in Table 5-3 compare the overall effective thermal resistances and 

thicknesses of each of the wall concepts presented in Chapter 4, as well as the thermal resistance 

per centimetre. The wall concept column describes which concept is being analyzed, and how thick 

the primary insulation layer is. The thermal performance per centimetre column is based on an 

average of the three different models’ thermal resistances. In general, there is good agreement 

between each of the modelling methods, with most thermal resistance values being within  

0.2 m2·K/W of the average for each concept. The exception of this is the offset-framed L-shaped 

phenolic insulation concept, for which the isothermal planes method underestimated the overall 

thermal resistance by 0.61 m2·K/W when compared to the results produced by the THERM and 

HEAT2 models. This discrepancy may be attributed to the fact that the isothermal planes method 

does not consider the effective prevention of thermal bridges which this concept accomplishes by 

insulation each structural member. The THERM and HEAT2 models do take this into account by 

assessing the properties of each individual element in the mesh. 
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Table 5-3: Summary of Thermal Modelling Results 

 RSI, m2·K/W  

Wall Concept IPM THERM HEAT2 Wall Thick., cm RSI/cm 

Exterior Insulation,  

64 mm Phenolic 
5.37 5.55 5.32 21.6 0.25 

Groove Insulation,  

85 mm GPS 
5.28 5.39 5.35 23.1 0.23 

Groove Insulation,  

51 mm Phenolic 
5.20 5.43 5.39 19.7 0.27 

L-shaped Phenolic 

Insulation 
5.97 6.55 6.61 19.7 0.32 

Cont. Aerogel: 406 mm OC, 

51 mm Phenolic Ins. 
5.15 5.31 5.32 19.7 0.27 

Cont. Aerogel: 610 mm OC, 

51 mm Phenolic Ins. 
5.29 5.43 5.44 19.7 0.27 

 

5.6 WUFI Pro Hygric Modelling 

WUFI, which stands for “Wärme Und Feuchte Instationär”, meaning “heat and moisture 

transiency”, is a suite of software products which enable the modelling of transient heat and 

moisture transfer through building components. WUFI Pro, the suite’s original and most popular 

software, allows moisture transport and vapour diffusion modelling in one dimension. WUFI is a 

popular tool in the building science industry and is the most commonly used tool for hygrothermal 

modelling of building assemblies. WUFI was first developed as a more robust, transient substitute 

to the Glaser method, a steady-state approach for the assessment of moisture in building 

components described in the German standard DIN 4108. It allows designers and engineers to 

identify potential moisture issues in their building designs before construction commences, rather 

than rely on the dated “build and monitor” approach, which refers to the practice of monitoring 

building envelope assemblies for signs of failure. 

In North America, the usage of hygrothermal modelling for the assessment of moisture risk was 

codified in ASHRAE Standard 160: Criteria for Moisture-Control Design Analysis in Buildings. 
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In this standard, the moisture-control performance of an envelope is assessed based on the 

envelope’s resistance to the promotion of mould growth. In its first 1996 iteration, the standard set 

out a high benchmark: to pass, the 30-day average relative humidity of any surface within an 

envelope assembly cannot exceed 80% between temperatures of 5°C and 40°C, irrespective of the 

surface material. Subsequent research showed that mould growth is far more nuanced, and in 2016 

ASHRAE 160 adopted the Viitanen model of mould growth [109], which describes 6 distinct 

degrees of mould growth, known as the Mould Index [110]. In the new iteration of the standard, 

envelope assemblies are deemed as passing if they do not reach or exceed a sustained Mould Index 

of 3. 

To assess the hygric performance of the wall concepts presented here, 1-dimensional WUFI Pro 

models were created for the four wall concepts. These models, which simulated the performance 

of the entire wall from the cladding to the gypsum layer, were subjected to 3-year long transient 

simulations of climate conditions in four select cities which are meant to represent a wide variety 

of Canadian climates. The simulations made use of The American Society of Heating, 

Refrigerating and Air-Conditioning Engineers (ASHRAE) Year 2 climate files [111] for St. John’s 

(NL), Ottawa (ON), Calgary (AB), and Vancouver (BC). The climate zones for these cities are 7A, 

6, 6 and 5 respectively, with a large variation in annual precipitation across the four cities. 

Assumptions used in the simulation are presented in Appendix C. 

As a means of comparing the concepts, the mould growth indexes on the exterior and interior 

surfaces of the sheathing layer in each concept were determined. The sheathing layer was selected 

for examination as it is generally known to be of highest risk for mould growth in wood-frame 

construction. Any assembly which exceeded a mould growth value of 3 or presented persistent 

increase in the index at either surface at the end of three years was considered failed. In those 
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assemblies which failed this test, additional consideration is needed in the design of the vapour 

layers to improve the drying potential or to reposition sensitive layers within the assembly. Table 

5-4 summarizes the results of the WUFI Pro hygric modelling of the wall concepts across the four 

selected Canadian cities.  

Table 5-4: WUFI Simulation Results 

Assembly St. John’s Ottawa Calgary Vancouver 

Base Wall ✘ ✓ ✓ ✘ 

Rigid Exterior, Phenolic ✓ ✓ ✓ ✓ 

Stud Grooves, GPS ✘ ✓ ✓ ✘ 

L-shaped, Phenolic ✘ ✓ ✓ ✘ 

Continuous Aerogel ✓ ✓ ✓ ✓ 

These results show that all wall concepts pass the MI test in the Ottawa (ON) and Calgary (AB) 

climate regions. However, the stud grooves and L-shaped concepts failed the test in St. Johns (NL) 

and Vancouver (BC). Both of these regions see significant rainfall throughout the year, which 

makes hygrothermal design more challenging. The two concepts which failed do not incorporate 

any insulation layers outboard of the sheathing layer, failing to protect the inner surface of the 

plywood sheathing from developing condensation when its surface reaches the dew point. To 

overcome this, the walls should be designed in such a manner such that the sheathing layer is 

ventilated, to allow it to dry after water exposure. 

The other concepts which did pass the MI test may still present hygrothermal challenges in the 

climate regions which see significant rainfall if the interior surfaces are not properly dried before 

the installation of exterior insulation. This is because the insulation materials proposed in this 
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thesis are strong moisture retardants, which may prevent interior wall components from drying to 

the exterior, leading to trapped moisture which would promote the growth of mould. 
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6. Thermal Performance Experimental Validation 

In this chapter, the approach undertaken to validate the thermal performance of the proposed wall 

concepts is discussed, including descriptions of the equipment used, the calibration steps taken, 

and the means undertaken to overcome supply shortages in insulation materials arising due to the 

COVID-19 pandemic. 

6.1 Guarded Hot Box 

The guarded hot box test method for the evaluation of building envelope assemblies is a well-

defined and commonly used approach for assessing the thermal resistance of large building 

envelope samples. ASTM International describes the test method in standard ASTM C1363: 

Standard Test Method for Thermal Performance of Building Materials and Envelope Assemblies 

by Means of a Hot Box Apparatus [37]. At Carleton University, a guarded hot box device compliant 

with ASTM C1363 has been used to test experimental thin wall assemblies since 2013, when it 

was constructed, instrumented and calibrated. The Carleton University guarded hot box is shown 

below in Figure 6-1. Visible in the photograph are the three frames which constitute the apparatus; 

the left frame houses the metering and guard chambers, the middle frame secures a wall sample in 

place, and the right frame houses the climate chamber.  
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Figure 6-1: Carleton University's Guarded Hot Box Apparatus 

The guarded hot box apparatus accomplishes an assessment of the steady state thermal resistance 

of envelope assemblies by creating a temperature gradient across the wall sample. The climate 

chamber maintains a constant low temperature meant to represent the outdoors, while the guard 

and metering chambers are kept near room temperature, and the energy required to maintain the 

metering chamber temperature at that level is metered. The temperature difference between the 

metering and climate surfaces, the specimen metering surface area, and the heat energy input into 

the metering chamber, are sufficient to determine the sample’s thermal resistance. A simplified 

schematic of the guarded hot box apparatus is shown in Figure 6-2. The three distinct chambers 

which constitute the apparatus are shown colour coded; the guard chamber is shown in grey, the 

metering chamber within the guard chamber is shown in brown, and the climate chamber is shown 

in blue. The wall specimen, which separates the guard and metering chambers from the climate 

chambers, is shown in orange. The black arrows in the figure represent the primary energy flows 

Guard & Metering Chambers 

Sample Frame 

Climate Chamber 
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within the apparatus. In the sections that follow, each of the three chambers is discussed in detail, 

as well the general operation of the guarded hot box. 

