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Abstract 

High performance enclosures reduce building energy consumption, however, may vary from 

expected RSI values and be at risk of moisture damage. This research investigated the 

hygrothermal performance of a high performance enclosure for use in Toronto and other cold 

climates. The proposed enclosure utilized 228mm of exterior mineral wool attached to a typical 

wood frame structure. The in-situ thermal resistance was compared with the nominal thermal 

resistance and found to differ by up to 14.4%. Three-dimensional thermal modelling determined 

a range (-4.2% to -24.4%) of potential RSI reductions caused by metal-screw fasteners. In-situ 

measurements and calibrated one-dimensional WUFI-Pro models determined that the enclosure 

is not at risk of moisture damage in Toronto and other cold climates. A parametric analysis 

identified several climatic and materialistic variables that had an influence on the hygrothermal 

performance of the enclosure. The combined use of collected in-situ data and calibrated 

modelling allowed for a comprehensive hygrothermal analysis of the proposed enclosure.  

.  
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1.0 Introduction  

Buildings account for approximately 14% of Canada’s greenhouse gas emissions and the 

residential sector consumes approximately 12% of Canada’s energy consumption. (Environment 

Canada, 2016). Typically, space heating accounts for 63% of all energy used in a Canadian 

home. Reducing residential building energy consumption and reducing space heating energy 

usage is critical to limiting the impact of climate change caused by the residential buildings 

(Environment Canada. 2013). Highly insulated and airtight walls can reduce the space heating 

energy demand and create lower energy homes. These walls are known as high thermal 

performance envelopes. 

Incorporating high performance envelopes into the new building stock will be critical in 

Canada.  From 2013 to 2014 Canada’s population increased by 386,100 people, a 1.1% growth 

rate, which has remained steady for the past 10 years (Statistics Canada, 2014). An average of 

195,000 dwellings have been built every year from 2004 to 2013 (CMHC, 2016) to 

accommodate this population increase. All stakeholders in the building industry have recognized 

the need to build lower energy homes to limit green house gas emissions.  

Increasing enclosure thermal resistance has implications on the systems moisture 

management ability.  The reduced energy flow through the envelope, that is critical to lower 

energy buildings, impedes drying processes and may lead to an increased chance of moisture 

damage.  There are several factors that affect the thermal resistance of an enclosure changing 

expected energy usage. Understanding both the thermal and hygrothermal implications of 

implementing newer wall systems be critical in ensuring a durable and safe housing stock.  

1.1. Project Introduction  

A local architectural firm has developed a high RSI enclosure assembly in response to the 

demand for new housing and the need to reduce residential greenhouse gas emissions. The 

enclosure approach is based off many years of building science principles for low energy 

buildings located in cold climates. The ideas of continuous external insulation and maintaining a 

vapour open system are incorporated into the enclosure. A local architecture firm has partnered 

with Ryerson University to investigate the implications of implementing this type of wall 

assembly into the built environment. The Canadian National Science and Engineering Research 
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Council has made this research possible through funding in form of a NSERC Engage research 

grant.  

The wall enclosure utilizes typical “stick-frame” construction yet modifies it by placing 

significant amounts of mineral wool insulation on the exterior side of the sheathing. The 

structure consists of typical 38mmx89mm wooden studs and orientated strand board sheathing.  

The internal cavity has been filled with 89mm of mineral wool batt insulation.  The wall consists 

of 230mm mineral wool insulated sheathing, which is fastened to the structure via wood furring 

strips and long metal screw fasteners.  The metal screws go through the furring strips and hold 

the insulation onto the structure.  The cladding is fastened to the wood furring strips. A more 

complete description can be found in Section 4.1.3 Enclosure.  The intention behind the 

enclosure approach was to utilize traditional construction methods while creating a durable and 

highly insulated wall assembly.  A test structure was built by the architecture firm in the fall of 

2014 to test the constructability of the system and for field testing of thermal and hygrothermal 

properties.  The structure is located at Evergreen Brickworks close to downtown Toronto.  

1.2. Research Objective  

The objective of the following research is to quantify the thermal and hygrothermal 

performance of the proposed wall enclosure by analyzing in-situ performance.  Further 

investigation is completed by calibrating software and running various simulations to gain a 

more robust understanding of the wall enclosure across various climates and external boundary 

conditions. The purpose of this research is to be able to provide architects, designers, and 

builders accurate information about the durability and thermal performance for this particular 

enclosure type to support design decisions on current and future projects.  Secondly, this research 

will add to the literature focussing on combining in-situ testing and computer simulations to 

accurately assess enclosure hygrothermal performance.  

1.3. Research Questions  

Several research questions have been developed to meet the objective of this research; 

1.  What is the difference between the nominal and effective RSI for the proposed 

enclosure? 
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a. What is the expected effective thermal resistance of the proposed enclosure with 

various fastener types, insulation amounts, and stud spacings?  

2. Is the proposed enclosure suitable for the Toronto Climate in terms of hygrothermal 

performance?   

a. How sensitive is the hygrothermal performance of the proposed enclosure under 

various climatic boundary conditions and under various construction 

modifications?  

2.0 Literature Review 

The literature review explores relevant in-situ, laboratory and computer modelling studies of 

highly insulated enclosure in a cold climate. For simplification, the literature review was broken 

into two sections; thermal resistance review and moisture management review.  

2.1. Thermal Resistance Review 

As the need for energy efficient buildings increase so to does the proper understanding of the 

thermal resistance of the building enclosure. Understanding the true thermal resistance of the 

building is critical in energy consumption and hygrothermal performance prediction. As 

discussed in Section 2.3 Heat in Building Enclosures, there are number of factors that may 

change the predicted thermal resistance of the enclosure while in service. This section will 

outline previous work that focuses on the impact of several of these factors.  

2.1.1. Thermal Bridging Review 

 It is well known in the building industry that thermal bridging can have a large impact on the 

total thermal resistance of the wall and in turn energy performance.  Kośny and Kossecka (2002), 

identified that 20-50% of wall area is not accurately represented in whole building energy 

modelling with respects to thermal resistance.  These areas are typically occupied by thermally 

varied materials than the centre of cavity wall and may be thermal bridging.  



 
 

4 

Faming can occupy approximately from 19% to 39% (ASHRAE,2013) (Qasass et. al., 2014) of 

the wall area in typical wood frame construction. Reduction in expected RSI depends on 

construction type but can exceed 20% for wooden framing or between 50-80% if steel studs are 

used (Straube, 2007) (Qasass et. al., 2014). Figure 2-1 demonstrates the reductions caused by 

wooden and steel studs. Exterior insulation is often recommended as a solution in limiting 

thermal bridging. Even adding limited amounts of exterior insulation will increase the 

effectiveness of stud insulation as demonstrated in Bombino and Burnett (1999). 

Figure 2-1 : Thermal Bridging Potentials (Straube, 2007) 

Figure 2-2 : Effects of Adding Exterior Insulation on Steel Stud Walls.  
(Bombino & Burnett, 1999) 
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The ideal situation is to place all insulation on the exterior side of the structural framing. A 

number of objects exist outside the framing structure, such as cladding, that needs to be attached 

to the superstructure. Typically, these attachments consist of high-strength and highly conductive 

materials such as steel or concrete and penetrate the exterior insulation. Several studies have 

investigated the reduction in RSI caused by the penetration of the exterior insulation by such 

attachments and are explored below; 

Lawton et. al (n.d.) investigated the impacts of slab edge details and a variety of secondary 

structural elements on the effective RSI of externally insulated wall assemblies. They compared 

whole wall effective RSI to expected nominal wall insulation values. The authors completed RSI 

calculations for a number of scenarios on variations of a wall type; however, only the most 

relevant case is presented here. The construction detail comprised of an externally insulated wall 

with steel studs and a concrete slab. A steel angle shelf was attached to the slab via metal spaces 

at 610mm.  Insulation was continuous over the wall except where metal brick ties and shelf angle 

connectors penetrate. The report found a reduction in RSI between 29.3% and 49.2% from 

nominal, depending on external insulation amounts.  The largest difference was found in the 

most insulated case where the nominal RSI value of 5.82 m2K/W was reduced to 2.95 m2K/W 

(Lawton et. al, n.d.). It should be noted that the highest externally insulated cases had the largest 

proportional drop in effective RSI value due to increased heat flows through the conductive 

components.  
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Christensen (2010) investigated the effect of fasteners in high-performance wood frame walls.  

The author looked at a typical 2”x6” wood-frame with interior cellulose insulation, 38mm of 

exterior rigid foam insulation and lapped fibre cement sheathing wall. The impact of the drywall 

and the fibre cement board metal fasteners on the RSI of the wall was investigated. A range of 

framing factors and fastener densities was tested to determine appropriate ranges for RSI. 

Christensen used a finite-element 3d thermal modelling software to conduct the tests. The study 

concluded that at a maximum framing factor of 30% the combined effects of studs and metal 

fasteners caused a reduction in RSI of 5.076 m2K/W to 3.863 m2K/W (24%).  The metal 

fasteners were calculated to cause a reduction of approximately 5% of the walls thermal 

resistance.   

Figure 2-1 : Impact of Metal Fasteners on Temperature Fields  
(Christenson, 2010)  
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A number different fastening arrangements were assessed by Higgins et. al (2014) for two 

typical residential frame walls with varied levels of exterior insulation. The walls included 2”x6” 

wood and 3-5/8” steel studs both spaced at 406mm. Three levels of exterior insulation were 

assed; with install RSI’s of 2.96 m2K/W, 5.92 m2K/W and 8.88 m2K/W. The fastening methods 

included, stainless steel screws, galvanized screws, z-girt clips, fibreglass clips, PVC isolated 

galvanized clips, and aluminum clips.  Screws were fastened through wooden furring strips and 

insulation and then imbedded into the wooden structure. This is a similar arrangement to 

proposed enclosure. The results from the wood frame analysis indicate that continuous vertical z-

girts had the largest impact, while stainless steel screws have the least impact on the thermal 

resistance of the wall. Galvanized screws preformed worse than the stainless-steel screws due to 

their increased conductivity value. Stainless steel and galvanized screws were simulated at 

305mm and 406mm vertical spacing.  The proportional decrease in thermal insulation increased 

as exterior insulation increased.  The most similar case to the proposed assembly was galvanized 

screws spaced at 406mm and with 5.92 m2K/W of external insulation. The thermal resistance of 

clear-wall was reduced from approximately 9.69 m2K/W to approximately 8.63 m2K/W, a 

reduction of 11%.  

Figure 2-2 : Reduction in R-Values from HEAT3 Simulations (Higgins et. al., 2014) 
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2.1.1.1. Thermal Bridging Summary 

From the previous studies in can be concluded that thermal bridging and penetrations through 

exterior insulation can cause a significant difference in effective and nominal thermal 

resistances.  The effect of metal fasteners, such as screws and nails, can cause reductions of 5% 

to 15%, on the effective thermal resistance of externally insulated wall assemblies. Increased 

levels of exterior insulation cause a proportional decrease of effective RSI.  

The proposed wall is intended to be used in low-energy buildings and the effects of fasteners 

should be properly understood before implementation. This research will investigate a wide 

variety of construction situations. This will allow designers a better understanding of selecting 

insulation levels and structural arranging on building energy usage. Similar to the studies above 

proposed cases include changing stud spacing, fastener spacing, and insulation levels.  

Due to the small area of the studs and fasteners, it is impractical to measure the in-situ thermal 

resistance at their location.  Methods exist to test whole walls RSI values, such as the guarded 

hot box method, however will not be undertaken in this research but is mentioned for possible 

further testing. Three-dimensional simulation was the selected method preferred in above 

simulations and will be used for this research. The program HEAT3, used by Higgins et al. 

(2014) and validated by ISO 10211:2007 (ISO, 2007) was selected to assess the impact of 

fasteners in the proposed enclosure.  

2.1.2. In-situ RSI Review  

There are many factors that influence the thermal resistance of both an enclosure and the 

insulation within the assembly. This section will relevant review past research for mineral wool 

insulation and exterior insulation. The past research presented here should help provide an 

understanding on what may be influencing the in-situ thermal resistance of the wall.  

2.1.2.1. Wind washing 

Wind washing has been shown to reduce thermal resistances by as much as 10-30% in light-

weight wood frame walls that utilize low-density mineral wool insulation (Uvløskk,1996). Other 

studies have found similar effects in pitched roofs (Deseyve and Bednar, 2009) (Janssens and 
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Hens, 2007) reduced surface temperatures in corners due to wind (Timusk and Seskus, 1991) and 

direct increase in heat loss due to air flow over insulations surface. (Yarbrough and Tooe, 1983).  

 

Figure 2-3 : Effects of Wind Washing on Heat Transmission (Uvloskk, 1996). 

The aforementioned studies investigated the effects of wind on relativity low density insulations 

and constructions with defects.  The extent of winds impact on thermal transmission varies 

greatly due to a number of factors such as; air pressure gradients, wind speed, installation gaps, 

and air permeability of insulation. The impact of wind washing on exterior high density mineral 

wool has not extensively been investigated, however one recent study was published on this 

topic.  

In a recent study conducted by Van Straaten et. al. (2016) and titled “Wind Washing Effects on 

Mineral Wool Insulated Sheathings”, the research team investigated the relation between air 

flow over different density mineral wool boards and low-density fibre glass batts. The report 

Figure 2-4 : Airflow's Affect on Thermal Resistance for Different Insulation Types (Van Straaten et. al. 2016) 
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concluded that regardless of air-flow speed there was minor variation in heat flux in mineral 

wool with densities higher than 78 kg/m3 (Figure 2-6). The study did not investigate the potential 

loss in thermal resistance due to exterior air flowing around the insulation. There have been 

several other studies in the past that have investigated this effect along with gaps on the interior 

side of construction.   

Gaps on the interior side of insulation were looked at by Brown et. al. (1993) and found that air 

looping and natural convection could cause a 41% drop in thermal resistance. Factors that 

influenced resistance were gap sizes and exterior air temperatures. The proposed enclosure has 

significant exterior insulation it is suspected interior natural convection will have limited effect 

on thermal resistance, however, external air-looping may have implications.  

Lecompte (1989) investigated brick wall cavity insulation and the impacts of air gaps on thermal 

transmission.  Rigid foam insulation was placed between two layers of brick construction. 

Guarded hot box tests were conducted with different gaps on both the interior side and exterior 

side of the insulation. Testing and subsequent numerical simulations showed that gaps between 

the insulation and the wall would result in significantly increased heat loss.  It should be noted 

that as the gaps decreased in size so to the heat flux.  Air movement from wind was not 

investigated, but it is suspected that there would be increased heat transfer due to increased air 

flow behind and in front of the insulation.  Trethiwn (1991), also looked at the effects of gaps 

between the insulation a wall.  Results from this paper confirm findings made by the Lacompte 

study.   

Figure 2-5 : Lecompte (1989) Numerical Results for Gaps in Insulation in Cavity. 
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Air movement through and around the insulation can have serious implications on the thermal 

resistance of enclosures depending on several factors such as, gap sizes, air permeability of 

assembly component, insulation density, exterior/interior temperatures, and insulation types. 

There are several other factors that influence thermal resistances while in service including; 

moisture content and conductivity temperature dependency.  

Moisture Content: A study conducted by Jiřičková et. al., (2006) looked at partially saturated 

mineral wools and their apparent thermal conductivities. Results indicate that thermal 

conductivity increases with increased moisture content. Although the cases investigated by 

Jiřičková et. al., looked at high levels of moisture content relative to expected moisture content 

of the proposed enclosure, it demonstrated that there may be changes in thermal resistance due to 

moisture within the insulations.  

Temperature Dependency: Research has been conducted by Building Science Labs on 

differences between polyisocyanurate and mineral wool within roofing assemblies. ASTM – 

C518 thermal conductivity test were conducted on both insulations.  The mineral wool tested, 

Roxul TopRock DD, is similar in density and conductivity to the external mineral wool 

insulation used in the proposed enclosure.  

 

Figure 2-6 : Testing of Temperature Dependent Conductivity (BSC,2013) 

Results show a clear linear dependency on the mean temperature of the insulations, with the 

conductivity of the material increasing as its mean temperature increases.  Temperature 

dependent conductivity is a well known and studied phenomenon in insulation. Since the exterior 
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insulation in the proposed enclosure will see drastic changes to its temperature, further testing 

under ASTM C518 has been carried out with varying temperatures and can be found in Section 

4.2 Apparent Thermal Conductivity.  

2.1.2.2. In-situ Thermal Analysis 

There are many variables that may impact the in-service RSI of the enclosure. Many of 

the above studies investigated the effect of one variable on the thermal resistance of either the 

insulation or the wall assembly. To determine the overall impact of multiple variables the 

enclosure must be tested in-situ. A common and accepted procedure to test in-situ thermal 

resistance of building enclosures is the ASTM C1155 and ASTM C1046 standards (ASTM, 

2013a) (ASTM,2013b). These standards are equivalent to the international standard ISO 9869-

1:2014 (ISO, 2014). These standards require the measurement of heat flux through the wall and 

the measurement of surface temperatures on the interior and exterior surfaces.  A number of 

studies have employed the used of ASTM C1155 and ISO 9869 to evaluate in-situ thermal 

resistance (Janssens & Hens, 2007) (Saïd et. al.,1997) (Latif et. al., 2014).  

Determining the thermal resistance of each layer was considered important to gain a 

better understanding of the in-situ effective RSI of the proposed assembly. Defining each layer’s 

thermal resistance will aid in assessing changes in the thermal resistance of the enclosure. A 

thermal resistance study on vacuum insulated panels was conducted with both in-situ testing 

using ASTM-C1155 and guarded hot-box testing. To determine the RSI of the VIP within the 

assembly, thermocouples were placed on either side of the VIP. Using the temperature data from 

each layer and the heat flow from the heat flux plate, the authors calculated each layer’s thermal 

resistance, and the overall thermal resistance of the wall (Baldwin, 2015). This technique was 

also used in Saïd et al. (1997). Similar method has been adopted for this research, where 

temperature sensors have been located between each layer and a heat flux plate collects heat flow 

through the assembly.  

The in-situ thermal resistance measurements set-out in ASTM-C1155 and ISO 9869-1:2014 

allow the operator to capture the impact of many variables on the thermal resistance of an 

enclosure, however these variables also cause accuracy issues within the measurement. Using 

ASTM-C1155 and the summation technique properly one can expect experimental error to have 

a coefficient of variation in the order of 10% (ASTM. 2013a). It has been noted that to minimize 
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errors collection periods should last anywhere between three days and two weeks and 

temperature differences between interior and exterior conditions should be at least 10°C 

(Desogus et. al. 2011) (Bryne et. al. 2013).  The time duration is dependant upon the thermal 

mass of the enclosure.  Longer periods of time are required for more massive walls to account for 

the slow response of the system to adjust for changes in temperatures.  The temperature 

difference ensures that polarity of the heat flux does not change. Other errors that may occur are 

variable air-flows over the heat flux sensor, disproportionate radiation exchange, and exposure to 

solar radiation (Flanders, 1994).  