 

Figure 6-2: Simplified Diagram of a Guarded Hot Box Apparatus 

6.1.1 Climate Chamber 

The purpose of the climate chamber is to simulate exterior conditions on the outer surface of the 

wall specimen. This is accomplished by a large cooling unit capable of maintaining the chamber 

air temperature as low as -35°C by providing as much as 1500 W of cooling. A baffle in the form 

of a plastic sheet creates a barrier between the cooling unit and its fan, to prevent the incidence of 

cold spots on the surface of the wall specimen. The cold air within the climate chamber is circulated 

along the surface by a bank of five fans above the baffle; the fan bank draws air towards the cooling 

unit, this air is cooled, and is pushed back at the specimen at the bottom underneath the baffle. 

The climate chamber also contains instrumentation in the form of permanently installed 

thermocouples, thermocouple quick connect adaptors, thermopile leads, and a relative humidity 

sensor. The permanently installed thermocouples measure the temperature of the specimen exterior 
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surface (both within and outside the metering area), as well as the air temperature in the chamber. 

The thermocouple quick connectors, of which there are 34, allow thermocouples embedded within 

the wall assembly to be connected to the data acquisition system. The 12 thermopile leads are used 

to assess the temperature difference between the metering area surface on the climate side with the 

metering area surface on the metering side. Finally, the relative humidity sensor data is used in the 

control of the guarded hot box. The climate chamber is 2.3 m wide and 2.0 m tall. A photograph 

of the climate chamber is shown below in Figure 6-3. 

 

Figure 6-3: The Guarded Hot Box Climate Chamber 

6.1.2 Metering Chamber 

The metering chamber, a small chamber enclosed inside the guard chamber, defines the surface 

area of the wall specimen which is being evaluated. The metering chamber is kept at a constant 

temperature near, but slightly higher than, room temperature. The metering chamber is kept at this 

temperature using a 500 W electrical coil heater, with the power input of the heater recorded. The 
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temperature is higher than room temperature to enable better control of the chamber temperature, 

as there is no means of instantaneously reducing the temperature. Also within the metering 

chamber is a bank of small fans and a baffle; as with the climate chamber, these ensure that heat 

is distributed homogeneously throughout the metering chamber, and that convection conditions 

closely resemble those of a typical indoor environment. The heating coil and metering chamber 

fan bank are shown below in Figure 6-4. 

 

Figure 6-4: Fan Bank and Heating Coil in the Metering Chamber 

The walls of the metering chamber, which separate it from the guard chamber, are insulated with 

a continuous 25 mm layer of XPS foam. This, in addition to the guard chamber being kept near 

the same temperature as the metering chamber, ensures that there is very little heat loss (or gain) 

from the metering chamber to the guard chamber, and that instead all the heat produced by the 

metered heater inside the metering chamber travels across the specimen towards the colder climate 

chamber. Nonetheless, some discrepancy between the metering and guard chambers temperatures 
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may exist, and this discrepancy is taken into account in thermal resistance calculations by knowing 

the thermal resistance of the XPS foam insulation, the surface area of the metering chamber walls, 

and the surface temperatures on either side of the metering chamber wall, which are monitored 

using 5 thermocouples on either surface. 

The metering chamber is heavily instrumented, and beside the 5 thermocouples attached to the 

inside surfaces of the metering chamber’s walls, it also contains 12 thermocouples and thermopile 

leads to monitor the specimen’s surface temperature relative to the climate chamber surface 

temperature, 6 thermocouples to monitor the air curtain temperature 10 cm away from the 

specimen surface, a relative humidity sensor to assist in the control of the guarded hot box, and a 

power monitor to measure the heat energy input from the electric coil heater. Figure 6-5 below 

shows a photograph of the interior of the metering chamber. 

 

Figure 6-5: The Guarded Hot Box Metering Chamber 
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6.1.3 Guard Chamber 

The third chamber which constitutes the guarded hot box apparatus is the guard chamber. The 

guard chamber encloses the metering chamber, and its only purpose is to ensure that the heat 

transfer between the surroundings and the metering chamber is minimized. This is accomplished 

using a non-monitored 500 W electric coil heater and thermocouples which continuously measure 

the surface temperature of the exterior walls of the metering chamber to ensure it matches that of 

the interior surface. In addition to these thermocouples, the guard chamber also has thermocouples 

which attach to the surface of the specimen exterior to the metering area. The data from these 

thermocouples is compared to the data from the surface thermocouples interior to metering 

chamber, and general agreement between the values suggests minimal impact from flanking losses; 

heat transfer interior of but parallel to the specimen. The guard chamber’s dimensions are identical 

to those of the climate chamber, at 2.3 m wide by 2.0 m tall. 

6.1.4 Guarded Hot Box Data Acquisition and Control 

Two independent systems were used to control the guarded hot box apparatus and record the data 

it produced. A Delta controller was used to regulate the experimental conditions in each of the 

three chambers by controlling the heating and cooling systems present. The logic used in the 

control program for the guarded hot box is described by Baldwin [112]. Input into the Delta control 

system was conducted using a simplified ORCAview graphical user interface application, where 

one can toggle the guarded hot box on or off, input the setpoints for each of the chambers, or 

activate the climate chamber’s manual defrost cycle, which was used whenever accumulated 

frozen condensate was present. Specific inputs, such as the on/off status of the fans in each of the 

chambers, could be made to override the inputs into the application. A screenshot of the 

ORCAview interface is shown below in Figure 6-6.  
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Figure 6-6: ORCAview Graphical User Interface for the Guarded Hot Box 

Data acquisition for the experiment was carried out using a National Instruments CompactDAQ 

NI-cDAQ9188, an 8-card data acquisition chassis. The CompactDAQ receives any analogue data 

transmitted from the thermocouples, thermopiles and power meter in the form of a voltage, current 

or pulse, and relays this data through an Ethernet cable to a computer loaded with National 

Instruments LabView software. On the computer, a LabVIEW VI program interprets these signals, 

and converts them to practical units: degrees Celsius for the thermocouples and thermopiles, and 

Watt-hours for the power monitor. The conversion to these units is carried out by a calibrated 

sensitivity provided by the manufacturer, as is the case for the power monitor, or by using an 

equation developed through a calibration procedure, as is the case for the thermocouples and 

thermopiles. As the LabVIEW program records this data (at an interval and for check-lengths 

decided by the user), it is also continuously monitoring whether the conditions required by ASTM 

C1363 for steady state are met; these steady state conditions are discussed further in Section 6.1.5. 
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Upon the steady state criterion having been met, or once terminated by the user, the LabView 

software automatically saves all data recorded for the duration of the trial into an .XLSX Excel 

file. A screenshot of the LabVIEW VI graphical user interface is shown below in Figure 6-7. 