2.1.3. Thermal Resistance Summary 

As outlined Section 2.1 Thermal Resistance Review, there are many factors that influence the 

thermal resistance of an enclosure. Physical properties of the materials, assembly design, 

environmental conditions, and construction defects can all play a large role in the thermal 

resistance of the building enclosure.  Information provided by the manufacturer and standard test 

methods for determining thermal resistances of materials provide a generalized picture of 

performance, however, cannot account for a substantial number of variables.  The technique 

chosen for in-situ testing can experience several errors during collection and only provides a 

range of certainly of 10%.  The small area of the studs and fasteners, which may account for a 

substantial loss in effective RSI value, can not be monitored directly. The use of computer 

simulation can be used to estimate bridging impacts but utilizes a highly-idealized model, which 

does not account for material and in-situ variables.  It was determined through the literature 

review that using a combination of standard material testing, in-situ testing, and computer 

simulation would provide a robust understanding of the true thermal resistance of the proposed 

enclosure.  

2.2. Moisture Management Review 

Understanding the hygrothermal performance of enclosures is critical in determining durability 

and avoiding any economic and occupant health issues. There exist simple calculation methods, 

such as the Glaser-Method, that utilize published or tested material properties and use static 

boundary temperatures and relative humidity to determine relative humidity levels within 

enclosure. Simple methods clearly ignore highly relevant hygrothermal factors, such as dynamic 
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boundary condition, material and construction defects, liquid water penetration, moist and 

temperate air flows, and many other factors.   

Field testing of enclosures is a widely-accepted method for determining hygrothermal 

performance. The studies listed below present results of such testing. Several of the studies 

combine hygrothermal simulation with in-situ testing. Relative parameters from both in-situ 

testing and simulations are expanded upon. 

Craven and Garber-Slaght (2014) investigated varying amounts of exterior insulation foam on 

residential structures in subarctic climates. The variables studied were the presence or absence of 

a polyethylene vapour retarder, ratio of RIS-values between exterior insulation and interior 

cavity insulation, interior relative humidity, and air pressure within conditioned space.  The 

researchers monitored the moisture content of the plywood sheathing and studs.  Relative 

humidity and temperature was collected at the inside of the sheathing and outside of the house-

wrap, beneath the exterior insulation.  The research concluded that the ratio of external insulation 

was more important than the presence of a vapour barrier however the vapour barrier still had a 

significant role in the hygrothermal performance of the wall.  A ratio of 68% of RSI -value in the 

exterior insulation was recommended to limit the build up of moisture within the wall.  The 

presence of significant exterior insulation reduced the risk of moisture accumulation and damage 

on the vulnerable sheathing in a cold climate. It should be noted that the expected ratio of 

external vs. internal insulation will be different for milder climates.  

Arena, et al. (2013) conducted field testing of a RSI-7.04 double stud wall in climate zone 5A. 

Several criteria were used for assessing hygrothermal performance of the enclosure including 

condensation potential, moisture content thresholds (<20% MC), drying capacity and potential 
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for mould growth.  In-situ data collection included moisture content of studs and sheathing, 

relative humidity, and temperature.  Sensor set up is shown in Figure 2-9.  

Although the wall assembly is different from the proposed enclosure techniques for monitoring 

the in-situ hygrothermal performance and defining performance metrics are useful for this 

research.  

Hygrothermal simulations using WUFI was also completed in this study however models were 

not calibrated. ASHRAE 160 methods for the calculation of interior air conditions was used 

during simulations. Predicted RH using ASHRAE 160 was higher than measured data. Both 

walls (north and south) failed ASHRAE standard 160 30-day criteria for mould growth when 

modelling was conducted however the paper states that standard may be too conservative  

Glass et. al. (2015) preformed field testing on nine variations of traditional wood frame 

walls, two of which had external insulation installed. Walls faced both north and south directions 

to account for differences in solar radiation exposure. Test huts were located outside of 

Washington, D.C (Zone 4A).  Field sensor installation included temperature, relative humidity, 

and moisture content.  Moisture content pins were placed in the bottom plate, two elevations on 

the stud, and three elevations on the OSB sheathing.  The addition of external XPS lowered the 

moisture content of the sheathing as compared with similar traditional walls. The sheathing 

temperatures were higher during winter months for the two walls with exterior insulation. The 

Figure 2-7 : In-Situ Double Stud Wall (Arena, 2013) 
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exteriorly insulated wall with less interior insulation had higher sheathing temperatures due to 

increased heat flow to the sheathing. This research provided additional information on field 

collection methods, as well indicated that the addition of external insulation would warm up the 

sheathing temperature. This reduced moisture content and condensation potential in Washington 

DC compared with standard wood frame construction.  This research did not investigate the 

implications of adding permeable insulated sheathing.  The authors conducted hygrothermal 

simulations but noted significant divergences between simulations and field results, in some 

cases up to ~7% different.   

Glass, Yeh, and Herzog (2004) investigated temperature, relative humidity, and moisture 

conditions in north and south facing wall assemblies with vapour open and vapour tight exterior 

insulation. The walls were monitored in a field test structure in a Marine 4 climate zone for a 

two-year period. The test walls comprised of 38mm x 89mm stud construction with fibreglass 

batt insulation within the stud cavity.  One of the test walls had 32mm of exterior mineral wool, 

while the other had 25mm of XPS insulation.  The mineral wool wall additionally had a spun-

bonded polyolefin house wrap (SBPO) on the sheathing as a weather resistance barrier. This 

study provided more information regarding sensor setup within the enclosure.  Interior 

conditions were set as 21° and 50% RH, except when ambient conditions exceeded 50%.  The 

same interior conditions have been proposed for this research. Weather collection included, wind 

speed, wind direction, precipitation, vertical and horizontal pyranometers.  WUFI Pro 

simulations were also undertaken, however they were not calibrated.  General trends from 

simulations were ~4-5% different from measured values. OSB sheathing was split into 3mm 

slices for more accurate measurements of simulated MC. Field testing showed similar 

performance between XPS and MW walls, however, simulations indicate that MW walls dry 

quicker than the XPS walls.  

The National Research Council of Canada investigated the hygrothermal response caused by 

adding either permeable (64mm of mineral wool) or impermeable exterior insulation (50mm of 

XPS) to a standard wood frame wall in the Ottawa, Ontario climate (Maref, et. al.,2010). Walls 

were exposed to natural conditions on one side while interior conditions were carefully 

controlled. Results concluded that the air and vapour permeance of the exterior insulation had an 

impact on the flow of moisture to the outside during the winter time and affected moisture flow 
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inwards during humid early summer conditions. The wall enclosure with mineral wool insulation 

experienced lower sheathing moisture content during the air injection phase than the XPS wall. 

The addition of external insulation reduced the chance of interstitial condensation, however both 

walls experienced interstitial condensation during the winter and dried by spring without 

damage.  

Smeagle et. al. (2013) conducted field testing on three different wall types in Coquitlam, BC 

(Climate zone 4C). One of the wall types included 38mm of exterior XPS insulation on a typical 

38mmx140mm wood stud frame. Under normal operating conditions the enclosures OSB 

sheathing with external XPS’s had lower moisture content than the comparable standard wall.  

Moisture content was always less than 13%.  An interior air condensation potential analysis was 

completed, where sheathing temperature was compared against indoor air dew point 

temperatures. A similar analysis is proposed for this analysis. The XPS wall had the least number 

of potential hours due to increased sheathing temperatures.  The report concluded that the 

inclusion of 38mm of XPS insulation improved moisture performance of standard wood frame 

walls in the Vancouver climate. The wall comparison analysis used both sheathing moisture 

content and interior air condensation potential as methods to analyze the hygrothermal 

performance of in-situ walls.  Similar techniques are suggested as a means to measure the 

performance of the proposed enclosure.  

McClung et. al. (2012) field tested the drying potential of cross laminated timber walls (CLT) 

with built in moisture at the time of construction. The authors analyzed 16 different CLT 

construction types including different types of external insulation that included mineral wool and 

EPS.  Wall types were installed into a field testing structure located in Waterloo, Ontario.  

Temperature, relative humidity and moisture content was monitored at several locations through 

the assembly.  Conclusions from this analysis indicated that high permeance insulated sheathing, 

such as mineral wool, increased drying potential as compared with lower permeable insulations.  

Fox (2014) combined in-situ testing and hygrothermal simulation for six different high thermal 

resistance walls in a southern Ontario climate. Walls were assessed by analyzing condensation 

potential and mould and decay risks using measured moisture content, temperature, and relative 

humidity. Data from the walls were also used to calibrate one-dimensional WUFI simulation 

models. One test wall included 76mm of external mineral wool board. This was fastened to a 
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typical 140mm x 38mm wood stud frame filled with 140mm of fibreglass insulation. It should be 

noted that a polyethylene barrier has been included in this wall, while the current research does 

not include a poly-barrier. Field test walls were installed in North and South orientations. The 

walls were instrumented with temperature, relative humidity, moisture content, and heat flux 

plates.  Sensor arrangement can be seen in Figure 2-10.  

Field testing including assessing the walls for interior air condensation potential and absolute 

moisture content of the sheathing. Condensation was assessed by determining the number of 

hours that the interior of the OSB sheathing was below the interior air dew point or above 100% 

RH based on recorded sensor data.  The mineral wool insulated wall only experienced some 

condensation hours during the air injection period.  The condensation was limited to the upper 

OSB sensor of the north wall. Mould and decay was assessed by three moisture content threshold 

limits. The bottom limit ranged from 16%- 20% at a temperature greater than 5°C (onset of 

Figure 2-8 : In-Situ Sensor Arrangement (Fox, 2014) 
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mould growth risk), while the middle ranged for 20%-28% at a temperature greater than 10°C 

(fast mould growth risk). The time when MC exceeded 28% to until the moisture content of the 

wood dropped below 20% was assessed at the highest risk(T>10°C).  OSB and stud framing 

were both assessed in the moisture content analysis.  

Results from this in-situ analysis indicated that the wall with external mineral wool did not 

experience any hours that exceeded the aforementioned criteria. S7 and N7 represent externally 

insulated walls with mineral wool.  It was deemed that the mineral wall was not at risk of 

experiencing any mould growth or decay during the testing period.  

 Calibrated hygrothermal simulations of several wall was completed in this study. The research 

outlined and described several processes in using field data to calibrate WUFI-Pro models. Key 

methods used from the research were the solar data processing techniques and the calibration of 

the boundary conditions techniques.  

The above studies had components involving in-situ investigation and sometimes coupled it with 

hygrothermal simulations. The studies above noted that external insulation provided better 

thermal protection of sensitive sheathings.  The above studies focused on lower levels of external 

insulation.  The studies presented next however examine larger levels of permeable external 

insulation, however, only completed the hygrothermal simulation component of analysis.  

Lepage and Lstiburek (2013), completed a number of simulations using WUFI Pro to determine 

of having varying levels of exterior permeable insulation and potential implications caused by 

solar driven vapour drive in varying climates.  The simulated mineral wool exterior insulation 

was modeled up to a thickness of 101mm. Moisture content of sheathings for a 3-year simulation 

period indicated that greater amounts of exterior insulation provide better hygrothermal 

Figure 2-9: Results from In-situ Testing. (Fox,2014) 
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performance in the Chicago climate (climate zone 5A). The sheathing was divided into ~3mm 

slices to provide relevant moisture content numbers as WUFI averages MC over an entire layer. 

Results also indicate that higher permeability weather resistant barriers and moisture storing 

claddings, like brick, increase the MC of sheathing when exposed to solar radiation.  The 

placement of impermeable vapour barriers on the interior also increased peak MC of sheathing 

due to in-ward vapour drive.  Results also indicated that the coldest climate simulated 

(International Falls – Zone 7) had the highest peak moisture content of sheathing, however, this 

was moderated with more external insulation.   

Smeagel and Straube (2011) compared the hygrothermal performance results of externally 

insulated walls with mineral wool against previous studies of similar insulated walls with XPS. 

The research was preformed with WUFI 4 and the climate was limited to Portland, Oregon. Four 

thicknesses of mineral wool installed on a 38mm x 140m wood frame wall were simulated.  

Thicknesses ranged from 32mm to 127mm. Two situations were considered within this analysis 

and included wintertime diffusion condensation and drying potential.  Results from this research 

indicate that all thicknesses of external mineral wool preform adequately under normal operating 

conditions in the Portland climate.  Results from the drying analysis indicate that mineral wool 

walls dry quicker than equivalent RSI valued XPS walls.  The wall with 127mm of external 

mineral wool dried quicker in January than the other thicknesses of mineral wool. The research 

Figure 2-10 : Drying of Wall with Exterior Mineral Wool 
(Smeagle and Straube,2011) 
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also identified the need to conduct field testing on enclosures with high level of external mineral 

wool.  

2.2.1. Summary of Moisture Management Review 

 A number of the aforementioned studies have undertaken simulation and/or in-situ analysis to 

determine the hygrothermal performance of high RSI wall assemblies. The above studies 

investigated many different types of wall assemblies in a number of different climates. The 

hygrothermal performance of wood frame walls with external mineral wool was explored both 

in-situ and with computation simulation, however, used small amounts of exterior insulation and 

were primarily investigated in a Pacific Northwest climate.  Limited analysis has been conducted 

on thick exterior mineral wool insulation amounts (>76mm) and none have completed in-situ 

testing to properly define performance in Toronto and other cold climates.  It was determined 

that in-situ testing and simulation calibration combined would provide more accurate predictive 

power to determine suitability of the proposed enclosure in Toronto and several other cold 

climates.  

The proposed research methodology for in-situ analysis has been developed from the literature 

review and has been combined with information from Straube, Onysko, and Schumachers (2002) 

“Methodology and Design of Field Experiments for Monitoring the Hygrothermal Performance 

of Wood Frame Enclosures”.  All in-situ testing on high-RSI or externally insulated walls 

included monitoring the temperature, relative humidity and moisture content of the enclosures at 

several locations and heights. The sensitive OSB sheathing was used as the primary location for 

gauging overall moisture performance.  A number of studies used several different assessment 

methods as comparative tools. Three performance metrics have been selected for this research:  

I. Moisture Content Analysis: The moisture content of the wooden structure will be 

monitored to assess the amount of time that is spent above 20%.  A MC of 20% has been 

discussed in some of the above studies as a threshold. The use of 20% also comes from a 

research review publication completed by Carll and Highley (1999) in an article titled 

“Decay of Wood and Wood-Based Products Above Ground in Buildings”.   

II. ASHRAE 160-2009 Criteria for Moisture-Control Design Analysis in Buildings:  As 

an ASHRAE standard this has been used in a number of North American hygrothermal 
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analysis. Experts have noted that the standard is too stringent and does not reflect decay 

properly. ASHRAE 160 recently been changed (ASHREA, 2016) to reflect the 

aforementioned strict criteria. ASHRAE 160 provides a very conservative creation for 

hygrothermal performance and is listed below;  

 The running 30-day RH average must remain below 80% RH when temperatures 

are greater than 5°C and below 40°C  

III. Interior Air Condensation Potential: This metric assesses the dew point temperature of 

the interior air and compares it to the temperature of the sensitive sheathing to determine 

if condensation may form. To achieve condensation interior air must be directly in 

contact with sheathing. Typically, limited amounts of interior air come in contact with the 

sheathing, unless significant air leakage exists within the assembly.  This is another 

conservative measure for assessing hygrothermal performance.   

Coupled with the development of in-situ analysis procedures and assessment metrics, general 

procedures for hygrothermal simulation were explored in the literature review. The program 

WUFI-Pro, which is commonly used in the above studies, has been selected to preform 

simulations.  General calibration procedures have been outlined in Fox (2014) and are utilized 

within this research although with modification. The literature review has also identified many 

factors that influence the hygrothermal performance of enclosures. Many variables considered in 

the parametric analysis have been seen to influence hygrothermal performance of enclosures in 

the aforementioned studies reviewed.  In summary, this review has identified the means and 

methods and value of coupled in-situ and calibrated hygrothermal simulation for the proposed 

enclosure approach. 

3.0 Experimental Methodology  

To ascertain the differences in nominal RSI compared with the in-service effective RSI and to 

determine the hygrothermal performance and sensitivity of the proposed wall enclosure, in-situ 

field testing was combined with calibrated simulation.  The in-situ testing provided actual in-

service performance relative to real world conditions, and data from testing was used to calibrate 

computational models.  Computer simulation was used to assess theoretical and alterative 

practical conditions, which were unable to be collected during field testing.  Both in-situ testing 

and computer simulations were divided into two elements; (i) Thermal Resistance and (ii) 
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Hygrothermal Performance. While both elements were dependent on the other, there exists 

enough of a distinction between the two to treat them as such.  

 

Figure 3-1 : Experimental Methods Interaction Diagram 

Figure 3-1 represents the relationship between in-situ measurements, computation simulations, 

laboratory experiments and thermal resistance/hygrothermal performance. The coloured 

rectangles represent that different categories and the arrows indicate a relationship between the 

measurements or actions and the next phase of the research. For example, thermal conductivity 

testing was completed on exterior insulation in the laboratory. This information was compared 

with in-situ and computational values for the thermal performance. The output from each of the 

actions and measurements lead to the results of the study. The methodology of the in-situ testing 

will be expanded upon further in this section. The computer and laboratory methodology are 

explained further within their respective sections.  

3.1. In-situ Testing 

The intended purpose of the in-situ testing was to gain insight as to how the proposed 

enclosure preformed in-service in the Toronto climate and use the data for simulation calibration 

purposes. As outlined in the literature review, enclosures rarely performed exacted predicted in a 
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field setting due to multiple uncontrollable variables. To test the in-situ performance of the wall 

enclosure a test structure was constructed in the fall of 2014.  The test structure was placed at the 

Evergreen Brickwork facilities and instrumented with numerous sensors. This section will 

explain the in-situ set-up and provide information on data collection methods.  

3.1.1. Site Layout 

 

Figure 3-2 : Site Overview (Courtesy of Google Earth) 
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The test structure is located on the eastern side of the Evergreen Brickworks property in an 

opening east of the Kiln building and west of the overflow parking lot.  This clearing contained 

tall grass and shrubbery during the spring/summer months. Several objects had implications on 

direct solar radiation reaching the test structure including a tree directly to the south of the 

structure and the Kiln building.  These objects had limiting effects to the data however, as the 

tree only marginally shaded one sensor location during periods of the summer, and the Kiln 

building only shaded the structure during the late evenings in the summer.  Seasonal 

environmental changes however had a large impact on data as is discussed in Section 4.6. 

 

 

 

 

 

 

 

Figure 3-3: Site Layout 
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3.1.2. Test Structure  

 The test structure was built in the summer and fall of 2014 by a local architecture firm with the 

help of contractors. The test structure was built to assess the constructability of the proposed 

envelope and the unique shape of the southern wall. The design of the test structure was 

completed prior to engagement with Ryerson University. Structure dimensions and elevation can 

be seen in Figure 3-4 and Figure 3-5. The structure was moved from its original location during 

the summer of 2015 to its present location at the Evergreen brickworks. Due to the original 

purpose of testing constructability the test structure exhibited some distinct features which had 

implications on data collection.  

 

 

Figure 3-4 : Test Structure Elevations 
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- Slanted south wall: The southern wall was designed with a curve that can be seen in 

Figure 3-4.  To limit the impact of the slanted wall, the sensors were installed on the 

eastern side of the window. This portion of the wall was essentially vertical and 

perpendicular to grade.  The curvature of the wall, however, forced the southern façade to 

be oriented at 195°, instead of directly south.  Implications from this orientation are 

explained in Section 4.6 Hygrothermal Calibration. The slanted wall also created issues 

for the installation of the rigid fibre board as explored in Section 4.1.3.10 South Wall 

Summary.   

- Irregular framing: The southern wall had narrow framing (~300mm). The northern wall 

had more typical framing spacing of 406mm c/c. 

- Small volume:  The interior floor area of the structure is approximately 2.79m2 while the 

floor to ceiling height is 2.74m. This equates to a volume of approximately 7.65m3.  The 

small nature of the hut resulted in drastic changes to interior conditions when minor 

events occurred.   

- Windows: The test structure was built with windows on both the southern and northern 

wall.  The southern window was covered (on the interior side) to limit the impact of 

direct solar radiation on interior sensors.  

Figure 3-5 :  Test Structure Section (Left) Test Structure Plane (Right) 
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- Unknown Framing Lumber:  The species of lumber used for studs and plates is unknown.  

The wood has been labeled as S-P-F.  The lumber is assumed to be black spruce for the 

purpose of this research.   

The particulars mentioned above have implications on the collected data.  The implications of 

each feature have been discussed in more detail in relevant sections.  It should also be noted that 

the initial structure was not insulated between the studs and insulation was added to the sensors 

locations and the adjacent stud spaces to limit three-dimensional heat transfer effects.  

3.1.3. Enclosure Test Wall  

As shown in Figure 3-6, the field-tested enclosure consists of 229mm of high density mineral 

wool board on the exterior side of a 38mm x89mm standard wood frame construction. The 

external mineral wool boards were fastened back to the structure with 305 mm long metal screws 

with 4.8mm diameters spaced at 305mm. Metal fasteners penetrate wooden furring strips and 

exterior insulation and were imbedded into the internal stud structure. Charred cedar plank 

cladding is fastened to the furring strips. A vapour permeable weather and air barrier wrapped 

over the oriented strand board (OSB) sheathing. Mineral wool batt insulation (89mm) had been 

placed between the studs. Specific products used in the enclosure are listed in Table 3-1.  

 

Figure 3-6:Enclosure Test Wall Isometric Drawing and Sectional Photo 
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Table 3-1: Enclosure Specific Products 

Enclosure Material Thickness Product 

Gypsum 12.7mm CGC Sheetrock Ultralight 

Mineral Wool Batt 89mm Roxul Comfortbatt - R14 

Air/Weather Barrier 23 mils Henrys BlueskinVP® 160 

Mineral Wool Board (3) x 76mm Roxul Comfortboard 110 

3.1.3.1. Sensor Locations 

Sensor placement was based on similar studies in Section 2.2. The intention was to capture 

stratification and local particularities, as well as assess different orientation conditions.  Sensors 

had been installed on both the north and south wall (Figure 3-8).  All sensors had been installed 

in the middle of the stud cavity, except stud MC sensors, to limit three dimensional effects.  MC 

sensors were located on OSB sheathings, bottom plates and top plates.  Relative humidity and 

temperature sensors had been layered through the enclosure at height 1 and height 2 allowing for 

both vapour and temperature profiling. Temperature sensors were located on interior and exterior 

surfaces providing valuable boundary condition information.  Heat flux plates and corresponding 

thermocouples had been placed at height 1.5, which is roughly half the height of the structure.  

Figure 3-7 : Sensor Location Diagram (i) Structure Section (ii) Envelope Section (iii) Sensor 
Types 
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Sensor naming convention uses orientation, height, layer and type of sensors for quick reference.  

An example of sensor labelling is provided in Figure 3-9. Layers are labeled from the exterior to 

the interior and half number steps fall between the labeled layers. Sheathing and stud MC sensors 

are labeled with an A or B respectively. See Appendix B for complete sensor list. It is 

recommended that sensor list and layer naming information be printed for reference while 

reviewing this document.   

3.1.3.2. Sensor Installation  

Enclosure sensor installation occurred in December of 2015 and January of 2016.  The cladding 

and exterior insulation had to be dismantled to install the inter-layer sensors. RHT and T sensors 

were taped and stapled to their corresponding backing layer.  Adhesion materials were kept away 

from sensors to limit impact of material interference. The temperature sensors located on the 

cladding were adhered using black tape, except for the thermocouples used with the heat flux kit. 

Figure 3-9 : Sensor Naming Convention 

Figure 3-8: Test Structure Plan View 
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The black thermocouples were installed with clear tape.  The intention was to maintain similar 

emissivities as the cladding.  

3.1.3.3. Sensor Installation Errors  

Several installation errors occurred during the enclosure sensor install.  Sensor installation errors 

were not detrimental to results and are noted for clarity.  

- The RHT sensor located in the south wall at height two and at layer three (Sensor # 

SH2L3-TRH) was accidently installed in layer four. RH and T data collected is very 

similar.  The error was only noticed during data analysis period.  

- The thermistor for the moisture content sensor located in the north wall at height one and 

installed in the stud (Sensor# NH1BL6.5-TPM) stopped working shortly after 

installation. An additional single thermistor was installed next to MC sensor to collect 

temperature data.  

3.1.4. Sensor Information  

The enclosure sensors were constructed at George Brown College (GBC) with the help of the 

staff and students in the building science department.  Construction occurred between September 

and November of 2015. Sensors that have been constructed include; relative humidity and 

temperature (RHT), moisture content and temperature (TMP – temperature moisture pins), and 

temperature (T).  
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3.1.4.1. Temperature  

The temperature sensors used in this study are TDK© 10k Ω thermistor types (Model # 

NTCG163JF103FT1).  Thermistors had been included on the RH, MC boards but were 

individually housed for pure temperature measurements.  The temperature only sensor consisted 

of a very small (~1mm) resistor (thermistor) that was soldered to wires and then coated with non-

conductive acrylic paint, see Figure 3-10. Thermistors were soldered to RH and MC silicon 

boards and wired accordingly. Temperatures were determined through the change in resistance 

and a half bridge wired connection into the DAU. The resistance (in ohms) was than entered in 

Equation 1 to determine temperature.  Numeral coefficients were determined using a best-fit 

software (www.mycurvefit.com) and information from the thermistor data sheet (TDK, 2015).  

The thermistor sensor has a 1% accuracy reading of the resistivity.  

 𝑇 = 𝑓(𝑅ହ) + 𝑒(𝑅ସ) + 𝑑(𝑅ଷ) + 𝑐(𝑅ଶ) + 𝑏(𝑅) + 𝑎 (1) 

T  = Temperature  (°C)  
R = Resistance (Ω -ohms) 
a = 99.19091984 
b = -90.25335536 
c = 20.1334894 
d = -4.950180285 
e = 0.970147194 
f = -0.094470561 
 

Figure 3-8 : Temperature Sensor 
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3.1.4.2. Relative Humidity and Temperature (RHT) 

The relative humidity sensors used in this study were the Honeywell© HIH-5031 Humidity 

Sensors. The humidity sensor was attached to a silicon chip board for wiring and was paired with 

a thermistor for temperature readings. The RHT sensor was packaged in a spun bonded 

polyolefin bag (SPBO) and shrink wrapped with rubber at the wire end to ensure no liquid water 

could enter the assembly. See Figure 3-11.  

These humidity sensors use a linear direct output method, whereas a known voltage is inputted 

into the sensor and the output voltage is linearly dependent upon ambient relative humidity. A 

supply voltage of 5Vdc is applied to the humidity sensor and the RH is determined by Equation 

2. The accuracy of the sensor is ±3% in the range of 10-90% and ±7% in the 0-10% and 90-

100% RH range (Honeywell, 2010).  

 𝑅𝐻 = (𝑚𝑉௢௨௧ ∙ 0.031446654 ) − 23.81731 (2) 

mVout = Voltage output (milliVolts) 
RH = Relative Humidity (%) 

Figure 3-9: Relative Humidity and Temperature Bundle 
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3.1.4.3. Moisture Content Pins and Temperature 

The moisture content sensors used in this study were the conductive insulated two-pin type. A 

temperature sensor (thermistor type) was installed on the chip board. It was noted that 

temperature measurements should occur at depth of moisture content reading, however, the slight 

change in temperature should only marginally affect the MC reading. Arena et. al. (2010) 

determined through simulation that surface temperatures of wood was less than 0.5°C difference 

than monitoring depth. A 10°C change in wood only has a change in the range of 0.10-0.15% 

MC reading (Straube et al, 2002).  

Electrode pins were spaced at 25.4 mm and were installed parallel to the grain of the studs. Pins 

were 14mm long and readings were taken at a depth of 7-9mm into the studs and OSB due to 

plastic stoppers installed beneath the chip board. Insulating varnish was applied to the length of 

the pin except at the ends.  The moisture content reported relates to the location of the un-

insulated portion of the pins (7-9mm into the wood/OSB). MC pins were installed at 

approximately 25mm away from the sheathing into the plates and the studs. To avoid any 

electrical interference with MC pins, sensors were placed to avoid knots and metal fasteners.   

An approximate 12V current (dependent on supply voltage to DAU) was sent through the pins 

and the resistivity of the wood was measured by determining the drop-in voltage caused by the 

wood.  Resistivity was calculated by using a number of resistors in series and parallel.  A 

mathematical equation found in Appendix A applies appropriate factors based on resistors used 

within the circuit.  The moisture content of the wood was than determined by converting the 

resistivity of the wood into moisture content by Equations 3 and 4.   

Figure 3-10: Installed Moisture Content Pin Board 
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Studies conducted by US Forest labs have looked extensively at the moisture content of 

Douglas-Fir and corresponding resistivity values. Equation 3 has been developed to translate 

measured resistivity values to moisture content for Douglas Fir.   

 log 𝑀𝐶௨ = 2.99 − 2.113 ∙ (log(𝑙𝑜𝑔𝑅௪)) (3) 

MCu = Uncorrected Moisture Content (%) for Douglas-Fir 
Rw = Measured Resistivity of Wood (Ω-Ohms) 
 

Equation 4 was developed by Garrahan, and outlined in Straube et. al. (2002).  to convert 

moisture content readings of different wood species. The error of using this equation for different 

species is unclear however may be in the order of 0.5%. However, some individual readings may 

be as much as 5%. Species variables pertinent to this study can be found in Table 3-2 and were 

taken from Straube, Schumacher, Onysko (2002).  The calculations used within the study can be 

found in the field data processing code, which is located in Appendix A.  

 
𝑀𝐶௖ = ቊቈ

𝑀𝐶𝑢 + 0.567 − 0.0260𝑡 + 0.000051𝑡ଶ

0.881 ∙ (1.0056𝑡)
቉ − 𝑏ቋ 𝑎ൗ  (4) 

MCc = Moisture Content Correct (%) 
MCu = Moisture Content uncorrected Reading (%)  
t = Temperature (°C) 
b = Specie Specific Coefficient b 
a = Specie Specific Coefficient a  
 

Table 3-2 : Moisture Content Species Variables 

Species a b 

OSB 1.1114 0.366 

Black Spruce 0.8200 -0.378 

 

It was noted in Straube et al. (2002) that the accuracy of applying the formula to the resistivity 

was in the range of 0.5% overall with as much as 2.0% for individual readings. It should be 

noted that the supply voltage to the DAU had a large impact on moisture content results. When 

the supply voltage dropped, there was a noticeable decrease in moisture content. This was 

exemplified by sharp drops in MC data. The other implication from voltage supply dependency 

was noise caused by changes in test structure electric consumption.  The effects of this were 

muted by the installation of a 12V battery backup.  
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3.1.4.4. Heat Flux Kit  

Heat flux and surface temperatures taken at the middle height sensor location were provided by a 

packaged field testing kit.  This kit was separate from the enclosure sensors and had its own data 

logger. The portable heat flux kit the Huskseflux TRYS01. This kit included, (2) HFP01 heat 

flux plates, (2x2) thermocouple type KX, and a CR1000 Data Logger.  

The HFP01 Heat Flux plates measured thermal energy that passes through its sensing area.  The 

HFP01 has a sensor area of 0.0008m2. The sensors have an accuracy of ±5%.  Plates were 

adhered to the wall with silicon gel, ensuring smooth contact with the drywall and eliminating 

the potential for trapped air. Tape was added to ensure longevity of the sensor placement.  

Location of studs was known prior to installation of heat flux plates.  The heat flux plates were 

located mid-way between studs on the North and South wall.  

Thermocouples were placed next to the heat flux plates on the interior and on the cladding on the 

exterior side. Thermocouples were type kx and had a differential temperature accuracy of 

±0.1°C. (Huskeflux, 2004). 

The data logger included in the kit was the Campbell Scientific CR1000.  Data logger coding 

was provided by the manufacturer and can be found in Appendix C.  Data was collected every 

second and averaged over a 10-minute period.  Data was then averaged over an hour time step 

during processing.  The total kit has an accuracy of ±7% when calculating in-situ thermal 

resistance (Huskeflux, 2004). 

 

Figure 3-11 : HFP01 Plate and Thermocouple 
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3.1.4.5. Sensor Calibration  

A series of tests were completed on the sensors before installation to ensure each sensor properly 

worked and was calibrated.  Calibration of the enclosure sensors occurred at GBC in November 

of 2016. Several testes were run on the RHT sensors including placement within a controlled 

environmental chamber where RH and T was maintained at 25°C (±0.3°C) and 50% (±2%) RH 

and the use of the Omega Equipment RHCL-2 RH and T calibrating machine.  The Omega 

Equipment RHCL-2 has an accuracy of ±0.5% RH and ±0.2°C.  Conditions were kept the same 

for both pieces of equipment.  Temperature sensors were tested with the OMEGA RHCL-2 

equipment.  

Moisture content silicon boards were tested to ensure circuit continuity with the use of a 

voltmeter. A 5000 Ohm resistor was placed between the metal touch pads of the moisture content 

pin and the voltmeter was used to ensure the same resistance was measured within the wire 

circuit.  

The TRSYS01 system was calibrated by the manufacturer prior to purchase, however, individual 

heat flux plates sensitivities had to be added into the data collection code.  These sensitivities 

slightly modify readings for unique heat flux plates based on individual biases.  The sensitivity 

adjustment can found in Appendix D.  

3.1.4.6. Data Acquisition Unit (DAU) 

A Campbell Scientific CR1000 data logger was used to collect enclosure sensor data and to 

control the interior air conditions.  The data logger was programed with the help of staff at GBC.  

The complete code for collection can be found in Appendix C. Two Campbell Scientific 

multiplexers were used in conjunction with the data logger to account for the multitude of 

sensors used during the research.  The multiplexors are essentially relay stations where 

input/output voltage from and to the data logger is relayed to the proper sensor.  

 Data was collected every two minutes for enclosure sensors. This data was then averaged over a 

10-minute interval.  The 10-minute average was then further averaged over an hour time span 

during processing.  
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3.1.4.7. Data Collection Periods  

Field data was collected from February 12th to August 20th, 2017.  The data was split into four 

arbitrary periods that represented changes in interior and exterior conditions of the test structure. 

The segmentation of data was useful during processing  

Table 3-3: Data Collection Time Frames 

Collection Period Time period 
# of Hours 

of Data 

Winter Feb 12th to March 20th 888 

Early Spring March 20th to April 20th 744 

Late Spring April 20th to May 20th 720 

Summer May 20th to August 16th 1944 

3.1.4.8. Issues with data collection.  

Power outages occurred twice during the data collection period; March 31st -April 1st and July 1st 

to July 8th. Battery backup provided power for the duration of the March 31st to April 1st and data 

was collected. Data was removed from dataset for July1st to July 8th due to failure of the battery 

backup.   

3.1.5. Interior Conditions 

Interior conditions were controlled during the winter, early spring, and late spring by the DAU 

and an internal RHT sensor placed at 1.6m above the floor in the middle of the test hut.  The 

interior air was sampled every minute and adjusted as necessary.  Heating was provided by a 

small space heater (1500W) and humidity was provided by a space humidifier (Honeywell Cool 

Mist).  Interior condition targets were set as 21°C and 50% RH.   

Interior targets were exceeded at several points during the winter, early spring and late spring, 

however only for a short time. Interior air temperature drastically rose during the later portion of 

the late spring months and interior temperatures temporarily reached above 28 °C.  An air-

conditioning unit was installed into the test structure to maintain target temperatures on June 6 th, 

2016. A hole was cut in test structure floor as an air in-take.  Relative humidity was unable to be 

controlled during the summer months.  
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Table 3-4 : Interior Air Climate Averages 

Collection Period 
Temperature Mean RH 

Mean Std. Dev. Mean Std. Dev. 

Winter 21.4°C 0.22°C 49.2% 5.98% 

Early Spring 21.2°C 0.93°C 51.9% 1.39% 

Late Spring 22.6°C 2.00°C 51.0% 0.89% 

Summer 22.6°C 2.06°C 61.4% 13.97% 

3.1.6. Meteorological Data  

A weather station was installed on top of the test hut to collect local climatic data in November 

2016. The weather station can be seen in Figure 3-14. Table 3-5 has a list of weather data 

collected. Meteorological data was collected in 5-minute intervals and averaged over a timespan 

of 10 minutes. Data was later processed to average over an hour time-step. Global horizontal 

radiation was further processed and split into long and short wave components according to 

procedures laid out in Fox, 2014.  Conversation methods can be found in Appendix A.  

Figure 3-12: Micro-Climate Weather Station 
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Table 3-5 : Climate Data Sensor Information 

Meteorological 
Instrumentation 

Instrument 
Name 

Measurement 
Range & 

Resolution (Res.) 
Accuracy 

Height 
Above 
Grade 

Wind Speed 

Onset Wind 
Speed Smart 

Sensor 
S-WSA-M003 

0-45 m/s  
0.38 m/s (Res.) 

 

± 1.1 m/s or ±4% of reading, 
whichever is greater 

6.40m 

Wind Direction 

Onset 
Wind Direction 
Smart Sensor 

S-WDA-M003 

0-355°, 5°-degree 
dead band 
1.4° (Res.) 