 

Figure 6-7: LabVIEW VI for Guarded Hot Box Data Acquisition 

6.1.5 Steady State Conditions 

The guarded hot box apparatus is used to determine the steady state thermal resistance of wall 

specimen, and the conditions requisite to establish steady state are not trivial. Fortunately, ASTM 

C1363 outlines the conditions required, as well as their duration, before recording of data can be 

made. Specifically, ASTM C1363 section 10.11 prescribes that the test is complete when, for a 

duration of five data acquisition runs, each measured variable does not vary from its mean over 

those five runs by more than the uncertainty of that variable. Further, each data acquisition run 

cannot be shorter than 30 minutes, meaning that steady state conditions must persist for at least 

2.5 hours. These conditions are monitored for by the LabVIEW application, which automatically 
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terminates data recording when the conditions are met. Specifically for the Carleton University 

guarded hot box, and based on the uncertainties of the equipment used within the apparatus, the 

following five criteria constitute steady state: 

• Climate side specimen surface temperature: the average temperature across the 12 

thermocouples which monitor the surface temperature of the specimen on the climate side 

does not vary by more than 0.25°C in any given data acquisition run from the mean over 

the past five data acquisition runs. 

• Metering side specimen surface temperature: the average temperature across the 12 

thermocouples which monitor the surface temperature of the specimen on the metering side 

does not vary by more than 0.25°C in any given data acquisition run from the mean over 

the past five data acquisition runs. 

• Air curtain temperature: the average temperature across the 6 thermocouples which 

monitor the air curtain temperature on the metering side does not vary by more than 0.25°C 

in any given data acquisition run from the mean over the past five data acquisition runs. 

• Heat flow: in any given data acquisition run, the heat flow across the walls of the metering 

wall does not exceed 1% of the total heat delivered by the metered electric heating coil. 

• Net energy: the net power delivered by the metered electric heating coil in any given data 

acquisition run does not vary from the mean power delivered across the past five data 

acquisition runs by more than 1%. 

To ensure that steady state conditions are observed for a meaningful duration of time, the data 

acquisition run duration for the tests is set at 120 minutes. Each data acquisition run is the mean 

of 120 discrete data points; in other words, the conditions of the test are recorded at a one-minute 

interval. 
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6.2 Calibration and Validation 

6.2.1 Thermocouple Calibration 

Thermocouples, a relatively simple temperature measurement device, are crucial in a variety of 

experimental applications for the precise, continuous monitoring of temperature. In essence, a 

thermocouple is simply a cable composed of two sleeved wires of dissimilar material. This cable 

can be cut to length to accommodate the distance between the data acquisition terminal, and the 

location where the temperature is to be measured. At this sensor end, the thermocouple is 

terminated by soldering the two wires together. Due to the Seebeck effect, a voltage potential can 

be measured across this simple circuit at the data acquisition terminal, and this voltage correlates 

to the temperature at the sensor end. However, knowledge of the voltage potential is not sufficient; 

the reference junction temperature – the temperature at the end of the thermocouple cable – must 

also be known to calculate the sensor temperature. The relationship between these variables can 

thus be summarized with the following equation: 

 Tsense = Tref + 𝑓(V0) ( 6-1 ) 

where Tsense represents the temperature at the sensor end, Tref represents the reference junction 

temperature, and f(V0) represents the function which correlates the measured voltage potential to 

a temperature difference. A diagram which represents a typical thermocouple arrangement is 

shown below in Figure 6-8. 

 

Figure 6-8: Simplified Diagram of a Thermocouple 
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The function which correlates voltage to temperature is dependent on the type of thermocouple 

used (which in turn depends on the two metals used in its manufacturing) and can be influenced 

by small deviations in manufacturing conditions. Manufacturers of thermocouple spools typically 

provide this function, but greater accuracy as well as a smaller uncertainty can be accomplished if 

the thermocouple spool is calibrated on-site. This is accomplished at the CABER lab using an 

automated calibration by comparison technique modified from the procedure described in ASTM 

E220, whereby the correlation function is determined by using thermal baths and highly sensitive 

platinum-resistance thermal detectors. In this procedure, the reference junction of a thermocouple 

sample is submersed into a thermal bath which is held at a constant temperature. The sensor end 

of the thermocouple is submersed into a second bath, which cycles its temperature across the range 

of temperatures the thermocouple is expected to operate in, between -30°C and 75°C in 5°C 

increments. The voltage recorded by a DAQ card at each discrete temperature is used to determine 

a third order polynomial relationship between the temperature and the thermocouple voltage. This 

operation repeats at four distinct reference junction temperatures (15°C, 20°C, 25°C and 30°C), 

allowing an interpolation process to be used to accurately determine the measured temperature of 

the thermocouple's sensor end based on the reference junction temperature, which is typically at 

room temperature.  

Figure 6-9 below shows a thermocouple calibration procedure in process; the right thermal bath 

maintains the reference junction at a constant temperature, and the left thermal bath cycles the 

sensor end of the thermocouple across a range of temperatures. The thermocouple is attached to 

the CompactDAQ in the centre, which records the voltage potential generated. This process, which 

takes several days to complete, must be repeated for each new thermocouple spool. Type T 

thermocouples are used in this experiment. 
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Figure 6-9: Thermal Baths Used in the Calibration of Thermocouples and Thermopiles 

6.2.2 Thermopile Calibration 

While thermocouples are effective at accurately measuring the temperature at a location, the 

inclusion of the reference junction temperature is responsible for a significant portion of the 

uncertainty on the final measurement. When the actual temperature is not as important as the 

temperature difference across two points, a thermopile can measure this difference more precisely, 

by effectively making one side of the temperature gradient the reference junction. This is 

accomplished by wiring multiple thermocouples from the same spool in series, with alternating 

wire material. Each node where two dissimilar materials are soldered together becomes a lead, and 

as long as the leads alternate on either side of the temperature gradient, the voltage measured across 

this circuit will correlate to the temperature difference. If there are multiple leads on each side of 

the temperature gradient, the average temperature between the leads is determined. A larger 

number of thermopiles further decrease the uncertainty in the temperature difference measurement, 
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as the voltage signal scales proportional to the number of leads, and therefore the impact of the 

voltage reading error from the DAQ decreases. A simplified diagram of a 6-lead thermopile (that 

is, a thermopile with 6 leads on either side of the temperature gradient) is shown in Figure 6-10. 

 

Figure 6-10: Simplified Diagram of a 6-Lead Thermopile 

As with thermocouples, the relationship between voltage potential measured and temperature 

difference can be determined experimentally and modelled using a third-order polynomial. This 

can also be accomplished using a calibration by comparison technique, with the leads on one side 

of the thermopile submersed into one thermal bath, and the leads from the other side submersed in 

the other. The difference in temperatures between the two baths creates a voltage difference, which 

is measured using CompactDAQ. Unlike thermocouples, manufacturers do not typically provide 

the voltage-temperature relationship for thermopiles (as it varies with the number of leads wired), 

and thus the relationship must be determined experimentally. 

6.2.3 Guarded Hot Box Validation 

Before commencing with the testing of the proposed wall concepts, it was necessary to ensure that 

the thermal resistance results produced by the guarded hot box reliably and accurately reflect the 

real performance of the walls. To this end, the values of thermal resistance recorded by the guarded 

hot box needed to be compared to the results developed by a different method. This was 

accomplished by using a guarded hot plate apparatus that is validated to the ASTM C177 standard. 

The Carleton University guarded hot plate is shown below, in Figure 6-11. 
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Figure 6-11: The Guarded Hot Plate Apparatus 

The guarded hot plate can be used to determine the thermal conductivity through small samples of 

insulation material with great accuracy. This apparatus was used to measure the thermal 

conductivity of a sample of GPS foam with a thickness of 5.08 cm (2 inches), and the results were 

compared with those produced by the guarded hot box when installed with a “calibration wall 

sample”; a continuous layer of GPS insulation that is 10.16 cm (4 inches) thick (representing two 

layers of rigid insulation – doubling the thickness of insulation increases the effective thermal 

resistance and improves the accuracy of the result). Panels of insulation were attached together 

using sheathing tape. The calibration wall sample is shown installed in the guarded hot box and 

ready for testing below in Figure 6-12. 
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Figure 6-12: The Calibration Wall Sample Installed in the Guarded Hot Box 

The measured thermal resistance per metre of insulation from each method is shown calculated 

below in Table 6-1. The thermal resistivity of most materials, including GPS insulation, is 

dependent on the average temperature across the material. Because there was a discrepancy 

between the average temperature of the plates in the guarded hot plate apparatus, and the average 

temperature between the chambers in the guarded hot box apparatus, the RSI value at the average 

temperature of the GHB in the guarded hot plate was determined by linearly interpolating between 

two different temperature setpoints for the GHP data to the average temperature between the 

guarded hot box chambers, 1.35°C.  

Table 6-1: Comparison of Results between the Guarded Hot Plate and Guarded Hot Box 

Measurement Method Effective RSI 

[K∙m2/W] 

Effective RSI / m 

[K∙m/W] 

Guarded Hot Plate 1.86 ± 0.13 34.5 ± 2.5 

Guarded Hot Box 3.89 ± 0.28 36.0 ± 2.5 

GHB, film coef. correction 3.74 ± 0.28 34.6 ± 2.5 
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The discrepancy observed between the results is thus 1.51 K∙m/W, or 4.2%. This discrepancy can 

largely be attributed to the film effect which occurs during convective heat transfer, which 

effectively increases the thermal resistance of the sample in the guarded hot box. This effect does 

not apply in the guarded hot plate because heat transfer occurs through conduction. When the 

assumed film coefficients presented in Table 5-2 are taken into consideration by subtracting their 

reciprocals from the effective RSI value for the guarded hot box, the effective RSI per metre value 

is adjusted to 34.65 K∙m/W, only 0.12 K∙m/W or 0.35% higher than the result determined using 

the guarded hot plate. It was decided that this level of uncertainty is satisfactory for the purposes 

of this experiment. 

6.3 Experimental Approach 

Three wall concepts outlined in Chapter 4 were selected for further experimental testing: (1) the 

rigid external insulation concept; (2) the rigid insulation with stud grooves concept, and; (3) the 

offset-framed wall with L-shaped insulation concept. These wall concepts were selected by vote 

by a panel of industry experts during a second design charette held on September 28th, 2021. The 

participants of the charette, which included the same guests as the first charette described in 

Section 3.1, voted on the designs based on their modelled thermal performance, their 

constructability, and their suitability for the residential sector. The selected concepts were 

considered for applications involving their construction on-site, as well as prefabricated 

applications; for example, it was identified that the offset-framed concept may be more suitable if 

it is assembled in a highly controlled setting using engineered lumber, which may be more 

compliant with dimensioning and tolerancing, and hence reduce the risk of air cavities between 

structural members and elements of the rigid insulation. 
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6.3.1 Rigid External Insulation Concept 

The first wall concept assembled is the rigid external insulation concept. To build the concept, 

first, a stud frame was assembled using “two by four” structural members of spruce-pine-fir (SPF) 

class lumber. This type of lumber is the most commonly used in wood frame construction across 

Canada. Although nails are far more common in typical construction because they are quicker to 

insert, the framing members were assembled together using wood screws to allow for easy 

disassembly. The stud spacing used, shown illustrated in Figure 6-13, was chosen to ensure that 

the boundaries of the metering box (shown in the illustration in red) overlaps with the studs. In 

this manner, the results of the experiment better represent the framing ratio of a typical wall. The 

outer dimensions of the wall assembly were chosen such that they allow for 2 cm of clearance 

between the specimen and the walls of the guarded hot box specimen mount; this ensured that the 

specimen can be easily installed using regular screws and sealed against the edges of the frame 

using sheathing tape. 

 

Figure 6-13: Stud Spacing Diagram for Assembled Concepts 
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On the outboard surface of the framing members, a 127 mm (1/2-in) thick plywood sheathing layer 

was attached using wood screws. Two equally sized, vertically installed sheets of sheathing were 

used to ensure full coverage of the specimen surface. To abate air leakage through the gap between 

the two plywood sheets, it was filled with spray foam insulation and the foam was subsequently 

trimmed and covered with sheathing tape. After the sheathing was installed, blankets of Rockwool 

mineral wool batt insulation were used to insulate the stud cavities on the interior of the wall 

assembly. The wall frame with batt insulation installed is shown in Figure 6-14. After the 

installation of the batt insulation, a layer of 6-mil polyethylene sheeting was installed over the 

insulation. This sheet is commonly used in Canadian wood frame construction as the primary 

vapour barrier. A 127 cm (1/2-in) thick gypsum board was then installed over the polyethylene 

sheeting over the entire surface area of the wall specimen; this layer is used as the finishing surface 

of a typical Canadian wood frame wall, and it doubles as a fire-retardant layer. 

 

Figure 6-14: Rigid External Insulation Concept During Assembly 



80 

 

Finally, the external rigid insulation layer was installed to the outboard surface of the plywood 

sheathing layer. Although phenolic foam was the preferred insulation material for use in this wall 

concept, supply chain issues associated with the COVID-19 pandemic have severely constrained 

the supply of phenolic foam insulation boards in North America, making them impossible to source 

for a reasonable cost and within the timeframe allocated to this project. For this reason, more 

readily available GPS insulation boards were used in the assembly of this wall concept. Two  

508 mm (2 inch) GPS boards were installed, one over the other, and secured against the plywood 

sheathing using 6-inch wood screws and large washers. With the wall specimen now fully 

assembled, it was transferred into the guarded hot box middle frame, where it was secured using 

wood screws and sheathing tape.  

Throughout the assembly process, 16 thermocouples were embedded into the specimen. The 

thermocouples were installed at 4 locations across the surface of the wall, with each location 

having 4 thermocouples, one at each distinct layer of the wall assembly. Two of the 4 locations 

represented sites which interface with stud locations, and the other two were at the centre of stud 

cavities. A diagram showing the locations of the thermocouples is shown below in Figure 6-15; 

the red crosses represent the locations in these profile and top views of the assembly. The purpose 

of these embedded thermocouples is to observe the temperature gradient across the wall specimen, 

so that it can be compared with the steady state results produced by the modeling methods. On the 

outboard and inboard surfaces of the wall specimen, 12 thermocouples and 12 thermopile leads 

were arranged in a grid pattern within the metering area; both TCs and TPs were used 

simultaneously so that the TPs could produce an accurate temperature difference across the 

specimen value for the evaluation of the thermal resistance and the TCs could be used to assess 

the temperature grid across the surfaces. 
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Figure 6-15: The Locations of Embedded Thermocouples in the Wall Assemblies 

After being assembled and installed into the guarded hot box, the wall specimen underwent three 

separate runs with temperature setpoints of -25°C in the climate chamber, and 25°C in the metering 

chamber. Other climate chamber setpoints were also attempted (-15°C and -5°C), but reliable, 

repeatable results could not be produced, likely due to flanking heat losses across the specimen. 

Each experimental run was carried out with an iteration duration of one minute (that is, the 

conditions in the specimen were sampled once every minute), with check durations of 120 minutes. 

Each test run would conclude once the steady state criteria outlined in Section 6.1.5 were met for 

a duration of 5 checks (or in other words, 10 hours). During testing, it would typically take the 

specimen about 10-15 hours to reach steady state from room conditions, meaning that each test 

run would take about 20-25 hours to complete. 

Occasionally, test runs had trouble meeting the Net Energy criterion, which required each check’s 

net energy delivered to the metering chamber’s heating coil not to vary by more than 1% from 
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previous checks. This typically occurred when heat energy was delivered to the coil immediately 

before the end of a check, or at the very beginning of a new check. This would cause a larger 

perceived heat input variation between the checks. Averaging these heat input across the two 

checks they border would typically allow this steady state criterion to be met. When such instances 

were identified, the test would be manually turned off, and the run would be considered to have 

reached steady state. This could have been avoided if a longer test period was used; however, 

issues of freezing which are discussed below prevented the guarded hot box from running for 

prolonged periods of time. 