± 5° 6.40m 

Atmospheric 
Pressure 

Onset 
S-BPB-CM50 

660 to 1010 mbar 
0.1 mbar (Res.) 

±3.0 mbar (0.088 in. Hg) over full 
pressure range at 25°C (77°F); 

maximum error of ±5.0 mbar (0.148 
in. Hg) over -40° to 70°C (-40° to 

158°F) 

5.16m 

Solar Radiation 
(Global 

Horizontal) 

Onset Silicon 
Pyranometer 
Smart Sensor 
S-LIB-M003 

0-1280 W/m2 
300-1100 nm 

(spectral range) 
1.25 W/m2 (Res.) 

Typically, within ±10 W/m2 or ±5%, 
whichever is greater in sunlight; 

Additional temperature induced error 
±0.38 W/m2/°C from 25°C. 

5.49m 

Air Temperature 
Onset 

Temperature/RH 
Smart Sensor 

-40°C to 75°C 
0.02°C at 25°C 

(Res.) 
±0.21°C from 0° to 50°C 5.59m 

Air Relative 
Humidity 

Onset 
Temperature/RH 

Smart Sensor 

0-100% RH at -40° 
to 75°C 

0.1% RH at 25°C 
(Res.) 

±2.5% from 10% to 90% RH 
(typical), to a maximum of ±3.5% 

including hysteresis. 
5.59m 

Normal Rain 

Onset Rain 
Gauge Smart 

Sensor 
S-GBB-M002 

0-12.7 cm/hr 
0.2mm (Res.) 

± 1.0% at up to 20 mm/hour. 
 

6.22m 

Data Acquisition 
Unit 

HOBO RX3000 
Station - Wi-Fi 

N/A N/A 5.16m 

The individual sensors were attached to the 2.0m metal pole at different heights or 

attached to the cross arm atop the pole. The pole was installed perpendicular to earth and was 

levelled using wooden blocks.  Each installed sensor location was to limit any effects that other 

attachments may have had.  

4.0 Results Analysis and Discussion 

4.1. In-Situ Thermal Analysis  

The in-situ thermal resistance was measured on both the North and South walls for all collection 

periods; however, the winter collection period was the focus of this research due to the greater 

temperature gradient (resulting in increased accuracy). A temperature difference of 10°C is 
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preferred to minimize errors with the chosen technique used for analysis as higher heat flows 

allow for more certain calculations (Desogus et al., 2011) (Biddulp et. al. 2014). Layer analysis 

was not completed for the south wall due to solar radiation influences; however, three techniques 

have been presented to overcome the influence of solar radiation on thermal resistance 

calculations.  

4.1.1.1. Site Selection 

Heat flux plates (HFP01) and corresponding thermocouple pairs were placed at mid-height 

within the test structure.  Mid-height placement adequately represents average interior air 

temperature stratification, as well allows for averaging of temperature sensors located at height 1 

and height 2. Installation of heat flux plates and thermocouples followed the procedures specified 

in ASTM C1046 In-Situ Measurement of Heat Flux and Temperature on Building Envelope 

Components.   

Heat flux plates were placed at the mid-point between studs to minimize three dimension effects 

and thermal imaging were completed to ensure temperature uniformity at sensor site shots show 

uniformity between studs see Figure 4-1 for example of imaging shot. 

4.1.1.2. Analysis Technique Selection  

The assessed in-situ thermal resistance of the wall ASTM C1155 – Standard Practice for 

Determining Thermal Resistance of Building Envelope Components from the In-Situ Data was 

used (ASTM, 2013a).  The summation technique was selected for its simplicity and is shown in 

Equation 5. This is also known as the “running RSI”.  

Figure 4-1 : Thermal Imagining of Sensor NH2L8-T - Example 



 
 

42 

 
𝑅௘ =

∑ ∆𝑇௦௞
ெ
௞ୀଵ

∑ 𝑞௞
ெ
௞ୀଵ

 (5) 

Re = Resistance Estimate (m2K/W) 
∆Ts = Difference in Surface Temperatures (°C) 
q = Heat Flux (W/m2) 
k = Counter for Summation of Time-Series Data. 
M = Number of Data Points 
 

This technique sums temperature during the collection period.  The summed temperature 

difference was than divided by the accumulated heat flux. The summation technique relies on 

basic thermodynamic laws, where heat flow is driven by temperature differences, and the 

resistance is calculated by dividing the temperature difference by the heat flux through the 

enclosures. The summation technique relies on long collection periods, three days to two weeks 

depending on mass of the enclosure (Biddulp et. al. 2014).  This accounts for the effects of 

thermal mass, as there is a delay in heat flux changes due to temperature differences.  To ensure 

that significant periods of time have passed for accurate assessment it is required to satisfy 

convergence factor requirements.  Resistivity is only calculated from Re values that occur when 

the convergence requirements are met.  

 
𝐶𝑅௡ =

𝑅௘  (𝑡) − 𝑅௘(𝑡 − 𝑛)

𝑅௘  (𝑡)
 (6) 

CRn=Convergence Factor  
Re = Thermal Resistance (m2K/W) 
t = Time (h)  
n = Test for Convergence Interval (h)   
 

ASTM C1155 states that the convergence factor must be below 0.1 for convergence to have 

occurred (ASTM, 2013a).  The convergence factor compares summed calculated resistances to 

previous time step summed resistances.  As the convergence factor approaches zero the 

calculated resistances between time steps becomes closer, ensuring calculation accuracy. ASTM 

C1155 recommends that a convergence time step of between 6 and 48 hours be selected.  Final 

thermal resistivity is calculated from the running RSI once convergence requirements have been 

meet for at least three convergence intervals.   



 
 

43 

4.1.1.3. Convergence Factor Analysis 

The convergence interval and hour of convergence satisfaction was determined before the final 

RSI was calculated.  This was completed to ensure a suitable convergence time step was 

selected. The running RSI for the North wall was tested for convergence at several different time 

steps as recommended by ASTM C1155. Figure 4-2 shows an analysis of the convergence factor 

for the north wall. The 48h time step was selected since it displayed the highest amplitude (most 

severe) and is also the largest recommended time step in ASTM C1155. The convergence time 

step interval of 48h was used during the rest of the analysis.  The winter data achieves a 

convergence value after 114 hours (16-Feb-2016, 18:00) for the north wall.  ASTM C1155 

specifies that three periods of 48hr must occur after convergence for Re to be assumed as proper.  

This occurred at hour 258 (22-Feb-2016 18:00:00).  

Figure 4-2 : North Wall Convergence Analysis 
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4.1.2. North Wall In-situ Analysis Results 

Shown in Figure 4-3 is the running RSI Value for the north wall during the winter period.  The 

Running -RSI fluctuated greatly during the first week of data collection as the cumulative RSI 

value converged. This is typical for the summation technique. The RSI at hour 258 (hour of 

convergence) was 10.3 m2K/W, however as can be seen in Figure 4-3, the accumulated RSI rises 

above 10.5 m2K/W and below 10.7 m2K/W.  

An average RSI was used from hour 258 to the end of the collection period. This was to account 

for low frequency changes within the RSI.  Ideally the running RSI would converge to a single 

number but it appeared to fluctuate somewhat over time.  It is thought that this is caused by the 

low-frequency delta temperature and heat flux changes which is discussed further in Section 

4.1.2.6.   

The average RSI calculated from hour 258 (hour of convergence) to the end of the collection 

period (888h – March 20) was 10.6 m2K/W ±7%.  This value is larger than the calculated 

nominal value of 9.258 m2K/W by approximately 14.4%.  The calculated nominal thermal 

resistance falls outside of the accuracy range of the heat flux kit. Further analysis was undertaken 

on the north wall in an attempt to identify possible factors that increased thermal resistance.  

Figure 4-3: North Wall Running RSI-Value - Winter 
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4.1.2.1. North Wall Layer Analysis 

To identify possible causes of the increased thermal resistance a layer analysis was completed on 

the north wall.  ASTM C1155 (ASTM, 2013a) is used in conjunction with the process outlined in 

the literature review for the analysis.  The summation technique was used but the outside surface 

temperature had been interchanged with interstitial temperatures.   

 

𝑅௘ =

෍ 𝑇௦௞ − 𝑇௅೔௞

ெ

௞ୀଵ

∑ 𝑞௞
ெ
௞ୀଵ

 
(7) 

Re = Resistance Estimate (m2K/W) 
Ts = Average HF Temp Surface Temperatures (°C) 
Tli = Temperature of Layer   
q = Measured Heat Flux (W/m2) 
k = Counter for Summation of Time-Series Data. 
M = Number of Data Points 
 

The same time frames for convergence were used as the initial north wall analysis. No interstitial 

temperature sensors were installed at the height of the heat flux plates; however, layers were 

monitored at heights 1 and 2. Temperatures used for the summation technique were an average 

of the height 1 and 2 temperatures, except for the inside surface temperature.  Temperatures from 

thermistors were used in lieu of RHT bundle where both exist. The difference between averaged 

height 1 and height 2 surface temperatures is compared with the thermocouples at height 1.5.  

Table 4-1: Temperature Differences Between Thermocouples and Thermistors 

 
Mean Difference 

H1.5 – (H1+H2)/2 
Standard Deviation 

Interior Surface 0.206 °C 0.204 °C 
Exterior Surface 0.133 °C 0.220 °C 

The averages show that the heat flux kit had a marginally higher temperature than the average of 

height 1 and height 2. This technique introduced a systematic error into the results. To account 

for the temperature difference between the averages of H1 and H2 and the temperature at the 

heat flux sensor a correction constant was calculated.  This correction constant is the theoretical 

thermal resistivity caused by the temperature differences.  



 
 

46 

4.1.2.2. Layer Running RSI 

Shown in Figure 4-4 are the running layer RSI results. The variability at the beginning of the 

calculations is more pronounced for the outer layers. As specified in the background section the 

accuracy of the summation technique increases as the temperature difference increases.  

Table 4-2: In-Situ Layer Analysis Results 

Material 
(exterior – interior) 

Layer 
Interfaces 

RSI -Value 
@ outer layer 

(m2K/W)  

RSI  
Adjusted for 
Temp Diff. 

RSI Layer 

Cedar Cladding 0 – 1 10.648 10.520 0.424 
Air Gap 1 - 2 10.224 10.096 -0.209 

1. Roxul CIS – 76 mm  2 – 3 10.433 10.305 2.624 
2. Roxul CIS – 76 mm  3 - 4 7.809 7.681 2.386 
3. Roxul CIS – 76 mm  4 – 5 5.423 5.295 2.456 

4. OSB 5 – 6 2.967 2.839 0.444 
5. Roxul Comfortbatt -89mm  6 – 7 2.523 2.395 2.277 

6. Gypsum* 7 - 8 0.246 0.118 0.118 
7.  Correction Constant RSI  0.128 0.0 N/A 

*Gypsum value is skewed due to small temperature differences  

The total RSI for the wall using average temperatures is 10.5m2K/W compared with the data 

from the heat flux meter at 10.6 m2K/W. The layer analysis reveals that the installed insulation 

experiences significant differences from nominal values. The difference from nominal can be 

seen in Table 4-3.   

Figure 4-4 : Running RSI for North Wall Layers 
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Table 4-3: Difference from Nominal RSIs 

Layer 
Thickness 

(mm) 

Measured 
Centre-

of-Cavity 
RSI  

m2K/W 

Published 
Nominal RSI  

@ 24°C 
m2K/W 

% Change 
from 

Published 
Nominal 

Layers 2-3  
Roxul Comfortboard 

76 2.624 2.10 125% 

Layers 3-4  
Roxul Comfortboard 

76 2.386 2.10 114% 

Layers 4-5  
Roxul Comfortboard 

76 2.456 2.10 117% 

Layers 6-7 
 Roxul Comfortboard 

89 2.277 2.46 93% 

4.1.2.3. RSI-Variation Theories 

The in-situ RSI exceeds that of expected values and this section explores potential reasons for 

the increase. Each layer experienced higher values, however, the exterior layer of insulation (L2-

L3) exhibits a much higher thermal resistivity. Two theories are proposed as to why this may be; 

(i) thermal properties associated with temperature sensor installation, and (ii) the mean 

temperature of the insulation. The mean temperature of the layers is explored further on within 

this section.  

Figure 4-5 shows the temperature sensor installed at layer 2.  It is speculated that the temperature 

reported was, on average, less than the surface temperature of the mineral wool causing an 

Figure 4-5 : Temperature Sensor - Layer 2 
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inflated RSI for this layer. The suspected temperature difference from the surface of the mineral 

wool and the temperature may be caused by convection over the sensor and with differences in 

emissivity of the materials.  The low thermal mass of the sensor would cause rapid shifts in 

temperatures (both decreases and increases).  

Table 4-4 : Sensor Temperature Differences 

Season 
Temperature 
Difference 
T(1.5)-T(2) 

Standard 
Deviation 
T(1.5)-T(2) 

RSI * 
Layer 2-3 
m2K/W 

Winter 
(Avg.) 

0.66 °C 0.48°C 2.415 

*Calculated using temperature from Layer 1.5.  

Table 4-4 shows a comparison between temperatures of the layer 1.5 and layer 2. The layer 2 

temperature is on average 0.66°C less than the air cavity temperature. The typical difference 

between RHT and T sensors was 0.5°C   more detail can be found in Appendix E.  

This change in temperature resulted in a change in the RSI of the external insulation from 2.624 

m2K/W to 2.415 m2K/W.  The later of which aligns much closer to nominal values and HEAT3 

values. This may account for a portion of the increased RSI of the outer layer but does not 

account for the increase in other layers.  

4.1.2.4. Mean Temperature 

 This section explores the mean temperature of each layer and compares it to projected nominal 

values for the winter period.  Mean temperatures (MT) were calculated using the procedure in 

ASTM C1155 as shown in Equation 8. The inside surface temperature of each layer was used as 

a surrogate temperature to replace the inside surface temperature.  The temperature difference 

was calculated by the exterior surface temperature of the layer subtracted from the inside surface 

temperature of the layer. Temperature values from height 1 and height 2 were averaged. 

Stratification effects can be seen in Appendix E.  MT’s for each layer were calculated for the 

winter collection period.  
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(8) 

Te = Mean Temperature (°C) 
Tisk= Inside Surface Temperature (°C) 
ΔT = Delta Temperature (°C)  
k = Time Step – Data Series  
M = End of Data Series   
 

The projected nominal thermal resistivity was calculated based on information provided by 

manufacturer data for Roxul Comfortboard 110.  No information was found for Roxul 

Comfortbatt. A linear relationship was used to find intermittent values of thermal conductivities.  

(Lepage & Schumacher, 2013) (Abdou & Budaiwi, 2005). 

Table 4-5 presents the projected nominal thermal resistance for each layer based on its MT and 

compares it to the calculated in-situ layer RSI. Although the mean temperature increases the 

nominal resistance slightly, it cannot account for the measured increase in each layer.  

Figure 4-6: Nominal Thermal Resistivity Based on MT (Courtesy of https://mycurvefit.com/) 

Y= -0.0019238 (x) + 0.73334   R2 
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Table 4-5 : In-Situ RSI vs Mean Temperature RSI 

Layer 
Thickness 

(mm) 
MT 

Winter 

Nominal 
MT 

Conductivity 
/25.4mm 

Nominal 
MT 
RSI  

(m2K/W) 

In-Situ 
Layer  
RSI 

(m2K/W) 
Layers 2-3  

Roxul Comfortboard 
76 1.08 °C 0.731 2.193 2.624 

Layers 3-4  
Roxul Comfortboard 

76 7.20°C 0.719 2.157 2.386 

Layers 4-5  
Roxul Comfortboard 

76 12.47°C 0.708 2.124 2.456 

4.1.2.5. Contact Resistances  

It is speculated that small air gaps exist between insulation layers and building material layers. 

Micro-gaps also occur at material interfaces. Gaps at insulation layer interfaces can be seen in 

Figure 4-7. This phenomenon is known as contact resistance. One study conducted by Trethowen 

and Cox-Smith (1996) estimated contact resistances to range between 0.02 m2K/W for 0.5 mm 

gaps and 0.1 m2K/W for gaps of 3mm for gaps between a steel framed wall and gypsum facing.  

 It is difficult to estimate with certainty what the impact of contact resistances has on the 

increased thermal resistance as interstitial parameters of air speed and gap sizes are unknown. 

However, the estimated gap resistances in Trethowen and Cox-Smith (1996) would not account 

for the complete difference between nominal MT and in-situ measured values.  It is speculated 

that the contact resistances marginally increase total thermal resistance, however, does not 

account for the total increase in resistance.   

Figure 4-7 : Exterior Insulation Layer Interfaces 
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4.1.2.6. Temperature Difference and Heat Flux Polarity 

One of the sources of error that may account for the increased in-situ thermal resistance may be 

the temperature differences between interior and exterior that fell below 10°C. This occurred 

several times during the collection period.  The heat flux readings in some instances had reversed 

polarity, indicating heat was flowing from the exterior to the interior. The hourly average heat 

flux flow moved from interior to the exterior, however, some of the 10-minute readings indicated 

an interior flow. Average temperature differences and average heat flux readings for the winter 

period are shown in Figure 4-8.  

The reduction of surface temperatures and the lowering of heat flux that occur during the later 

half of the winter collection period have an impact on the in-situ thermal resistance calculations 

however.  

4.1.2.7. Material Variability 

There is a possibility that the insulation installed in the test structure has some slight physical 

property differences than the reference material used by the manufacturer to provide thermal 

conductivity values.  The thermal conductivity testing performed during this research revealed 

that an alternate batch of Roxul Comfortboard 110 tested had a difference of 12% in thermal 

conductivity as reported from manufacturer data. Although the batch tested had increased 

thermal conductivity (decreased thermal resistance) it is possible that the batch used in the test 

structure has decreased thermal conductivity (increased thermal resistance).  There are a number 

Figure 4-8 : Surface Temperature Differences and Heat Flux - North Wall 
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of physical properties that can have an impact on the individual performance of mineral wool 

such as; fibre diameter, density of fibres, fibre matrix connectivity and thickness of insulation 

board.  Other physical properties may have been modified during installation such as pressure on 

the insulation boards or surface modifications from wear and tear.  The density and apparent 

thermal conductivity of the insulation used in the test structure was not tested.  It is 

recommended that further lab testing be conducted on the installed insulation to help determine 

physical properties that may have impacted expected in-situ thermal resistivity values.  

4.1.3. Southern In-situ Analysis 

Figure 4-9 shows the running RSI for the southern wall. The significant difference in the RSI and 

the shape of the line compared with that of the north wall indicated that there were issues with 

the calculation procedure.  Further investigation revealed that the solar radiation drastically 

affected the temperature of the cladding which in turn modified the outcome of the RSI 

calculation.  The rapid temperature change on the southern façade did not last for long enough to 

fully reverse the heat flow. The temperature spike limited some of the heat flow from inside to 

outside but effects were muted due to thermal mass. Further investigation into the southern wall 

was required to determine in-situ thermal resistance.  