6.3.2 Rigid Insulation with Stud Grooves Concept 

Upon the completion of testing for the rigid exterior insulation concept, the wall specimen was 

removed from the guarded hot box and disassembled down to the framing. The framing, a diagram 

for which is shown in Figure 6-13, was also reused for the rigid insulation with stud grooves 

concept. This was done to reduce the cost and waste associated with the testing, and to reduce the 

variability in the wall specimens’ material properties. To assemble the rigid insulation with stud 

grooves concept, 254 mm (1 inch) thick GPS insulation panels were cut to size and installed into 

the frame stud cavities. These panels were secured in place to the outboard face of the framing 

members using sheathing tape, and this is shown in Figure 6-16. Two layers of GPS insulation, 

each 508 mm (2 inch) thick, were then installed over top of the stud cavity GPS insulation, and a 

127 mm (0.5 inch) thick layer of plywood sheathing was installed over those. The sheathing was 

attached to the framing using long 6-in wood screws, which also secured the insulation layers in 

place with compression. 
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Figure 6-16: GPS Insulation Installed Inside the Stud Cavities 

On the interior side, 6.35 cm (2.5 inch) thick Rockwool mineral wool insulation blankets were 

installed to fill up the remainder of the stud cavity volume. A polyethylene sheet was then installed 

over the mineral wool insulation and framing members, before being covered by a 1.27 cm  

(0.5 inch) thick gypsum board, which was attached to the framing using drywall screws. As with 

the first wall concept, 16 thermocouples were embedded across the layers of the wall assembly (in 

locations identical to those shown in Figure 6-15), and both thermocouples and thermopiles were 

used on the surfaces of the wall specimen. Data collection for this wall concept was carried out in 

a manner identical to that described for the previous wall concept, with three runs having been 

carried out with temperature setpoints of -25°C in the climate chamber, and 25°C in the metering 

chamber. 
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6.3.3 Offset-framed Wall with L-shaped Rigid Insulation Concept 

The final wall concept experimentally tested was the offset-framed wall with L-shaped rigid 

insulation. For this concept, a new structural frame had to be assembled using new SPF lumber. 

“Two by six” (510 mm by 152 mm nominally) studs were used as top and bottom plates, between 

which “two by four” (51 mm by 102 mm nominally) studs were attached, with each stud alternating 

its location between being flush with the inboard and outboard surfaces of the wall. As with the 

other two concepts, the framing arrangement was designed so that studs are located at the interface 

points with the boundaries of the metering area. The framing plan for the concept is shown below 

in Figure 6-17. 

 

Figure 6-17: Framing Plan for the Offset-framed Wall Concept 

A photograph of the assembled framing for the wall concept is shown below in Figure 6-18. Wood 

screws were used in the assembly of the frame instead of the more ubiquitous framing nails to 

increase the ease of disassembling the specimen after testing. 
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Figure 6-18: Assembled Framing for the Offset-framed Wall Concept 

After the framing was assembled, 510 mm (2 inch) and 380 cm (1.5 inch) thick XPS insulation 

panels were cut to size such that they occupy the entire volume between studs. XPS insulation was 

used instead of the preferred insulation material, phenolic foam, due to supply issues associated 

with the COVID-19 pandemic. The 510 mm-thick insulation pieces were installed in line with the 

framing members, along the edges of the wall surfaces, whereas the 380 mm-thick pieces occupied 

the interstitial volume in the middle. In this manner, the entire wall assembly volume was either 

occupied by rigid XPS insulation, or structural members. The insulation panels were secured in 

place with wood screws against the framing members. Finally, due to the structural members not 

being perfectly straight, upon installation some air cavities remained between the insulation panels 

and framing members; these air cavities were filled using PUR spray foam insulation. This reduced 

the likelihood of air leakage across the wall specimen. Figure 6-19 shows the offset-framed wall 

concept at this stage of construction. 
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Figure 6-19: The Offset-framed Wall Concept with Insulation Installed 

After the spray foam insulation dried and any excess was cut with a utility knife, the inboard 

surface was covered with polyethylene sheeting and a 127 mm (0.5 inch) thick gypsum board, 

which was attached to the framing using drywall screws. On the outboard surface, a 127 mm  

(0.5 inch) thick plywood sheathing layer was installed using wood screws. Throughout the 

construction of this wall specimen, thermocouples were embedded to assess the temperature 

gradient across the wall in a manner similar to that of the two previous wall concepts, and both 

thermocouples and thermopile leads were attached to the surfaces of the wall. Upon completion of 

the construction, this wall specimen was tested in a manner identical to the other wall concepts, by 

conducting three testing runs, with temperature setpoints of -25°C in the climate chamber, and 

25°C in the metering chamber. 
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7. Results and Analysis 

The thermal performance validation experiment described in detail in Chapter 6 was conducted on 

the three wall assemblies. In this chapter, these results are analyzed, and their uncertainties are 

determined, and the results are subsequently used to calibrate and validate THERM numerical 

models for each wall. A discussion follows based on these results and the experience of building 

each wall assembly to determine the suitability of each in integration in conventional wood-frame 

residential construction. 

7.1 Experimental Testing Results 

Table 7-1 below presents the thermal resistance results of the experimental testing conducted on 

the wall specimens assembled. Each wall specimen was assembled to the specifications described 

in Section 6.3 and installed into the guarded hot box. Each was then subjected to setpoints of  

-25°C in the climate chamber and 25°C in the metering chamber. These setpoints remained 

constant for 24 hours, until each wall specimen reached steady state as identified by the parameters 

outlined in Section 6.1.5. The five checks – each two hours long with samples taken every minute 

– which constitute the period of time during which the specimen was at steady state were then 

averaged to determine the RSI values presented in the results. 

Table 7-1: Experimental Testing Thermal Resistance Results 

Wall Assembly Trial 1 

K⋅m2/W 

Trial 2 

K⋅m2/W 

Average 

K⋅m2/W 

Rigid External Insulation 5.23 5.22 5.23 

Rigid Insulation with Stud Grooves 5.97 5.83 5.90 

Offset-framed Wall with L-shaped Rigid Insulation 4.65 4.68 4.66 

To calculate these results, a total of five data points was needed: the temperature difference across 

the first thermopile, the temperature difference across the second thermopile, the temperature 
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difference across the walls of the metering chamber, the energy input into the metering chamber’s 

heater over the period of recording, and the metering surface area. The thermal resistances were 

then calculated using Equation ( 7-1 ): 

 RSI =
∆T ∗ A

E − Eloss
 ( 7-1 ) 

where ∆T is the average of the temperature differences across the thermopiles, A is the metering 

surface area, E is the heater input, and Eloss is the energy loss across the walls of the metering 

chamber to the guard chamber, which in turn is calculated as shown in Equation ( 7-2 ): 

 Eloss =
∆TMWall ∗ AMWall

RMWall
 ( 7-2 ) 

where ∆TMWall is the measured temperature difference between the interior and exterior of the 

metering wall, AMWall is the interior surface area of the metering wall, and RMWall is the thermal 

resistance of the walls of the metering chamber. 

These results demonstrate that all three wall concepts tested accomplish a thermal resistance per 

unit thickness of wall of at least 5.23 K⋅m2/W, with the offset-framed concept accomplishing the 

highest thermal resistance per thickness, at 28.24 K⋅m/W. The rigid exterior insulation concept 

and the rigid insulation with stud groove concept accomplished a resistivity of 24.22 K⋅m/W and 

27.33 K⋅m/W, respectively. In comparison, a typical wall framed with “2 by 6” studs and insulated 

with batt cavity insulation would achieve a thermal resistance per thickness of 19.14 K⋅m/W. 

The following are the results of the embedded thermocouple readouts which will be used in 

combination with the temperature gradients produced by THERM to calibrate the thermal 

performance models. TC locations along the thickness of the wall are depicted in Figure 7-1; it is 

good to note that TC locations 1 and 4 are in-line with structural framing members, whereas 
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locations 2 and 3 are situated in the middle of stud cavities. The numerated wall locations represent 

the positions along the thickness of the wall, with location 0 representing the interior surface, 

location 1 behind the drywall, location 2 behind the stud or stud cavity, location 3 behind the 

sheathing, and location 4 representing the exterior surface. 

 

Figure 7-1: Locations of Embedded TCs in the Rigid Exterior Insulation Concept 

Table 7-2 presents the embedded TC temperature results for the rigid exterior insulation concept. 

These temperatures are the product of averaging across the five checks which represent the steady 

state of the test. 

Table 7-2: Temperatures of Embedded Thermocouples, Rigid Exterior Insulation Concept 

Wall Location TC Location 1 TC Location 2 TC Location 3 TC Location 4 

0 23.54 23.54 23.54 23.54 

1.27 21.92 23.37 23.39 22.89 

10.16 9.06 7.29 8.55 9.38 

11.43 5.12 4.92 6.56 6.90 

21.59 -18.13 -18.13 -18.13 -18.13 

The aforementioned results for the rigid exterior insulation concept are represented below in Figure 

7-2 to better graphically illustrate trends in the temperature gradient across the thickness of the 

wall. 
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Figure 7-2: Temperatures of Embedded Thermocouples, Rigid Exterior Insulation Concept 

The results for the embedded TC temperatures for the stud groove rigid insulation concept are 

presented below in Table 7-4. As with the previous concept, TC locations 1 and 4 represent 

locations which interface with the structural framing members, whereas locations 2 and 3 represent 

the centres of stud cavities; the locations along the thickness of the wall are identical to those 

presented in Figure 7-1 for the rigid exterior insulation concept. 

Table 7-3: Temperatures of Embedded Thermocouples, Stud Groove Rigid Insulation Concept 

Wall Depth 

[cm] 

TC Location 1 

[°C]  

TC Location 2 

[°C] 

TC Location 3 

[°C] 

TC Location 4 

[°C] 

0 23.74 23.74 23.74 23.74 

1.3 23.24 22.91 23.64 23.11 

10.2 8.54 12.37 7.99 11.61 

20.3 -15.66 -15.37 -15.46 -15.58 

21.6 -18.04 -18.04 -18.04 -18.04 
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Figure 7-3 below is a scatterplot of the results presented in Table 7-3 for the stud groove rigid 

insulation concept. 

 

Figure 7-3: Temperatures of Embedded Thermocouples, Stud Groove Rigid Insulation 

Only three TC locations were selected along the cross-section of the offset-framed L-shape 

insulation concept, with up to 6 TCs at each location; the positions of these TCs is as follows: wall 

location 0 corresponds to the interior surface, wall location 1 is behind the drywall, wall location 

2 is behind the first 5.08 cm (2-in) layer of insulation, wall location 3 is behind the second  

3.81 cm (1.5-in) layer of insulation or behind the interior-facing stud, wall location 4 is behind the 

third 5.08 cm (2-in) layer of insulation or behind the exterior-facing stud, and wall location 5 is on 

the exterior surface of the wall. The positions are illustrated in Figure 7-4. 
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Figure 7-4: Locations of Embedded TCs in the Offset-framed L-shaped Insulation 

Table 7-4 below presents the temperatures recorded by the TCs embedded in the offset-framed  

L-shape insulation concept. Note that TC location 1, wall location 2, and TC location 3, wall 

location 3 do not have temperature readings as the wall planes of these points intersect with the 

interior of the framing member and are therefore not instrumented. 

Table 7-4: Temperatures of Embedded Thermocouples, Offset L-shape Insulation Concept 

Wall Depth (cm) TC Location 1 

[°C]  

TC Location 2 

[°C] 

TC Location 3 

[°C] 

0 23.29 23.29 23.29 

1.3 22.92 23.26 23.16 

6.3 - 9.34 6.64 

10.2 4.75 -1.68 - 

15.2 -13.88 -15.24 -14.67 

16.5 -18.01 -18.01 -18.01 

Finally, Figure 7-5 graphically illustrates the results presented for the offset-framed L-shape 

insulation concept in Table 7-4. 



93 

 

 

Figure 7-5: Temperatures of Embedded Thermocouples, Offset L-shape Insulation 

7.2 Uncertainty Analysis 

In this section, the uncertainty associated with the effective thermal resistance results determined 

using equations ( 7-1 ) and ( 7-2 ) is calculated using the data obtained during experimental testing. 

Taken into account for the uncertainty determination are both the quantity of data measured, as 

well as the quality of the instruments used to measure the data. A 99% confidence interval based 

on the acquired steady state for thermopile temperature difference and surface and embedded 

temperature measurements was used. A total of 3 measured values are included in the effective 

thermal resistance measurement, including the temperature difference across the specimen, the 

heat input into the metering chamber, and the temperature difference across the walls of the 

metering chamber. 
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To determine the uncertainty in the measurement of the temperature difference across the specimen 

as recorded by the thermopiles, equation ( 7-3 ) is used, as shown below. In this equation, the 

uncertainty of a temperature reading by one of the thermopiles, 𝑈∆𝑇𝑖
, is determined using the bias 

of the thermopiles used, 𝐵∆𝑇, which is equal to 0.27 ˚C, and the precision of measurement based 

on a 99% confidence interval, 𝐵∆𝑇𝑖
. 

 𝑈∆𝑇𝑖
= √𝐵∆𝑇

2 + 𝑃∆𝑇𝑖

2  ( 7-3 ) 

The total uncertainty in the temperature difference reading, 𝑈∆𝑇, is determined using equation ( 

7-4 ), whereby the sum of the squares of the individual uncertainties is evaluated based on the use 

of two individual thermopiles. 

 𝑈∆𝑇 = √∑ (
𝑈∆𝑇𝑖

𝑁
)

2𝑁

𝑖=1
 

( 7-4 ) 

Based on this approach, the uncertainties in the temperature difference across the specimen for 

each wall assembly are ± 0.28 ˚C, ± 0.28 ˚C and ± 0.46 ˚C for the first, second, and third wall 

assemblies, respectively. The lower uncertainty values for the first two wall assemblies reflect a 

low degree of temperature variation on the surfaces of the specimen, with the instrument bias being 

the predominant source of uncertainty. The third wall assembly saw greater variation in surface 

temperature, and the total uncertainty value reflects this.  

To evaluate the error associated with the metering chamber heater input, equation ( 7-5 ) is used. 

Here, E represents the measured energy input, a is the power meter’s nominal accuracy of 0.5%, 

and b is the value of a single pulse increment, 0.375 Wh. 
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 𝑈𝐸 = 𝑎𝐸 + 𝑏 ( 7-5 ) 

The total uncertainty associated with the measurement of the power input over the course of each 

test is thus calculated to be ± 0.5 Wh for each of the three wall assemblies. 

Finally, the uncertainty in the energy loss through the walls of the metering chamber must be 

assessed using the uncertainty in the temperature readings for the exterior and interior surfaces of 

the metering chamber. There are 5 thermocouples measuring temperatures on the interior surface 

and 5 on the exterior surface of the metering box, with the temperature each set of five 

thermocouples records averaged for each check, and the total temperature difference determined 

by finding the difference between the exterior and interior surface temperatures. Using equations 

( 7-3 ) and ( 7-4 ) adjusted to the biases and precisions associated with the readings of these 

thermocouples, the total uncertainty in temperature difference is equal to ± 0.27 ˚C, and since only 

the temperature difference affects the uncertainty in Eloss, the proportional uncertainty in Eloss is 

±0.15 Wh. 