Figure 4-9 : Initial South Wall Running RSI-Value 
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4.1.3.1. North and South Wall Comparison   

Figure 4-10:North and South Wall Heat Flux Comparison 

It can be seen in Figure 4-10 that the heat flux comparisons between the north and south wall that 

there is increased amount of energy flowing through the south wall. There is also increased 

variation within the heat flows of the southern wall (Table 4-6).  This variation may be caused by 

solar exposure and other factors that will be discussed below. 

Table 4-6 : North vs South Wall Heat Flux 

 Mean Heat Flux  
W/m2 

Standard Devation 
W/m2 

North Wall 1.836 0.643 
South Wall 2.356 0.800 
Difference 0.52 N/A 

If the walls had equivilant thermal resistances the opposite should be true. Solar radiation should 

be heating the southern wall and subsquently reduce the heat flux during the heating season.  A 

comparison of the delta temperatures between the north and the south wall shows the effect of 

solar exposure on the southern wall.  Where negative values are present, it is an indication that 

the external surface  temperature is greater than the internal surface temperature.  
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Figure 4-11 : Solar Radiation and Delta Temperatures 

The large spikes indicate direct solar exposure of the southern wall. Figure 4-11 shows that there 

was good alignment between the delta temperatures of the north and south wall during times of 

low solar radiation (i.e. night time and overcast days). It can also be seen from Figure 4-11 that 

from Feb 23rd -26th and March 9th - 11th that there is little direct solar radiation occurring on the 

southern wall.  

Table 4-7 : Variation in Temperature Differences 

 Mean Delta 
Temp 

°C 

Standard 
Deviation 

°C 
North Wall 19.68 8.11 
South Wall 16.71 13.14 
Difference 2.97 N/A 
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4.1.3.2. Thermal Resistance Based off North Delta Temperatures 

The southern wall was analyzed using the delta temperatures from the north side at H1.5. The 

assumption was that the solar radiation spikes had little impact on the heat flux through the 

southern wall. The solar radiation did have some impact on the heat flux and this is investigated 

further on. This estimate provides a lower limit to the in-situ effective RSI of the southern wall. 

The running RSI is shown in Figure 4-12.  The shape of the line is similar to the north running 

RSI and is significantly higher than the initial analysis.  Results and time of convergence are 

shown in Table 4-8. 

Table 4-8 : South Wall RSI Based on North Delta Temperatures 

Time Period 
Convergence Date n 

=48 hours 

Effective 
RSI 

(m2K/W) 
Feb 12 – Mar 20 Feb. 16 -2016 21:00 8.2 

4.1.3.3. Overcast Thermal Resistance Analysis   

The north and south wall comparison section revealed that there were two times during the 

winter collection period that the southern wall was not subjected to intense and direct solar 

radiation (Feb 23rd-26th, March 9th-11th).  The temperature profiles for those periods revealed that 

cladding and subsequently layer temperatures were more uniform when compared with the 

adjacent days. The thermal resistance of the southern wall was analyzed for these times.   

Figure 4-12 : South Wall RSI-Value Using North Delta Temperature. 
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Figure 4-13 : Overcast Period Temperature Profiles 

4.1.3.4. Overcast Period Analysis Technique 

The summation technique was used to analyze the overcast periods; however, due to the shorter 

time period (~3 days) the convergence time step was reduced from 48 hours to 12 hours. To limit 

the impact of the solar radiation energy that occurred the day prior to the overcast period, it was 

necessary to remove the first 12 hours of heat flux data.  The heat flux data 12 hours after the 

overcast period ended was added into the analysis, as this thermal energy drive was influenced 

by the temperature differential that occurred during the overcast period. The results from the 

over cast period are shown below.  
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4.1.3.5. Overcast Period Analysis Results  

  

Figure 4-14 : Running RSI - Feb 23 - Feb 26 

Shown in Figure 4-14 is the running RSI curve for the 1st period of over cast.  The curve exhibits 

similar trends to the north wall running RSI.  The curve however does not seem to converge on a 

single value as it should.  The shortened period of evaluation is the cause for this. The data point 

marked is the hour of convergence. The convergence graph for this period can be seen in 

Appendix F. 

 

Figure 4-15 : Running RSI - Mar. 13-16 
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Shown in Figure 4-15 is the running RSI for the southern wall during the period of March 13 th to 

the 16th.  The shape of the curve is highly different from that of both the North wall and the 

modified southern wall analysis. A summary of the results from the two-time periods can be seen 

in Table 4-9.  

Table 4-9 : Overcast Analysis Results Summary 

Analysis  
Period 

Duration 
Convergence 

Date 
 n = 12h  

Sum of 
Delta Temp 

(°C) 

Sum of Heat 
Flux 

(W/m2) 

Effective 
RSI 

(m2K/W) 
Feb.23 18:00 – 

Feb. 26 8:00 
62 hours 

Feb. 24 -2016 
07:00 

1108.2 121.929 9.09 

Mar.13 5:00 – 
Mar 16 13:00 

80 hours 
Mar. 14 – 2016 

02:00 
791.7 98.75 8.02 

The analysis period from Mar. 13th to the 16th resulted in a RSI of 8.02 m2K/W and was lower 

than the value of 8.2 m2K/W, which in theory should be the lower limit of the RSI as found in 

Section 4.1.3.4.  The 2nd period value was also lower than the 1st overcast period value, which 

was found to be 9.09 m2K/W. A closer look at cladding temperatures for the 2nd period reveals 

that the cladding temperature exceeded the exterior air temperature several times and that some 

solar radiation was occurring.  The influence of the solar radiation decreased the effective RSI.  

The 1st period analysis resulted in a RSI of 9.09 m2K/W. The cladding temperature was much 

closer to the exterior air temperature and it is speculated that this value was closer to the actual 

in-situ effective RSI of the southern wall. The short duration of the overcast period and the visual 

shape of the running RSI curve are potential sources of error however and further investigation 

was undertaken to determine the effective in-situ thermal resistance.  

4.1.3.6. Solar Radiation Effected Data Removed 

The extreme temperature of the cladding caused by solar radiation incorrectly lowered the 

effective RSI of the wall when the summation technique was used. This can be seen in the 

previous sections.  The use of the northern delta temperatures for analysis does not account for 

the reduced heat flux caused by the solar radiation.  This section explores a technique to remove 

both temperature and heat flux data on the southern wall that was affected by direct solar 

radiation in attempts to determine the in-situ effective in-situ RSI.  
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4.1.3.7. Determining Radiation Thresholds 

Visual analysis of the data indicates that if radiation exceeds a threshold of roughly 168 W/m2 

than the delta temperatures begin to deviate between the north and the south walls.  If the delta 

temperature data on the south wall is eliminated when the solar radiation exceeds this 168 W/m2 

there is much closer agreement between the two delta temperatures (Figure 4-17).  

 

Figure 4-16 : Solar Radiation and Delta Temperatures 
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Figure 4-17 : Modified Comparisons of North and South Delta Temps 

Delta temperature data from the north wall was removed to ensure accurate comparison. A total 

of 192 hours was removed from a total of 888 hours collected.  A summary of the differences 

can be seen in the in Table 4-10.  

Table 4-10 : Comparison of North and South Delta Temp with Modified Data Sets 

 
Mean 
Delta 

Temp (°C) 

Standard 
Deviation 

(°C) 
North Wall 21.26 7.65 
South Wall 21.54 8.17 
Absolute 

Difference 
0.28 N/A 

4.1.3.8. Removal of Heat Flux Data  

To accommodate the new delta temperature differential data set it was  required to remove the 

heat flux data from the south wall that corresponds to the direct solar radiation.  To do this it was 

nesscary to find the time it took for a change in temperature on the exterior surface to impact the 

heat flux measurements.   
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Figure 4-18 : Heat Flux Time Lag South 

A visual analysis of the southern walls (from February 20th  to March 2nd) reveals that it takes 

approximatly 9-12 hours for a spike in temperature on one side of the wall to have implications 

on the heat flux data. This can be seen in Figure 4-18 and is a portion is summerized in Table 4-

11.  

Table 4-11 : Heat Flux Lag Summary 

Date /Time 

Lowest 
Delta 

Temperature 
(°C) 

Date / Time 
Lowest 

Heat Flux  
(W/m2) 

Time Lag  
(Hours) 

21-Feb / 12:00 -17.36 21-Feb / 21:00 1.48 9 
22-Feb / 13:00 -23.86 22-Feb / 22:00 1.70 9 
26-Feb /13:00 -17.02 26-Feb/23:00 2.38 10 

It should be noted that the heat flux measurements are quite variable and the spike in temperature 

may not specifically be responsible for the drop in heat flux.  The points have been placed at the 

discretion of the author. However a more thorough look at the temperatures through the layers of 

the envelope showed a similar trend  
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Figure 4-19 :Temperature Time Lag South Wall 

Figure 4-19 reveals that a spike in the cladding temperature takes approximatly 10-12 hours to 

increase the temperature of the sensor at Layer 6.5 (25 mm inside the  sheating on the stud).  

This confirms the analysis of the heat flux data analysis , which has a similar time lage between 

incident solar radiation and a reduction in heat flux.  A summary of the heat lag effect is found in 

Table 4-12.  

Table 4-12 : Summary of Heat Lag in South Facing Wall 

Date /Time 
Highest 

Temperature 
(°C) 

Date / Time 

Layer 
6.5 

Temp  
(°C) 

Time 
Lag  

(Hours) 

20-Feb / 14:00 33.95 21-Feb / 00:00 18.47 10 
22-Feb / 12:00 33.28 22-Feb / 21:00 17.40 11 
23-Feb/12:00 26.46 23-Feb/ 22:00 17.15 12 
26-Feb/13:00 28.68 26-Feb/ 23:00 15.82 10 

It can be concluded from both the heat flux analysis and the temperature profile analysis that the 

large temperatures caused by the solar radiation take approximately 9-12 hours to influence heat 

flow through the assembly.  
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Figure 4-20 : Example of Data Removal – 11 Hour Time Lag 

Figure 4-20 shows an example of the data removed from both the temperatures and the heat flux 

data sets.  The temperature data has been removed when the measured global solar radiation 

exceeds 168 W/m2.  The heat flux data was removed beginning at 9 – 13 hours after the solar 

radiation threshold was breached.  It should be noted that temperature data for each of these 

scenarios was the same and the only thing being modified was the heat flux data.  Seven cases 

were run to determine the most accurate time lag.  

11 hrs 
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4.1.3.9. Removal of Affected Heat Flux Data Results 

Figure 4-21 shows the resulting running RSI for the southern wall when both temperature and 

heat flux data effected from solar radiation is removed. Time lag cases were run for 9, 10, 11, 12, 

Figure 4-22 : Close up of Modified Running RSI - value 

Figure 4-21 : Modified Running RSI-value  
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and 13 hours as indicated by the heat flux and temperature analysis above. Cases for 6 hour and 

16 hours were run as examples.  

The resulting differences in RSI occur due to changes in the summed heat flux data (sum of delta 

temperature stays the same). The 6 hour and 16-hour case have a lower summed heat flux 

denominator, due to inclusion of solar radiation effected data, which results in a higher RSI 

value.  Their resultant high RSIs can be seen in Table 3-13. Given this information it can be 

assumed that the lowest RSI would indicate the proper time lag and provide the most accurate 

RSI.  

Table 4-13 : Time Lag RSI Summary 

Lag Time 
Removal 

Convergence 
Hours (n=48) 

RSI  
(m2K/W) 

6 Hours 113 9.047 
9 Hours 112 8.973 
10 Hours 112 8.962 
11 Hours 111 8.957 
12 Hours 111 8.965 
13 Hours 110 8.987 
16 Hours 111 9.075 

The results indicate that the 11-hour time lag has the lowest RSI at 8.957 m2K/W. The results 

from this analysis are similar to the first result found in the overcast period analysis of 9.09 

m2K/W and are higher than the minimum value set in the use of north wall temperatures of 8.124 

m2K/W.  

4.1.3.10. South Wall Summary  

Three methods of analysis were undertaken in an attempt to determine the in-situ RSI of the 

southern wall. The south wall presented significantly challenges when determining the RSI using 

the summation technique due to direct influence of solar radiation on the data. The three unique 

methods of analysis presented here include: (i) Use of North Delta Temperatures, (ii) Overcast 

Periods Analysis, and (iii) Removal of Data Affected by Solar Radiation.  The first method, Use 

of North Temperature Data, underestimated the RSI of the wall. The second method had short 

analysis time frames, and was also influenced by slight incident solar radiation.  The third 

method appears to have provided the most accurate picture of the RSI of the southern wall as 

temperatures and heat flux data had been removed for the entire portion of the analysis period. 
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As discussed in the background and literature review section, thermal resistance is a dynamic 

property influenced by a number of factors. The analysis provided a reasonable estimation and 

average of the dynamic RSI of the southern wall over the winter collection period. Table 4-14 

contains a summary of values found from the three analysis.  

Table 4-14 : Summary of South Wall RSI 

Analysis Method 
South Wall  
In-situ RSI 

m2K/W    
North Wall Delta 

Temperatures 
8.12 ± 7% 

Overcast Period 
Analysis 

9.09 ± 7% 

Solar Affected Data 
Removal 

8.96 ± 7% 

The southern wall RSI that has been determined was considerably less than that found for the 

north wall 10.590 m2K/W, however, seems to much closer to that of the predicted nominal RSI 

of 9.258 m2K/W. The cause of the southern wall RSI-reduction is not explored in depth; 

however, some possible explanations are presented below.  

(i) Air gaps in external insulation: The southern wall had a curved façade as described in 

Section 3.1.2 Test Structure. The three layers of external mineral wool boards were 

rigid and did not completely bend with the wall. Air gaps between the insulation 

occurred as can be seen in Figure 4-23. The largest gaps occurred on the top left of 

the structure. The data used in this analysis was collected on the right-hand side of the 

Figure 4-23 : Southern Wall of Structure  
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structure.  Some gaps can be seen on the right side of the structure where data was 

collected for this analysis. Thermal imaging (Figure 4-24) reveals heat loss through 

some gaps in insulation. These large air gaps may account for heat loss by increased 

convection through the external insulation, either by forced (wind washing) or natural 

convection.  

(ii) Three dimensional effects and thermal bridging:  The stud spacing on the southern 

wall, where the heat flux sensor had been installed was only 305mm as compared 

with 405mm on the northern wall. The fastener spacing was also reduced on the 

southern façade. The heat flux sensor was installed as close as possible to the middle 

of the cavity; however, this was still close to the corner location as shown in Figure 4-

25.  The combined effects of the corner location, small stud spacing, and deceased 

fastener spacing may account for the increased heat flow through this assembly.  

 

Figure 4-24 : Thermal Imaging South Wall 

Figure 4-25 : Southern Wall Heat Flux Sensor 
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(iii) Material variation:  The insulation used within the test structure was not tested for 

thermal conductivity and as indicated in Section 4.2 Apparent Thermal Conductivity, 

there was often variation from reported nominal values and actual thermal 

conductivities.  Variation occurred within batts of insulation, as well as, between 

bundles of insulation. Variations in thickness and in density will cause thermal 

resistivity values to change.  

4.2. Apparent Thermal Conductivity 

Apparent thermal conductivity testing was performed on samples of Roxul Comfortboard 110 

using a Netzsch HFM 436 Lambda heat flow meter and following the methodology of ASTM 

C518.  The HFM ±436 Lamda has an accuracy of 1 to 3%. It should be noted that samples were 

not conditioned to 50% RH as dictated in ASTM C518; however, changes in RH should not 

significantly affect apparent thermal conductivity of hydrophobic mineral wool. Insulation 

boards were 76mm thick. Samples were extracted from two bundles of packaging and subdivided 

into 305mm x 305mm portions. Five random portions were selected from the cuts of each bundle 

for a total of 10 pieces. Tested bundles had the same manufacturer batch number and therefore 

are suspected to have closer similarities than between manufacturer batches.  

The majority of the testing was completed at a mean temperature of 24°C as this is the 

temperature generally used by the manufacturer when testing thermal conductivity. The top plate 

temperature was set at 34°C and bottom plate was set at 12°C.  A summary of results is shown in 

Table 4-15. Raw testing data can be found in Appendix G.  

Table 4-15 : ASTM C518 Test Results 

 
Mean 

Temperature 

Mean 
Conductivity 

(W/mK) 

Standard 
Deviation 
(W/mK) 

Mean 
RSI 

/25.4mm 
(m2K/W) 

Max 
Conductivity 

(W/mK) 

Minimum 
Conductivity 

(W/mK) 

Lab 
Test 

23.4°C 0.0407 0.00029 0.624 0.0411 0.0403 

Manuf. 
Data 

24° 0.0363 N/A 0.70 N/A N/A 

The apparent thermal conductivity testing showed that there was a significant difference between 

manufacturer and reported values, an increase of 12%, while there were not significant 
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differences between tested bundles. From the results of the thermal conductivity testing, one 

would expect the thermal resistance of the in-situ wall to be less than what is expected from 

manufacturer data, however the opposite was the case for the North wall. The south wall 

experienced a reduction in expected RSIs more in line with thermal conductivity testing.  It is 

suspected that there exists greater variability between manufacturer batches than shown in 

thermal conductivity testing.  

One test was conducted at varying temperatures to define thermal conductance dependence on 

mean temperature. These values were compared against data that was provided by the 

manufacturer.  Results can be seen in Figure 4-26. 

Similar trends existed between provided data and tested data for the thermal dependence of 

Roxul Comfortboard 110.  As noted in the direct comparison, there was a noticeable decrease in 

thermal resistance between data sets. The difference becomes less pronounced when mean 

temperature increases. There was a difference of approximately 90% in thermal resistances when 

temperatures in the range of -10°C and 20°C were entered into linear data trendlines.  

The purpose of testing was to investigate material variability and not explicitly state insulation 

thermal conductivity values. The testing concluded there was no significant difference in 

apparent conductivity within the same batch or bundle however there was a significant difference 

from reported values. A summary of thermal resistances can be found in Section 4.4. 

Figure 4-26 : Thermal Resistivity Compared to Mean Temperature 
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4.3. Effective Thermal Resistance Analysis 

This section will determine the thermal effects caused by the metal fasteners and how several 

variations of the same wall assembly performed in terms of effective clear-wall thermal 

resistances.  Thermal imaging photos of the test structure revealed metal fasteners exhibited 

higher temperatures than surrounding areas indicating thermal bridging (Figure 4-27).  

Heat3, a steady-state and transient three-dimensional heat transfer simulation program, was used 

to conduct this study. To ensure that the simulations accurately reflect the proposed wall 

assembly it was necessary to first calibrate a model and validate it against the collected field 

data.   

4.3.1. Three-dimensional Thermal Simulation Calibration 

4.3.1.1. Site Selection 

The north wall was selected as the primary focus for calibration.  This was due to its typical (i.e. 

405mm stud spacing) and plumb construction.  Direct solar radiation, which may cause 

irregularities in the modelling, was minimized on the north wall.  Height 2 was chosen as the 

sensor field for calibration as this sensor area was less affected by the orientation/placement of 

the space heater.   

Figure 4-27: Thermal Imaging - No Cladding 
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4.3.1.2. Time Period Selection   

The period from February 12th to the 19th was selected as the calibration time.  A period of 5 

days was selected to both allow for the simulation to converge and not prolong simulation 

execution times.  February 12th to the 19th exhibited some of the coldest temperatures during the 

testing period allowing for maximum one-directional heat flow through the enclosure.  

4.3.1.3. Model Geometry 

Figure 4-28 : HEAT3 Model Geometry 

The initial model was selected to represent a center of cavity portion of the proposed assembly.  

This excluded all framing and metal fasteners.  It provided a highly simplified 2-dimensional 

view of the wall.  See Figure 4-28 for a layout of the initial modelled geometry. The initial model 

was based on the wall assembly constructed for the field test structure with studs spaced at 

406mm c/c and fasteners placed 305mm apart. The purpose of this simplified geometry was to 

reduce the required computing time for dynamic simulation and to eliminate potential issues 

caused by improper placement (i.e. not representative of field conditions) of fasteners and studs 

within model. Calibration was completed with a numerical grid size of 60x60x60 (5mm x 6.8mm 

x4.3mm).  

4.3.1.4. Initial Conditions  

The initial temperature for each layer was calculated from temperature data on Feb. 12th, 2016. 

An average temperature was used for each layer based on the heat sensors on either side of that 

layer. The purpose of selecting the initial temperature is to reduce computing time and to 
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increase accuracy of the simulation. Initial temperatures can be seen in the Table 4-16.  The 

initial conductivity values were selected from default values or from manufacturer material data 

sheets and can be seen in Table 4-16. 

4.3.1.5. Boundary Conditions 

The interior boundary condition was set to a constant 20.9°C derived from the temperature 

sensor (NH2L8-T) which had an average reading of 20.9°C and had a standard deviation of 

0.11°C. HEAT3 is only able to handle one dynamic function when simulating transient 

calculations. The exterior boundary conditions were set to an hourly linear function. The data 

from the RH/T sensor (NH2-L1.5-RHT) was used as the exterior boundary condition as this is 

believed to more accurately reflect the surface temperature of the exterior mineral wool at layer 

2.  

4.3.1.6. Calibration Procedure 

Temperature recorders were placed at L3, L4, L5, and L6 within the Heat3 model and compared 

to field data temperature collected from Feb.12th – 15th.  The thermal conductivities and heat 

capacities of materials were changed subsequently through iterative processes until the 

temperature profile from HEAT3 matched that of collected field data. A total of 22 iterations 

were completed before calibration was considered achieved.  Figure 4-29 shows the initial and 

final temperatures of the calibration against the collected field data.   
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Figure 4-29 : HEAT3 Temperature Profiles 

Calibration was considered complete when temperature profiles aligned visually or final values 

fell within +/- 3%. A test case was run after calibration to see if there would be potential 

influence from the studs and metal fasteners on the temperature field of the clear wall. The metal 

fastener was placed on the same horizontal plane as the temperature recorder. The fastener had 

minimal impact (0.2°C in Layer 3) on the temperature field and the model was considered 

calibrated.  Another model was created with a numerical grid size of 130x130x130 (2.3mm x 

3.1mm x 2.0mm) to confirm resolution did not affect results.  
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4.3.1.7. Final Material Values 

Table 4-16 : Final HEAT3 Material Resistivity 

Material 
Thickness 

(mm) 

Final 
Thermal 

Conductivity 
(W/m K) 

Final  
Thermal  

Resistivity 
(m2K/W) 

Final 
Volumetric 

Heat Capacity 
(MJ/m3 K) 

Initial 
Temperature 

Gypsum Wall 
Board 

13 0.16 0.081 0.4176 18 

Roxul 
ComfortBatt 

89 0.040 2.225 0.0306 15 

Oriented Strand 
Board 

11 0.085 0.129 1.22 11.5 

Roxul 
ComfortBoard 

110 (Layer 5-4) 
76 0.034 2.235 0.10 7.5 

Roxul 
ComfortBoard 

110 (Layer 4-3) 
76 0.033 2.303 0.10 0 

Roxul 
ComfortBoard 

110 (Layer 3-2) 
77 0.032 2.406 0.11 -7 

The results from the calibration can be seen in Table 4-16. The external insulation layers showed 

an increase in thermal resistance compared with manufacturer data, which was consistent with 

the in-situ field analysis period for that location.  The interior insulation showed a reduction 

compared with manufacturer data, which was also consistent with in-situ thermal resistance. The 

impact of metal fasteners on the thermal resistance is examined in the next section. 

4.3.2. Effective Thermal Resistance Analysis  

HEAT3 simulations were completed on a number of different insulation configurations, fastener 

spacing, fasteners types, and stud spacing. This provided a range of thermal resistances 

depending on selected configurations. The impact of high conductivity steel was compared to 

that of a lower conductivity stainless steel. This section explores the results from multi-case 

analysis  

4.3.2.1. Simulation Information  

A numerical grid of 130 x 130 x 130 (2.3mm x 3.1mm x 2.0mm) was selected to provide 

increased resolution compared to the calibration simulations.  The dimensions of each element 
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varied with each case, as the size of the model was adjusted to account for varied insulation, 

fastener and stud configurations. Complete case dimensions and results can be found in 

Appendix H. Steady state conditions were selected for the multi-case analysis. Boundary 

conditions were set as 20°C and -10°C.  

 

4.3.2.2. Material Values  

Standard material values were selected for the multi-case analysis. The conductivities used in 

simulations were considered “nominal” and are shown in Table 4-17.  

Table 4-17 : Nominal Conductivities for Enclosure Materials 

Material 
Thermal 

Conductivity 
(W/mK) 

Reference 

Steel 50 HEAT3 Material Library 
Stainless Steel 25 HEAT3 Material Library 

OSB 0.0902 
Simpson & TenWolde 

(1999) 
Gypsum 0.1588 CGC (2014) 

Interior Mineral 
Wool 

0.03606 Roxul (2016) 

Exterior 
Mineral Wool 

0.03629 Roxul (2013) 

Fastener size (4.5mm x 4.5amm) was simulated as a square with functionally the same area as 

installed fasteners (which had a diameter of 4.8mm.)  The grade/type of metal fasteners was not 

known. It was assumed that they were steel for the purposes of analysis.   

Figure 4-30 : Heat3 2D Cross Section. Materials (Left). Temperature Isotherm (Right) 
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4.3.2.3. Clear Wall Effective Thermal Resistance  

 

Figure 4-31: Clear Wall Effective Thermal Resistance – Steel 

Shown in Figure 4-31 are the results from the multi-case analysis with steel fasteners. There was 

a 15.3% reduction in the RSI of the calibrated model with the addition of fasteners. This was a 

similar reduction (~15.1%) to the “nominal” RSI when field testing fastener and stud spacing 

were considered. The largest reduction (24.4%.) from “nominal” was the 405mm stud spacing 

and 152mm fastener spacing with 229mm of exterior insulation and no interior insulation. The 

smallest reduction occurred in the 610mm stud and 457mm fastener spacing with 152mm and no 

interior insulation at 7.1%.  These results were as expected, as the further studs and fasteners 

were spaced, the more area occupied by low conductivity insulation.  
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Figure 4-32 : Clear Wall Effective Thermal Resistance - Stainless Steel 

Shown in Figure 4-32 are the results from the stainless steel clear-wall effective thermal 

resistance analysis. The effective RSI from the calibrated model saw a 10.3% reduction when 

stainless steel fasteners and studs as compared with the 15.3% reduction when steel fasteners 

were used. An effective RSI of 8.40 m2K/W was found with stainless steel compared with that of 

7.93 m2K/W with steel for the calibrated effective scenario.  

 The largest reduction (16.6%) from nominal RSI was seen in the case with the 405mm stud 

spacing and 152mm fastener spacing with 229mm of exterior insulation and 89mm of interior 
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insulation. This was different from the steel fastener cases, and it is speculated that simulation 

errors and rounding errors account for the differences in these cases. The smallest reduction 

occurred in the 610mm stud and 457mm fastener spacing with 152mm and no interior insulation 

at 4.2%. It can be concluded that the use of less conductive fastening materials is beneficial in 

limiting impacts caused by the fasteners however reducing the number of fasteners is much more 

important.  

4.4. Thermal Resistances Summary 

The results from the thermal analysis reveal a significant difference between expected nominal 

centre of cavity values and in-situ centre of cavity values, especially for the North wall during 

the winter months.  Table 4-18 presents a summary of results from the different analyses 

performed. Table 4-18 compares individual layer values to each other.  Cells have dashed where 

they are not applicable.   
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Table 4-18 :  Thermal Resistance Summary of North and South Walls 

Material 
Thick 
(mm) 

Nominal 
Thermal 

Resistivity 
(m2K/W) 

ASTM 
C518 @ 

24°C 
(m2K/W) 

HEAT3 
Thermal 

Resistivity 
(m2K/W) 

In-Situ 
North 
Wall  

Winter 
(m2K/W) 

In-Situ 
South 
Wall 

Winter 
(m2K/W) 

Gypsum Wall 
Board 

(Layer 8-7) 
12.7 0.080 - 0.081 0.118 - 

Roxul 
ComfortBatt 
(Layer 7-6) 

88.9 2.466 - 2.225 2.277 - 

Oriented Strand 
Board 

(Layer 6-5) 
11.1 0.121 - 0.129 0.444 - 

Roxul 
ComfortBoard 110 

(Layer 5-4) 
76.2 2.100 1.872 2.235 2.456 - 

Roxul 
ComfortBoard 110 

(Layer 4-3) 
76.2 2.100 1.872 2.303 2.386 - 

Roxul 
ComfortBoard 110 

(Layer 3-2) 
76.2 2.100 1.872 2.406 2.624 - 

Total  
w/o 

 Exterior 
- 8.967 - 9.379 10.305 - 

Ventilation Air 
Gap 

(Layer 1-2) 
19.0 0.146 - - -0.209 - 

Cedar  
Cladding 

(Layer 1-0) 
16.0 0.145 - - 0.424 - 

Center of Cavity  
Wall 

376.3 9.258 - - 10.590  8.97 

The layer analysis shows that the expected RSI of the exterior insulation, in this case Roxul 

Comfortboard 110, ranges from apparent thermal conductivity values of 1.872 m2K/W to 2.624 

m2K/W in-service.  This differs from nominal values by -10.9% and +25.0%.  The calibrated 

HEAT3 model results indicate an increase in in-situ exterior insulation thermal resistance 

however, changes are not as significant as the layer analysis concluded.  One potential difference 
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is the measured thermal resistance of the OSB in-situ, as compared with HEAT3 and nominal 

values.  

The southern wall has a significantly lower in-situ thermal resistance as compared with the North 

wall. The southern wall aligns more closely with the expected centre-of-cavity value.  It is 

suspected that the thermal resistance of the southern wall has been influenced by three 

dimensional effects and gaps in insulation. In summary, the north wall experiences an increase of 

+14.4% to nominal centre of cavity and the south wall experiences a reduction of -4.2%.  It is 

suspected that the north wall’s increase is due to contact resistances, in-service temperatures, 

material variability, and in-situ data collection errors.  

The proposed enclosure may experience a reduction in the centre of cavity nominal RSIs of 

anywhere between 24.4% and 4.2% based on various stud spacing’s, fastener spacing’s and 

fastener types.  The tested enclosure had an unknown grade of screws and had 410mm stud 

spacing and 305mm spacing (on the north Wall) so it is suspected the drop in expected RSI is in 

the range of 15.3%-10.3% from 9.258 m2K/W to 7.84 m2K/W or 8.30 m2K/W.  This is a 

significant reduction in expected RSIs and should be accounted for within whole building energy 

prediction models.  The southern wall has smaller stud spacing and increased fastener densities 

and is suspected to cause an even larger reduction the effective RSI. 

4.5. In-situ Hygrothermal Results  

This section explores the hygrothermal performance of the test structure during the collection 

period from February to August.  The performance is compared against the three-metrics 

identified during literature review and include; 

 Moisture Content of Wood Components, 

 Relative Humidity at the Surface of the Sheathing,  

 Interior Air Dew Point Temperature Analysis,  
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4.5.1. Exterior Climate 

 

Figure 4-33 : Field Data – Exterior Air Temperature 

 

Figure 4-34: Field Data – Exterior Air Relative Humidity  

Shown in Figure 4-33 and 4-34, is the temperature and RH data for the exterior climate during 

the in-situ analysis. It should be noted that the exterior air temperature only reached below -20°C 

a few times during the collection period. More extreme and longer duration cold periods would 

be beneficial to confirming the in-situ hygrothermal performance. The climate period was on 

average warmer than is ‘normal’ for the Toronto region.  Table 4-19 has a summary of historical 

norm for Toronto. Averages were only taken for the months shown due to complete field records 

for the month of February and August  
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Table 4-19 : Historical Averages (1981-2010) vs. Field Data. (Canadian Government) 

 Temperature (°C) Rainfall (mm) 

 
Historical  
Average 

Field Data 
Historical  
Average 

Field Data 

March 0.1 2.74 32.6 82.0 
April 7.1 5.19 63 42.4 
May 13.1 14.78 74.3 29.2 
June 18.6 19.72 71.5 43.8 
July 21.5 23.29 75.7 49.4 

*Canadian Climate Normal 1981-2010 (Gov. Can) 

Table 4-19 also displays the average rainfall amounts from March to July for field data and 

historical records. While March experienced more rainfall than the historical average, the other 

months had significantly less.  While there were several other variables that impact the 

hygrothermal performance of an enclosure, the temperature, relative humidity and rainfall were 

good indicators of exterior moisture loading. The collection period experienced mild moisture 

loading as compared with historical averages, and even may be considered ‘good’ as compared 

with severe years.  

4.5.2. Interior Climate  

 

Figure 4-35 : Field Data – Interior Air Temperature 

Shown in Figure 4-35 is the interior air temperature of the test structure over the course of 

collection.  It should be noted that the set temperature of 21°C was consistently maintained over 

the winter and early spring.  The structure began to heat up significantly at the beginning of May 
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until an air conditioning unit was installed.  Air temps fluctuated between ~20-25°C during the 

summer period after the AC unit was installed.   

 

Figure 4-36: Field Data – Interior Air Relative Humidity 

The interior air relative humidity is shown in Figure 4-36. Again, the set conditions (50%), could 

be more tightly maintained during the winter and spring seasons. The summer period 

experienced uncontrolled RH which had an impact on the moisture content of the wooden 

structure as is described in the results section.  

4.5.3. Moisture content  

The following section investigates the in-situ moisture content of the test structure. A moisture 

content limit of 20% was identified through literature review as safe threshold to limit bio-

deterioration. This section will present the moisture content readings and provide explanations 

for notable trends. Data will be broken down into the different collection periods.  
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4.5.3.1. Winter  

 

Figure 4-37: North Wall Winter - Moisture Content 

 

Figure 4-38 : South Wall Winter - Moisture Content 

The winter period experienced the highest MC of all testing periods.  The bottom plate on the 

north wall experienced the highest MC of 19% on February 28th.  This may be attributed to 

overfilling the humidifier around the 25th of February and causing liquid water to touch the 

bottom plate. The moisture dries to a stable level around March 17th. The bottom plates 

experienced the highest MC of any of the wood components.  The bottom plates experienced the 

coldest temperatures within the structure due to stratification (average 4.2 °C difference from 

bottom plate to top over winter period). The top plates and studs experienced similar moisture 

contents throughout the winter.  The OSB sheathing had the lowest moisture content of any 
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wood structures.  This is typical of OSB, which has a lower MC at equilibrium than standard 

lumber. General trends that occurred were that the north had marginally higher moisture contents 

than the southern wall.  The direct solar radiation that the southern wall experienced raised 

internal temperatures and dried out the structure. Overall, the winter period, experienced the 

highest moisture content of the collection period and was still below the 20% MC threshold set.   

4.5.3.2. Early + Late Spring  

 

Figure 4-39 : North Wall Late Spring -Moisture Content 

 

Figure 4-40 : South Wall Late Spring - Moisture Content 
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The early spring experienced steady moisture content for all locations throughout the collection 

period. Similar trends were seen from the winter and early spring, such as increased moisture 

content for the north wall and bottom plates. The moisture content of wood began to taper at the 

very end of the period indicating further drying.   

4.5.3.3. Late Spring 

 

Figure 4-41 : North Wall Late Spring - Moisture Content 

 

Figure 4-42 : South Wall Late Spring - Moisture Content 
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The late spring period was very similar to the early spring period.  Moisture content of the wood 

and OSB were maintained consistently until approximately May 7th, when the plates and studs 

experienced a small drop in MC. This drop in MC seems to correspond with the increased 

interior temperatures. The downward trend in the MC of the bottom plates was quite obviously 

on the north wall. This downward trend continued into the summer period.  

4.5.3.4. Summer 

 

Figure 4-43 : North Wall Summer - Moisture Content 

 

Figure 4-44 : South Wall Summer - Moisture Content 
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Figure 4-43 and 4-44 show the moisture content readings for the summer months.  The drying 

trend of the framing lumber continued from the late spring well into the month of June. The 

effect of solar radiation was seen on the bottom plate which experienced a drop-in MC as 

compared with the north wall bottom plate.  The drying trend was marginally noticed in the studs 

as well.  The drying trend ended around the start to mid-July where the MC began to increase.  

This is the only portion of the collection period where an upward trend was noticed in the MC of 

the wood. The upward trend coincided with the increased interior air relative humidity (see 

Figure 4-44).  The moisture content of the studs and the top plate actually increased to a MC 

above winter time levels.  At no point during the summer months did the MC exceed the 20% 

threshold.  

4.5.4. ASHRAE 160 Standard (2011) 

ASHRAE Standard 160 –2009 addendum A (ASHRAE, 2011) states the RH of a surface must 

remain below 80% over a running 30-day average and the temperature needs to be above 5°C 

and below 40°C.  The following section presents the RH and T for the moisture sensitive 

sheathing.  The RHT sensors were located at layer 6, which was on the interior side of the OSB 

sheathing.   

 

Figure 4-45 : Temperature of OSB 
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The temperature of the OSB always resides between the 5°C and the 40°C temperature range 

defined in the standard. There was a noticeable increase in sheathing temperatures during the 

summer months. Even with the temperature in the critical range the likely hood of moisture 

damage was assessed as zero due to the measured relative humidity.  