To calculate the total uncertainty in the effective thermal resistance for each wall assembly, 

equation ( 7-6 ) is used, where the uncertainty is equal to the root square sum of the partial 

derivatives of each of the relevant variables with respect to effective thermal resistance. 

 

UReff
= √(

∂Reff

∂E
UE)

2

+ (
∂Reff

∂∆T
U∆T)

2

+ (
∂Reff

∂Eloss
UEloss

)
2

 

UReff
= √(

∆TAUE

E2 − Eloss
)

2

+ (
AU∆T

E2 − Eloss
)

2

+ (
∆TAUEloss

E − Eloss
2 )

2

 

( 7-6 ) 
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When solving equation ( 7-6 ) for the three wall assemblies, the determined uncertainty for the 

effective thermal resistance of each wall assembly are ± 0.38 K⋅m2/W, ± 0.38 K⋅m2/W, and  

± 0.35 K⋅m2/W for the first, second, and third wall assemblies, respectively. The predominant 

proportion of the uncertainty calculated is associated with the determination of energy losses 

through the walls of the metering chamber; this is due to the relatively very small temperature 

differences determined across the walls, and the fact that thermocouples are used in finding the 

temperature difference instead of thermopiles, which tend to introduce a lesser degree of 

uncertainty. Nonetheless, each uncertainty value corresponds to no more than 7.3% of the total 

determined effective resistance for each wall. 

7.3 THERM Model Calibration and Validation 

By using the results of the experimental procedure presented previously, and in particular the 

results presented in Table 7-1, Table 7-3, and Table 7-4 with the temperature gradients produced 

by THERM and shown in Appendix B: THERM Temperature Gradients, the THERM models 

could be calibrated to better reflect the measured performance of the wall assemblies. This was 

carried out by fine-tuning the material profiles and geometric features of the models such that the 

overall temperature gradient across the cross section of the modelled wall matches the embedded 

TC temperatures. After performing this operation, the overall effective thermal resistance values 

calculated by THERM for each of the wall assemblies were determined, and these are presented 

and compared to the experimental results below in Table 7-5. 

Table 7-5: Comparison of Calibrated THERM Results and Experimental Results 

 Wall 1 Reff 

[K⋅m2/W] 

Wall 2 Reff 

[K⋅m2/W] 

Wall 3 Reff 

[K⋅m2/W] 

THERM 5.69 5.89 4.53 

Experimental 5.23 ± 0.38 5.90 ± 0.38 4.66 ± 0.35 

% Difference 8.1% -0.0% -2.3% 
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Very good agreement is found between the THERM models and the experimental results for both 

the stud groove rigid insulation and the offset-framed L-shaped insulation concepts, with the 

THERM models predicting the effective thermal resistance for both wall assemblies to within the 

experimental uncertainty. However, no such agreement existence between the model and the 

experimental results for the rigid exterior insulation concept. This may at first appear to invalidate 

the THERM models altogether; however, closer examination of the experimental results for this 

wall specimen reveals that an issue which occurred during testing may have resulted in inaccurate 

results for the overall effective thermal resistance of the specimen. This issue is readily visible 

when plotting the temperature difference between the faces of the wall assembly over the course 

of the test, as was done below in Figure 7-6. 

 

Figure 7-6: Temperature Difference vs. Check Number: Rigid Exterior 

In this plot, it can be readily observed that up until check number 9 (that is, 18 hours into the test), 

the wall assembly was approaching thermal equilibrium, which would be seen as the temperature 

difference changing only negligibly over 5 or more checks. Instead, after the 10th check, a 

relatively significant decrease in temperature difference was measured, at which point the 
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temperature difference levelled. This can be compared with the temperature difference for a 

different wall specimen, shown below in Figure 7-7, where thermal equilibrium was clearly 

achieved between checks 5 and 9. 

 

Figure 7-7: Temperature Difference vs. Check Number: Offset Wall with L-shape 

After some troubleshooting, it was found that the cause for the sudden drop in temperature 

difference observed in Figure 7-6 was an accumulation of frozen condensate on the cooling unit’s 

evaporator in the climate chamber. This deteriorated the cooling unit’s performance, preventing it 

from accomplishing the desired climate chamber temperature until the test was stopped, and frozen 

condensate was allowed to melt. Unfortunately, this issue was only addressed after testing on the 

rigid exterior insulation concept was completed and the wall specimen disassembled, so testing 

could not be repeated. This issue is caused by ambient air moisture present in the lab space freezing 

against the cold components of the climate chamber after prolonged testing; because the relative 

humidity of the lab cannot be effectively reduced, the prevalence of this issue can only be reduced 

by either reducing the amount of time the guarded hot box continuously operates for, or by better 

insulating any components on which moisture condensates.  
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8. Conclusion and Further Work 

Based on the experiences developed over the course of conducting the research presented in this 

thesis, it was found that novel wood-frame wall assemblies incorporating high performing nascent 

thermal insulation materials could serve as a suitable approach to reducing the environmental 

impact of heating newly built Canadian homes, while simultaneously being attractive to developers 

who wish to reduce the profile of the wall and thereby maximize indoor floorspace. It was found 

that the existing practice of using exterior sheathing insulation continues to be an effective 

approach to efficiently insulating a wall without significantly altering the traditional method of 

framing a wood-frame wall. However, using a higher performance insulation material such as 

phenolic foam instead of existing incumbent materials such as XPS will result in either a better 

insulated wall, or an equally well-insulated wall with a thinner profile. Based on the results of this 

work, it is recommended that additional research be conducted into the incorporation of phenolic 

foam insulation panels into Canadian residential construction. 

Novel wall assemblies such as the offset-framed wall with L-shaped insulation panels, which 

require a reimagination of how a wall is framed, were shown to achieve a higher degree of thermal 

resistance per unit thickness of the wall, especially when incorporating highly thermally resistant 

nascent insulation materials. However, the construction of such a wall does entail several 

additional steps which increase the time required for framing, and additional training would be 

required of framers to ensure the assembly procedure is correctly carried out. These two factors 

may significantly increase the cost of such an implementation, negating the benefits of reduced 

floorspace loss. Additional cost benefit analysis should be carried out to assess the return on 

investment of such an approach.  
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Due to its relatively complicated geometry, the offset-framed wall assembly may be more 

appropriate for applications where a prefabrication of the wall assembly is possible. This would 

allow the framed and insulated wall to be simply transported and installed on-site after being built 

elsewhere. Prefabrication would allow for a tighter control of tolerances in framing, reducing or 

eliminating the chance of air gaps which reduce the wall’s thermal performance. This would also 

eliminate the need for specially trained framers on site for the construction of the wall, and with 

sufficient automation of the assembly process, the time it takes to frame the offset wall can also 

be reduced to more closely match the length of construction for a conventionally framed wall. 

8.1 Contributions to the Field of Research 

The work presented in this thesis has contributed to the field of building envelope research in a 

variety of ways. These contributions are listed and described below. 

• Development of an evaluation system for nascent, high performance insulation materials: 

based on the input of industry experts during a design charette, an approach to the 

evaluation and comparison of innovative insulation materials was developed for the 

purposes of the research presented in this thesis. This approach, outlined in full in Chapter 

3, may be replicated to evaluate and compare different sets of insulations materials for a 

variety of applications beyond those discussed here.  

• Development of an approach to estimating and comparing the environmental toll of 

different insulation materials: the approach undertaken to estimating the environmental 

cost of each insulation material based on its global warming potential as calculated in 

environmental product declarations and normalizing it to the material’s thermal resistivity 

is novel, and may be replicated to compare other insulation materials, as well as different 

manufacturing approaches for the same material. This approach allows the direct 
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comparison of different materials and the consequences of their use on the environment. In 

future research, this approach can be adapted to assess the real cost of using a certain 

material over another by incorporating estimates for the financial costs associated with 

pollution, such as carbon taxes. 