 

Figure 4-46 : Relative Humidity of OSB 

As shown in Figure 4-46, the relative humidity on the interior side of the sheathing never 

exceeded 60% for the entire duration of collection, well below the 80% threshold defined in 

standard 160.  The data indicated a slight downward trend reaching a steady state in the RH at 

the interface of the sheathing over the collection period.  The RH data does not however reflect 

the increased moisture content of the sheathing during the summer months. Nor does it 
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experience much variation.  It is suspected that the cavity mineral wool may be muting the RH 

readings at the interior side of the sheathing by hygric buffering.  

Figure 4-47 : Vapour Pressure Profile 

The vapour pressure profiles were investigated to determine if the steady RH values were 

consistent with the exterior vapour pressure.  It should be noted that vapour pressure was 

calculated using the collected RH and temperature as shown in Equations 9 and 10. The layered 

profile shows consistency with external vapour pressures.  It was therefore deemed that the RH 

readings were consistent and accurate.  

 
𝑝௦௔௧ = 6.112𝑒(

ଵ଻.଺ଶ்
ଶସଷ.ଵଶା்

) (9) 

 𝑝௪ = 𝑅𝐻 · 𝑝௦௔௧ (10) 

psat = Saturation pressure (Pa) 
T = Temperature (°C) 
pw = Water vapour pressure(Pa) 
RH = Relative Humidity (%) 
 

4.5.5. Interior Air Condensation Potential 

Interior air condensation potential compares the temperature of the OSB sheathing to the dew 

point temperature of the interior air. This can be considered a conservative measure.  Interior air 

may transport moisture around the thermal layers to the colder sheathing. Exterior insulation can 

or may keep the temperature of the sheathing above interior air dew point temperature. The dew 
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point of the interior air was calculated per Equation 11 and 12 which is based on the World 

Metrological Organization standards and recommended practice (WMO, 2010). This section 

presents the in-situ results from this analysis.   

 
𝑇ௗ௘௪ =

243.12 ∙ ln [𝑒′ 6.112𝑓(𝑝)⁄ ]

17.62 − ln[𝑒′ 6.112𝑓(𝑝)]⁄
 (11) 

 𝑓(𝑝) = 1.0016 + 3.15 ∙ 10ି଺ ∙ 𝑝 − (0.074 𝑝)⁄  (12) 

Tdew= Dew point Temperature (°C) 
p = Moist Air Pressure (Pa) 
e’ = Vapour Pressure (Pa) 
 

4.5.5.1. Winter  

 

Figure 4-48 :  Interior Air Dew Point – Winter 

The winter period experienced the closest period of sheathing and interior dew point 

temperatures. This occurred on February 14th   after the coldest portion of the collection period. 

The temperature of the sheathing was only 0.35°C warmer than the dew point temperature. It is 

suspected that if temperatures had remained below -20°C for several days that the temperature of 

the sheathing may have dropped below dew point temperatures. The southern wall at height 1 

had the coldest sheathing temperatures. The southern wall experienced reduced in-situ thermal 

resistances as compared with the north wall which caused the temperature to be lower. The 
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temperature of the sheathing began to increase after February 14th, which is consistent with the 

exterior air temperature.  

4.5.5.2. Early Spring + Late Spring  

 

Figure 4-49 : Interior Air Dew Point - Late Spring 

The early spring analysis maintained a steady spread between interior air temperatures and dew 

point temperatures and is not shown in this report. The temperature of the sheathing rose 

significantly compared with the dew point temperature at the end of early spring into the late 

spring period. Late spring also exhibited a large difference between temperatures.  A spike in 

dew point temperature occurred around May 7th and corresponded with the increase in interior 

temperatures.  The increased air temperature carried more moisture than the previous months and 

increased the dew point temperature. This trend was seen in the summer as well.  
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4.5.5.3. Summer 

 

Figure 4-50 : Interior Air Dew Point - Summer 

The summer months showed a highly variable dew point temperature range but there was a 

general upward trend towards the end of the summer. The increased temperatures and increased 

humidity of the interior air increased the dew-point temperature. The moisture content of the 

sheathing trended with this increase in RH and dew point temperature. The summer experienced 

the second closest dew point and sheathing temperature during the collection period on July 31st. 

The sheathing temperature was only 2.5°C above dew point.  

4.5.5.4. In-Situ Analysis Summary 

Three hygrothermal assessment methods were undertaken on the proposed enclosure for a six 

month in-situ experiment. None of the set thresholds were breached during the entire period.  

This indicated that the system performed well under the climate experienced. There were several 

points during the collection period where the threshold was almost breached. The interior relative 

humidity conditions were set above typical values experienced in a home to stress the enclosure, 

however the exterior climate may be considered as mild for this period. The limited collection 

period and the unique physical conditions of the test structure only provide a snap-shot of the 

hygrothermal performance of the proposed wall enclosure.  Built enclosures will experience a 
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highly-varied range of elemental stressors unable to be captured within the in-situ analysis.  To 

fully determine the hygrothermal suitability of the enclosure, hygrothermal simulations were 

required to amplify possible loading scenarios in cold climates.  

4.6. Hygrothermal Simulation  

Hygrothermal simulation was completed to determine if the proposed enclosure was suitable for 

Toronto and several other cold climates. As climate can be highly variable and unpredictable it is 

necessary to assess the enclosure under more strenuous moisture conditions than were 

experienced during the field testing period.  A common technique is to use computer simulation 

to predict enclosures hygrothermal performances for different locations, climate conditions, and 

extended durations. WUFI ®Pro is a commonly used one-dimensional hygrothermal simulation 

program and was selected to be used for this research. The software uses balancing equations for 

both moisture and heat to determine the moisture content and relative humidity of the materials 

at any particular point within the assembly and at any particular time. Equations 13 and 14 are 

the interrelated heat and moisture balance formula used by WUFI (Kunzel, 1995). 

 ∂w

𝜕𝜑
∙

∂φ

𝜕𝑡
= ∇ ∙ (𝐷ఝ∇𝜑 + 𝛿௣∇(𝜑𝑝௦௔௧)) (13) 

 ∂H

𝜕𝜗
∙

∂ϑ

𝜕𝑡
= ∇ ∙ (𝜆∇ϑ) + ℎ௩∇ ∙ ൫𝛿௣∇(𝜑𝑝௦௔௧)൯ (14) 

dH/dϑ = heat storage capacity of the moist building material (J/m3K) 
dw/dφ = moisture storage capacity of the building material (kg/m3) 
λ = thermal conductivity (W/mK) 
φ=relative humidity (%). 
 t = time (h) 
ϑ = temperature, (K) 
Dφ=liquid conduction coefficient of the building material (kg/ms) 
w = moisture content, (kg/m3) 
hv= evaporation enthalpy of the water, (J/kg) 
δp

 = water vapour permeability of the building material (kg/msPa) 
Psat= water vapour saturation pressure (Pa) 
 

 Hygrothermal simulations depend on many inputs related to materials and climates, which are 

often assumed by the user. As explored in the literature review section enclosures frequently 

perform differently than expected.  Therefore, simulation calibration was required for the 
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proposed enclosure to ensure an accurate and relevant simulation assessment. This section will 

outline the calibration procedure and the final relevant inputs obtained from calibration.  

4.6.1. Calibration Procedure 

Four distinct calibrated WUFI-Pro models were created; (i) Winter -North Wall, (ii) Winter – 

South Wall, (iii) Summer – North Wall, (iv) Summer – South Wall, to achieve calibration.  Each 

case exhibited differences in hygrothermal performance from the other due to changes in 

environment exposure and physical properties. Calibration was preformed to identify the 

different factors that influenced the hygrothermal performance for each case.   

Figure 4-51 shows a generalized work flow for the WUFI calibration completed for this research. 

The initial steps for calibration were to create generalized models that most accurately 

represented the field enclosure. Accurate base models allowed for more accurate and quicker 

calibration.  Once initial models were created (geometry and material properties) localized 

climatic data was re-formatted and adapted for use in WUFI-Pro. Output from these initial model 

files was then checked against relevant field data for suitability.  

The boundary conditions, which control both heat and moisture flow through the simulation, 

were checked for accuracy. Modifications to the initial material properties, climatic data, and 

boundary condition variables were completed until simulation output matched field data. Surface 

temperatures were calibrated before moisture boundary conditions as completed by Fox (2014).  
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Figure 4-51 : WUFI Calibration Work-Flow 

The interior enclosure conditions were assessed for accuracy after the boundary conditions were 

calibrated. It should be noted that moisture content of the OSB sheathing was also used to derive 

the exterior moisture boundary condition.  Interior enclosure conditions included the temperature 

and moisture content of the OSB sheathing.  Changes were made to the boundary conditions 

(moisture only), initial model geometry and initial material properties (thermal properties only) 
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until moisture content of the simulations matched that of the collected data. Complete model 

calibration was considered achieved when the moisture content of the simulation matched that of 

the collected field data.   

4.6.1.1. Field Data vs. Simulation Output  

Determining WUFI variable input values was an iterative process.  A single variable was 

simulated with a range of values and the output was compared to field data.  The values that 

most accurately represented field conditions were than focused on.  The next values entered for 

that variable were closer to the identified values from the first calibration step.  This procedure 

continued until divergence from previous value or the simulation closely resembled field data.  

Comparison of WUFI output and data was completed by assessing goodness of fit statistically 

and visually if necessary. The Square Root Mean Error function (Equation 15) and Mean Bias 

(Equation 16), where noted, were used to determine suitability of the prediction.   

 

𝑅𝑀𝑆𝐸 =  ඨ
∑ (ŷ௧ − 𝑦௧)ଶ௡

௧ୀଵ

𝑛
 (15) 

 
𝑀𝐵 =  

(∑ 𝑦
𝑡

− ŷ
𝑡
)𝑛

𝑡=1

𝑛
 (16) 

RMSE = Root mean square error  
n = number of data points 
t = current data point 
ŷ = predicted value  
y = actual value  
MB = Mean bias 

 Typically, a range of input variables was assessed and their corresponding RMSE were 

compared. The input with the smallest RMSE was than explored further.  Another series of 

variables was assessed closer in scale to the first selected input.  These variables were assessed in 

steps, with each resulting RMSE compared to the last.  Variables continued to be inputted until 

the RMSE increased. The input value with the lowest RMSE was then selected. A smaller RMSE 

indicated a better prediction than a larger value. 

Variable values were chosen when the smallest RMSE and Mean Bias Error were achieved, 

except as noted. Visual assessment identified key trends in simulation data that could not be 
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extracted from statistical analysis.  It is noted where visual confirmation was used in lieu of 

statistics. 

4.6.1.2. Field Data Sensor Location 

The field data from the height 2 sensor location (2.51m) was used for comparison in simulation 

calibration. Height 2 was selected for comparative purposes due to the consistency of the data 

and the proximity of H2 to the collected interior air conditions. Shown in Figure 4-52 is a 

comparison of the north wall interior gypsum surface temperatures for different sensor heights. 

 

Figure 4-52 : North Wall Surface Temperatures 

The interior air sensor was located slightly below the height 2 location and was closer to the HF 

temperature sensor height.  The differences between the HF temp and Height 2 -Temp were 

marginal, however, the difference between H1 and H2 were quite large. Therefore, H2 was 

selected for comparison.  
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4.6.2. Initial Model Parameters  

4.6.2.1. Initial Model Geometry 

The initial model geometry was created using information from drawings and direct field 

measurements. The OSB sheathing was divided into three (3) 3.7mm slices to better represent 

moisture content at interior and exterior conditions.  A numerical grid of 100 was selected.  An 

initial ACH of 200 was selected for the air cavity. Orientations were set as due north and due 

south and inclination is set at 90°.  

4.6.2.2. Initial Material Temperature and Moisture Content  

Initial conditions of the material included the starting moisture content and the temperature of 

each component.  Field data provided the temperature at each layer of construction and was 

entered in a custom text file used by WUFI-Pro. The initial moisture content of the OSB 

sheathing was provided by field data while the other components were left in their default 

condition. This was due to the lack of information regarding their starting moisture content.   

4.6.2.3. Initial Material Properties  

Material properties were gathered from various sources that included product data sheets, 

literature, and the default WUFI database.  Initial property values are shown in Table 4-20.   

Figure 4-53 : Initial WUFI Geometry 
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Table 4-20 : WUFI Material Properties 

The only values that changed through calibration were the heat capacities and thermal 

conductivities of the insulation and OSB. The remaining properties remained constant 

throughout calibration.  

4.6.2.4. Initial Surface Coefficients. 

The initial variables for the exterior side were selected based on best-guess and WUFI Pro 

default parameters. For example, WUFI Pro provided a short-wave radiation absorptivity for 

wood that has been painted brown which was a similar condition to the field hut.  

 

 

 

Material Product Thick 
Bulk 

Density 
kg/m3 

Thermal 
Conductivity 

W/m·K 

Water Vapour 
Diffusion 

Resistance Factor 
(WVDRF) 

References 

Cedar 
Cladding 

N/A 16mm 330 0.10 @ 
12% MC 

1963 
WUFI 

Database 
Air 

Space 
N/A 19mm 1.3 0.23 0.38 

WUFI 
Database 

High 
Density 
Mineral 
Wool 

Roxul 
Comfortboard 
110® (CIS) 

(3) 76 
mm 

176 0.0363 
(24°C) 

1.29* 
Roxul 
(2013) 

AB/WB 
Barrier 

Henry 

Blueskin®VP1
60 

0.58m
m 

342 2.3 205.2* 
Henry 
(2013) 

Oriented 
Strand 
Board 

N/A 11 mm 650 0.092 812.8* 
WUFI 

Database 

Batt 
Mineral 
Wool 

Roxul 
ComfortBatt® 

89 mm 36 0.036 1.1 
Roxul 
(2016) 

Gypsum 
Board 

SHEETROCK 
UltraLight 
Drywall 

13mm 480 0.16 7.03 
CGC (2014) 

/ WUFI 
Database 

*Calculated based on an assumption that testing occurred on a sample at 23°C and at atmospheric pressure. Roxul Datasheet 
provides a value of 2160 ng/Pa·s·m2 (35 perm). 
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Table 4-21 : Initial WUFI Surface Coefficients 

 Surface Co-efficient Initial Values 
Convection Resistance 𝛼௖௢௡௩ (W/m2) 4.5 
Radiation Resistance 𝛼௥௔ௗ (W/m2) 6.5 

Wind-Factor (Wind-Ward) 𝑓௪௪(Ws/m2K) 1.6 
Wind-Factor (Lee-ward) 𝑓௟௪(Ws/m2K) 0.33 
Short-Wave Radiation 

Absorptivity 𝛼௦௪௥௔ 0.8 

Long-Wave Radiation Emissivity ε௟௪௥௘ 0.9 
Ground Long Wace Emissivity ε௚௟௪௘ 0.9 

Ground Long Wave Reflectivity ρ௚௟௪௥ 0.1 

Ground Short Wave Reflectivity ρ௚௦௪௥ 0.66 

4.6.2.5. Climate Data  

Interior climate data was directly collected from the test structure and included relative humidity 

and temperature.  No modification was needed for interior climate data.  Exterior climate 

included air temperature, relative humidity, wind speed, wind direction, air pressure, rain 

accumulation (horizontal), and solar radiation.  Data was collected on site using the weather 

station installed on the roof of the structure.  All variables, except for rain accumulation, wind 

direction solar radiation, were used directly by WUFI. Rain was entered as horizontal load. 

WUFI was set to calculate to apply this load in full to the wall.  The adhering fraction of rain was 

changed later during calibration. The formulas included input from wind speed and wind 

direction.  Wind direction was averaged into vectors over an hour time span.  

Solar radiation was entered WUFI in two components; horizontal direct solar radiation and 

horizontal diffuse solar radiation.  WUFI has internal formulas to apply horizontal radiation to a 

vertical inclination. Solar radiation was only collected as horizontal global radiation and had to 

be converted into direct and diffuse components.  The methodology for conversion, followed in 

this research, is outlined in Fox (2014) and generally follows ASHRAE Fundamental Handbook 

Chapter 14 (ASHRAE, 2009a) guidelines.  The process of solar radiation conversion can be 

found in Appendix A.  
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4.6.3. Hygrothermal Model Calibration 

4.6.3.1. Interior Surface Resistance  

 

Figure 4-54 : Surface Temperature Profiles WUFI vs. DATA 

Shown in Figure 4-54 is the temperature profiles for several interior surface resistances 

compared with the interior temperatures on the north Wall.  It should be noted that the 

temperature of the sensor seemed to spike for a period in the middle of the winter time and 

exceeded the internal air temperature indicating that an external heat source was causing the 

sensor to heat up. It is suggested that radiation was causing this large spike (either from solar 

radiation or a surrounding surface, which is also experiencing solar radiation gain). The 

beginning of this testing period also experienced some unusual trends believed to be caused by 

the location and direction of the space heater. Data from 12-16th of February and from the 27th of 

February to the 7th of March are excluded from the analysis.  A value of hc = 0.175 (m2K/W) was 

selected from this process. Complete case values can be found in Appendix I.  The interior 

surface resistance was kept constant throughout calibration for both the north wall and the 

southern wall.  



 
 

103 

4.6.4. Calibration of Exterior Winter Coefficients 

The calibration of the exterior surface temperature was more complex than calibrating the 

interior surface temperature. The exterior cladding surface experienced a high number of 

variables that experienced large magnitudes of change. The variables were often interrelated and 

influenced each other.  The calibration procedure consisted of visual analysis and use of 

situational data to pin-point specific variables that had the largest impact. This section will break 

down the inputs of the exterior boundary conditions.   

4.6.4.1. Exterior Surface Heat Effective Resistance 

The wind-dependent option was selected for this model as the variables could be more closely 

controlled. The options within this selection control for both surface air film resistances and the 

radiation thermal resistance coefficient. The north wall was used to calibrate these factors as 

solar radiation has a large impact on the radiative co-efficient.  

 
ℎ௢ =

1

𝛼௖௢௡௩ + 𝛼௥௔ௗ + 𝑓௪௜௡ௗ௙௔௖௧௢௥ ∙ 𝑉௪௜௡ௗ
 (17) 

h0=Exterior heat resistant coefficient (m2K/W) 

V=Wind Speed (m/s) 

f = Wind Factor (Ws/m3K) 

αconv = effective conductance for convection (W/m2K) 

αrad = effective conductance for radiation (W/m2K) 

Natural convection conductance was left at the default value of 4.5 W/m2K. The radiation was 

initially left at the default value of 6.5 W/m2K as an estimation of radiation resistant effects. Both 

the windward and leeward factors were found first.  
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4.6.4.2. Windward Factor Coefficient 

 

Figure 4-55 :  Windward Factor Selection 

WUFI uses a standard value of 1.66 Ws/m3K for windward factor coefficients. Internal 

calculations assume that wind speed is collected at a height of 10m and that obstacles are 

considered in its effect on convective heat transfer. February 23rd demonstrated one of the 

highest degrees of variance from the initial f-factors for wind and was used to determine the 

windward factor. A value of 1.8 Ws/m3K was selected for the windward resistance. It was found 

to have little effect on the simulation temperature, however, the value selected was chosen for its 

ability to most closely resemble the field data curve.  
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4.6.4.3. Leeward Factors Coefficient 

 

Figure 4-56 : Leeward Wind Factors 

To select the leeward factors similar principles to selecting the windward factor were applied.  