• Development of a variety of innovative, thin, and highly insulated wall assemblies: a 

diverse range of wall assembly designs has been presented in this research, which employ 

a variety of nascent approaches to the assembly of wood-frame walls. These approaches 

can be modified to meet the requirements of building codes, as well as project constraints 

and requirements, to achieve real improvements in the thermal performance of walls.  

• Development of a modelling approach to the evaluation of thin, highly insulated wall 

assemblies, and the calibration of this approach using experimentally derived data: 

although the modelling approach presented here was developed for a specific use-case, its 

application can foreseeably be expanded to evaluate the performance of other designs of 

wood-frame wall assemblies, especially those which employ novel materials. The 

calibration parameters developed in this research can subsequently be used to develop more 

accurate models. 

• The selection of promising wall assembly designs which merit additional research and 

testing: the wall assemblies which were selected to undergo further experimental testing in 

this thesis have shown promising results, and their assembly was not substantially more 

difficult than that of wall designs currently employed. These designs should undergo 

further research and testing to better understand how they can be employed in the Canadian 

market to reduce the environmental impact of newly-built homes. 
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8.2 Further Work 

In addition to the aforementioned topics, the following is a list of additional inquiries which would 

contribute to the development of highly insulated thin walls. 

• Integration of the investigated materials into the proposed wall assemblies: it has been 

shown that the nascent insulation materials investigated as part of this research could prove 

to be effective when integrated into thin, high-performance wall assemblies. However, due 

to supply chain constraints, phenolic foam and silica aerogel could not be sourced to be 

used in experimental testing. The first step in any future research should be securing the 

supply of these prospective materials. 

• Design of an appropriate cladding and rain-screen system: due to the focus of this research 

on the thermal performance of the wall assembly, little consideration has been given to 

moisture control capabilities. A future investigation of high-performance thin wall 

assemblies should include the incorporation of a suitable cladding system, and one which 

likely includes a rain screen due to its ability to effectively shed bulk water. As part of this 

research, answering the question of how thin this rain screen system can be while remaining 

effective will be an important part of the research. 

• Validation of hygric performance with in-situ testing: once wall assemblies have been 

assembled incorporating high performance insulation materials and a rain screened 

cladding system, the assemblies should undergo in-situ testing to validate their 

hygrothermal performance exposing them to real conditions. This type of experiment could 

be effectively conducted at Carleton University’s new CABER facility, which incorporates 

instrumented cut-outs in the facility’s walls for in-situ testing of envelope systems. 
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• Consideration of interfaces with fenestration and corners in the design of the wall systems: 

the simple wall assemblies considered in this thesis did not take into account any 

interfacing envelope components such as windows, doors, and wall corners. The manner 

in which these elements are framed into the wall assemblies proposed here must be 

considered for the effective elimination of thermal bridges and gaps through which air and 

moisture infiltration could take place. 

• Consideration of biogenic and other low embodied carbon insulation materials: while the 

environmental impact of manufacturing the insulation materials considered in this research 

was taken into consideration in the selection of candidate materials, it was not a priority. 

With more research being published about the enormous impact of embodied carbon 

emissions on the overall lifetime emissions of a building, it would be prudent to consider 

whether the incorporation of less thermally insulative biogenic materials into the building 

envelope would benefit the overall reduction in emissions of the building. Biogenic 

materials are naturally derived materials such as hemp or hay which are often a bi-product, 

and which have a low or negative embodied carbon value.  
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Appendix A: Isothermal Planes Method 

The isothermal planes method is a simple approach for the thermal resistance evaluation of wall 

assemblies by simplification to a one-dimensional thermal circuit. In this approach, each wall 

layer’s thermal resistance is added together. Homogeneous layers are simply added, whereas layers 

which are not homogeneous – that is, the layer contains materials of dissimilar thermal properties 

– must be combined in parallel. This approach is illustrated below for the rigid exterior insulation 

concept. 

The following diagram lists and colour codes the individual layers in the wall concept. 

 

Figure A-1: Layers Present in an Isothermal Planes Method Evaluation 

The layers are as follows: 

• Layer 1: 6.35 cm (2.5-in) of phenolic foam insulation with a thermal resistivity of  

52.0 m·K/W 

• Layer 2: 1.27 cm (1/2-in) of plywood sheathing with a thermal resistivity of 8.7 m·K/W 

• Layer 3: 8.89 cm (3.5-in) of studs (8.7 m·K/W) and batt insulation (24.3 m·K/W). The 

stud spacing is 40.64 cm (16-in) so there is one 3.81 cm (1.5-in) wide stud for every 

40.64 cm length, with the rest occupied by batt insulation, so the cross-sectional area 

ratio of the stud is 0.094. 
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• Layer 4: 1.27 cm (1/2-in) of gypsum drywall with a thermal resistivity of 6.2 m·K/W 

The overall effective thermal resistance of the wall based on the isothermal planes method is 

thus: 

 
Reff = R1 + R2 + R3 + R4 

 
( A-1 ) 

 

Reff = r1 ∗ l1 + r2 ∗ l2 +
l3

Astud

rbatt
+

Abatt

rbatt

+ r4 ∗ l4 

Reff = 52 ∗ 0.0635 + 8.2 ∗ 0.0127 +
0.0889

0.094
8.7 +

0.906
24.3

+ 6.2

∗ 0.0127 

Reff = 5.33 m · K/W     (R − 30.28)  

 

 

The same approach is used for the calculation of the other concepts.  
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Appendix B: THERM Temperature Gradients 

The following are screen captures of the temperature gradient graphs produced by LBNL THERM 

for the modelled wall assemblies, providing a better understanding of the potential thermal bridges 

through the structural members of each wall. Each model incorporated the boundary conditions 

presented in Table 5-2. 

 

 

Figure B-1: Rigid Exterior Insulation Concept Temperature Gradient 

 

 

Figure B-2: Rigid Insulation with Stud Grooves Concept Temperature Gradient 
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Exterior 
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Figure B-3: Offset-framed Wall with L-shaped Insulation Concept Temperature Gradient 

 

 

Figure B-4: Continuous Aerogel Insulation Concept Temperature Gradient 
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Appendix C: WUFI Pro Inputs 

The table below provides a summary of the common layers across the thickness of the walls in the 

WUFI Pro 7 simulations. 

Table C-1: Layer Properties for WUFI Simulation 

Layer 

Width (m) 

Layer Description 

0.0105  Composite Wood Siding with cladding rain penetration of 1% of rain load 

0.01  Air Layer 10 mm without additional moisture capacity, 20 ACH with left 

0.001 Delta VENT-S WRB 

0.003125  OSB; Rain Penetration Moisture Source on exterior element; 0.01% rain load 

0.00625  OSB 

0.003125  OSB 

0.005  Air Layer 5 mm without additional moisture capacity, 10 ACH with left 

0.005  Air Layer 5 mm without additional moisture capacity, 10 ACH with right 

0.089  Low Density Glass Fiber Batt Insulation 

0.001  PE-Membrane (Poly; 0.07 perm) 

0.0125  Gypsum Board (USA) 

The following table presents additional settings common to all simulations. 

Table C-2: Additional WUFI Settings 

Parameter Description 

Grid 300 

Orientation Based on highest driving rain sum using Climate Analysis 

Exterior surface Heat resistance: 0.03 m2K/W  

Interior surface Heat resistance: 0.12 m2K/W, latex paint sd-value: 0.7 

Initial moisture  Typical build-in in each layer 

Initial 

temperature  

0 degrees 

Calculation 

period  

3 years (2021-01-01 to 2024-01-01) 

Outdoor climate ASHRAE Year 2 

Indoor climate  ASHRAE 160, Heating only, 21 degree heating setpoint, 2 bedrooms 

 

 