The factor selected was based off the shape of the curve and how it reflected the shape of the 

field data.  In the case of leeward it was determined that the value of 1.5 Ws/m3K provided the 

most similar curve.  It was extremely difficult to attribute a drop-in cladding temperature to an 

increase in wind speed within the field data specifically due to numerous other variables. It was 

noted during this analysis that wind factors did not play a large role in the temperature of the 

cladding and that other variables such as long and short wave radiation had a much larger 

impact.   

4.6.4.4. Explicit Radiation Balance  

The option for explicit radiation balance was then selected after determining an approximation 

for the wind factors. Initially the radiation portion of this resistance was removed from the 

calculation, as WUFI Pro accounts for radiation transfer through its “explicit radiation balance” 

calculations, however through several trials it was found that WUFI simulations over estimated 

several parameters such as night time cooling and shortwave diffuse radiation during the day 

(Refer to Figure 4-57.) 
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Figure 4-57 - Explicit Radiation Balance and Surface Temperatures 

WUFI assumed a clear horizon and that the surface was equally exposed to both a uniform sky 

(depending on cloud index) and a uniform ground. There were many terrestrial objects that 

occupied space above the theoretical horizon.  Exposure to the sky was reduced due to these 

terrestrial objects and explaining the exaggerated night-time counter-radiation simulated by 

WUFI.  The terrestrial objects limited the clear-sky night time counter radiation.   

 

Figure 4-58 : Test Structure - Looking North 
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During the day, the simulation temperature exaggerations occurred during peak solar events and 

may be accounted for by the same principles. Times of overcast appeared relatively closer to 

sensor temperatures indicating it was diffuse short wave solar radiation.  The terrestrial objects 

surrounding the test hut limited the amount of diffuse short wave radiation reaching the 

temperature sensor. From this analysis and previous knowledge of simulations it was deemed 

appropriate to modify the radiation heat conductance value. 

4.6.4.5. Determination of Radiation Heat Conductance Coefficient  

 

Figure 4-59 : North Wall Radiation Conductance Component 

Figure 4-59 shows that the simulated temperatures were below the measured data during cloudy 

periods and during the night time (Figure 4-59).  This was confirmed in a mean bias error 

calculation. To account for the drop-in temperature the Ground Wave Long Wave Reflectivity 

was increased from the default value of 0.1 to 0.2.  Temperatures of the simulation increased and 

there was a better fit for the radiation values due to the increase in simulated temperatures. The 

final radiation value and its mean bias are shown in Table 4-22. The complete RSME and Mean 

Bias Tables can be found in Appendix I. The value of 9.5 was shown be best for both GLWR 

scenarios. 
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Table 4-22 : Final North Wall Winter Coefficients 

Case # 𝛼௥௔ௗ (W/m2) RSME Mean Bias 

12 9.5 1.5201 0.9330 

23 9.5 1.2695 0.0892 

 

4.6.4.6. Ground Long Wave Reflectivity  

Figure 4-60: Excerpt from GLWR Calibration – North Wall 

A value of 0.21 was selected for the GLWR coefficient. This value was selected due to its low 

RMSE and low MEAN error bias.  The value of 0.22 provided the lowest mean error bias 

however there was an increase in RMSE compared with 0.20 or 0.21; this indicates that 0.22 has 

larger deviations during extreme events, while 0.2 and 0.21 respond more appropriately to 

extreme events.   

4.6.4.7. Ground and Cladding Long-Wave Radiation Emissivity  

Ground long wave emissivity was modified and assessed for several values.  It was found that 

the original value of 0.9 provided the best goodness of fit against the collected data. Seven cases 

were run for cladding long wave emissivity and a value of 0.86 was selected.  Full RMSE Tables 

can be found in Appendix I. 
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4.6.4.8. Custom Cloud Index Creation  

It was found after several trials of different cloud index values that each variable suited different 

climate conditions. Solar radiation data indicated a cloudy period occurred from Feb 15th to the 

18th.  The temperature data also corresponded more appropriately with a higher cloud index in 

WUFI Pro.  It was deemed appropriate to create a custom CI file based on these findings.  

Additional weather data was obtained from Environment Canada. The Toronto Pearson Airport 

station was selected for its reports on hourly weather conditions. Weather conditions were 

reported by text descriptor (i.e. “Cloudy” or “Mainly Clear”).  WUFI requires a numerical format 

for the CI on a scale of 0.0 to 1.0. The author’s best judgment was used to convert the text 

descriptor to a usable CI.  A full list of text variables and corresponding CI can be found in 

Appendix J.   

The Custom CI file performed better during overcast however seemed to underestimate the 

temperature of the cladding during clear nights. In contrast to the static CI that generalizes cloud 

cover with a single index, the custom index responds to the dynamic situation that exists in field 

testing. Sources of error would include the localized weather conditions at the recording station 

compared with the structure location and/or inadequate estimation of assigned CI.  

Figure 4-61 : Custom Cloud Index 
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4.6.4.9. Cladding Short-Wave Radiation Absorptivity  

The south wall experienced direct short-wave solar radiation and was used to determine the 

short-wave absorptivity value for the cladding. Peak temperatures of the cladding were matched 

with the peak temperatures of the WUFI Simulation to find the SWRA coefficient.  

 

Figure 4-62 : Short Wave Absorptivity Estimation 

The first simulation case revealed that the south facing cladding temperature sensors were 

regularly experiencing a much higher temperature during midday, yet matched relatively close 

during the night and during cloudy periods. The SWRA was adjusted and found that maximum 

and unrealistic values were still not able to meet peak daytime temperatures.  
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Figure 4-63 : Short Wave Absorptivity Final Calibration 

The short-wave reflectivity of the ground, can influence the temperature of the cladding as well. 

For example, if snow is present, a portion of the short-wave radiation will be reflected up to the 

cladding and cause an increase in temperature. 

Changes were made to the ground short wave reflectivity to increase temperatures. However 

even when these changes were made, higher values were unable to simulate the higher 

temperatures in some instances. Modifications were made to the radiation coefficient, as 

performed in Section 4.6.4.5 Determination of Radiation Heat Resistant Coefficient, for the 

southern wall.   
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4.6.4.10. South Wall Radiation Heat Conductance Value  

 

Figure 4-64 : South Wall Radiation Coefficients 

An approximation for the radiation thermal resistance was found first by default values for the 

shortwave absorptivity and the ground short-wave reflectivity. The RMSE for the radiation trials 

can be found in Appendix I. It was found that a radiation conductance of 6.0 W/m2 provided the 

best fit for the southern wall. Changing the radiation value allowed for a more responsive model 

that reached peak cladding temperatures, however, the lower value caused increased night time 

counter radiation.  

Once the radiation conductance was determined modifications were made to both the short-wave 

absorptivity and the short-wave ground reflectivity to determine the best fit.  Values of 0.79 for 

the SWRA and 0.26 for the GSWR were determined to be sufficient. The RMSE Tables for this 

analysis can be found in Appendix I.  The SWRA was then entered back into the north wall 

simulation model to ensure conformity.  The RMSE was reduced from 1.2681 to 1.2629 

supporting the value for short wave radiation absorptivity of the cladding.  

4.6.4.11. Resultant Winter Values  

Shown in Table 4-23 are the results from the calibration procedure for the Winter Period for the 

north and south wall.   
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Table 4-23 : Final Winter WUFI Calibration Values 

Variable Surface Coefficient North South 

Convection Conductance 𝛼௖௢௡௩ (W/m2) 4.5 4.5 
Radiation Conductance 𝛼௥௔ௗ (W/m2) 9.5 6.0 

Wind-Factor (Wind-Ward) 𝑓௪௪(Ws/m3K) 1.8 1.8 
Wind-Factor (Lee-ward) 𝑓௟௪(Ws/m3K) 1.5 1.5 

Short-Wave Radiation Absorptivity 𝛼௦௪௥௔ 0.79 0.79 
Long-Wave Radiation Emissivity ε௟௪௥௘ 0.86 0.86 
Ground Long Wave Emissivity ε௚௟௪௘ 0.9 0.9 
Ground Long Wave Reflectivity ρ௚௟௪௥ 0.21 0.21 
Ground Short Wave Reflectivity ρ௚௦௪௥ 0.26 0.26 

The south wall exhibited a poor fit for cladding temperatures as compared with the north wall 

due to the large variations caused by solar radiation.  It was later discovered that the south wall 

was oriented at 195° causing peak cladding temperatures to exceed those capable of simulations.  

The variables estimated using the procedure outlined above, were still considered applicable, as 

the moisture content of the model matched that the field data.   

4.6.5. Calibration of Summer Coefficients 

The summer model calibrations included investigating the radiation resistant coefficient, the 

GLWR coefficient, and the GSWR coefficient. These coefficients were most affected by site 

context environmental factors which changed significantly from winter to summer. The material 

property parameters found from the winter calibrations such as cladding SWRA and LWRE 

remained the same. It was assumed that material properties were not affected by solar radiation 

or other environmental wear and tear throughout the relatively short period of this research.   

4.6.5.1. Interior Surface Resistance 

The interior surface resistance coefficient was checked for the north wall to ensure that it was 

still applicable during the summer months. The addition of the air conditioning unit may have 

had an impact on the air flow in the test structure and changed the interior surface resistance 
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coefficient. After running several trials, it was noted that the initial value of 0.175 was adequate. 

Appendix I contains relevant RMSE results.  

It was noted during this analysis that the latter portion of the data collection experienced a 

divergence between simulated surface temperatures and the collected surface temperature data.  

The change in the surface sensor temperature may have been caused by solar radiation heating 

up interior surfaces. Figure 4-65 demonstrates this divergence of simulated surface temperatures 

and collected data temperatures.   

4.6.5.2. Exterior Surface Coefficients – North Wall  

Nine trials were conducted to determine the radiation coefficient and the ground longwave 

radiation reflection coefficient. Values were assessed simultaneously for the summer models. 

Several values were selected to provide a rough estimate, with the intent of refining the values.  

This can be seen in Table 4-24. 

 

 

 

 

Figure 4-65 :Divergent Surface Temperatures 
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Table 4-24 : Summer Rad. and GLWR Variables 

Case 
Radiation 

Coefficient 
GLWR RMSE 

Low 
ISD* 

RMSE 
1 18 0.1 2.2427 2.1338 
2 18 0.3 1.6838 1.4573 
3 18 0.5 1.9322 1.6513 
4 22 0.1 2.2663 2.0211 
5 22 0.3 1.6310 1.3631 
6 22 0.5 1.5784 1.3686 
7 26 0.1 2.3352 1.9520 
8 26 0.3 1.7012 1.3308 
9 26 0.5 1.4560 1.2081 

It was noted during analysis that these values had a large impact on the peak temperature values 

at midday. The peak temperature, which was heavily influenced by short wave radiation, skews 

accurate results for long wave ground reflection and the radiation coefficient. It was deemed 

appropriate to check only periods of low short-wave activity (i.e. Night and cloudy periods). All 

temperature data was eliminated during times with greater than 100 W/m2 of direct solar 

radiation.  Goodness of fit was assessed for this period and can be found in Table 4-24.  A 

second round of simulations was performed to refine the radiation coefficient and GLWR 

variables.  Final values for the radiation input and GLWR were 28 W/m2 and 0.5 respectively 

with a RMSE of 1.1603. Cases were subsequently run for the GSWR and a value of 0.36 was 

selected.  All three variables (GLWR, Radiation Coefficient, and GSWR) are quite different 

from their winter equivalents.  This can be mainly attributed to the change in the test structures 

surroundings.  As can be seen in Figure 4-66.  A deciduous tree was located close to the structure 

and limited a large portion of the temperatures sensor line-of-sight to the sky. This had a large 

impact on night-time counter radiation. The tree acted as a radiation shield to clear night skies, 

and limited cooling due to counter radiation. The radiation co-efficient and GLWR coefficient 

had the largest impact on night-time temperatures and were adjusted to simulate the change in 

the structures surroundings. 
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4.6.5.3. Exterior Surface Coefficients – South Wall  

The south wall was calibrated with the same procedure as the north wall.  A radiation coefficient 

and ground long-wave reflectivity were found using periods of low direct solar periods.  Full 

results from this analysis can be found in Appendix I.  A value of 15.0 W/m2 and 0.3 was chosen 

for the radiation and GLWR coefficient.  

The comparatively large radiation coefficient compared to its winter equivalent may be attributed 

to a deciduous tree that was located a short distance from the structure that limited a portion of 

the sky.  The tree was not close enough, however, to limit the high incident of direct solar 

radiation during some summer months with high solar altitude.  It was not found at what date or 

angle that the tree obstructed direct solar radiation.  It should be noted that the pyranometer was 

Figure 4-66 : North Wall Summer Conditions 
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located above the tree and may not have been shaded.  A shaded pyranometer would have had 

implications on the accuracy of radiation inputted into the WUFI simulation. 

4.6.5.4. Summer South Short-Wave Reflection 

The short-wave reflection co-efficient was then found after the GLWR and the Radiation factor.  

The ground shortwave reflectivity value was found to be approximately 0.5.  This value is much 

higher than commonly found values for surrounding surfaces (Santamouris, 2005) 

 Green Grass = 0.26 (WUFI database) 

 Deciduous Trees = 0.20-0.30   

 Concrete surface (parking lot) = 0.10 – 0.35 

 Brick Wall = 0.2-0.40 

Figure 4-67 : South Side of Structure 

Figure 4-68 : Solar Angle on July 28th 
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It is suspected that this was caused by the inability of the model to account for both limiting 

counter radiation and allowing for significant short-wave radiation gain at the same time. This 

was caused by the muting effect of the radiation coefficient.  

It was also noticed during the analysis that peak temperatures of the data occurred slightly later 

than the peak temperatures of the model. The orientation was changed to south-west and model 

peak temperatures occurred later and were higher than that of the south orientation.  The field 

test structure south wall faced at a bearing of 195°. WUFI Pro was unable to account for the 

slight off-south orientation.   

 

Figure 4-69 : Effect of Orientation on Cladding Temperatures 

The orientation of the field structure had a significant influence on the temperature of the 

cladding; however, WUFI could not replicate the slight orientation change.  The modification of 

the coefficients above provided the best fitting curve possible for a south orientation.   
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4.6.5.5. Resultant Summer Values  

Table 4-25 : Resultant Summer WUFI Variable Coefficients 

 Surface Co-efficient North South 
Convection Resistance 𝛼௖௢௡௩ (W/m2) 4.5 4.5 
Radiation Resistance 𝛼௥௔ௗ (W/m2) 28 15.0 
Wind-Factor (Wind-Ward) 𝑓௪௪(Ws/m2K) 1.8 1.8 
Wind-Factor (Lee-ward) 𝑓௟௪(Ws/m2K) 1.5 1.5 
Short-Wave Radiation 
Absorptivity 𝛼௦௪௥௔ 0.79 0.79 

Long-Wave Radiation 
Emissivity ε௟௪௥௘ 0.86 0.86 

Ground Long Wave 
Emissivity 

ε௚௟௪௘ 0.9 0.9 

Ground Long Wave 
Reflectivity 

ρ௚௟௪௥ 0.50 0.30 

Ground Short Wave 
Reflectivity 

ρ௚௦௪௥ 0.36 0.50 

4.6.6. Moisture Boundary Conditions 

Once an acceptable surface temperature was found for both interior and exterior conditions it 

was necessary to correct the moisture boundary conditions.  It should be noted that vapour 

pressure differences are one of the driving forces for diffusion within enclosures. The exterior 

conditions and interior conditions for relative humidity were based on custom climate files 

directly inputted into WUFI. Vapour pressure of exterior boundary was calculated based on this 

information.  

However, within this wall system the vented cavity was an important driver of vapour through 

the wall system.  Ensuring a close fit between field and simulation data was critical to ensuring a 

well calibrated model.  

The exterior air cavity vapour pressure was related to the exterior air through both direct air 

changes and through moisture exchange with the wood cladding. Moisture exchange with the 

wood cladding was dependent on the moisture content of the wood cladding.  The moisture 

content of the cladding was heavily reliant on the adhering fraction of rain factor and its liquid 

water redistribution and transport function within WUFI.  Material properties were left as default 

conditions.  
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4.6.6.1. Adhering Fraction of Rain 

The goal of this section was to determine the appropriate coefficient for adhering fraction of rain.  

The north winter wall was used as the basis for initial calibration.  It was shown within the 

WUFI simulations that the wood cladding absorbed too much water during rain events compared 

with field data. This was seen clearly on Feb 24-25th (Figure 4-70), where a rain event induced a 

rise in the vapour pressure within the cavity. However little effect was seen on the actual cavity 

vapour pressure in the field data. A series of cases were run to determine a correct adhering 

fraction of rain for the field structure wall. The ACH rate of 33.0 was used as a constant due to 

its responsiveness and its similar shape to the field data.   

 

Figure 4-70: ACH Effect on Rain and Cavity VP 

Values for adhering fraction of rain were lowered from the default value of 0.7 due to the field 

data exhibiting little change during rain events. A value of 0.6 was selected but had little impact 

on the goodness of fit on the ACH vapour pressure.  



 
 

121 

 It should be noted that the rain load was changed for the AFR calibration. The rain load was set 

to simulate that all rain fell on the cladding. This was not the case however. The intention was to 

allow WUFI to shed the access rain through modification of the AFR factor. The 0.6 value found 

in the north winter wall calibration was used in the other simulation files. The most critical 

component in ensuring proper moisture boundary conditions was matching vapour pressures of 

the air cavity.  This was completed by creating a custom air changes per hour file for the cavity.  

4.6.7. Air Changes Per Hour in the Cavity.  

The movement of air between the cavity and the exterior fluctuated continuously throughout the 

day and throughout the year, and was dependent on many factors such as wind speed, wind 

direction, air temperature, and air pressure. WUFI simulated the air exchange of the vented 

cavity through a combined moisture and heat source located within the air cavity layer.  WUFI  

used both a static air change rate and a dynamic custom file. To reflect the continuously 

changing condition within the air cavity a custom ACH file was created. This section will 

Figure 4-71 : Adhering Fraction of Rain 
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explore how this file was created. 

 

Figure 4-72 : Creation of Custom Cavity ACH File 

RHT sensors were placed in the cavities of both the north and the south wall (Layer-1.5). A 

series of simulations were conducted using different constant ACH for the vented cavity from 0-

400. The vapour pressure from the simulations was then compared on an hourly basis to the 

collected data.  The ACH case that most closely matched the field data was then selected for that 

hour.  The different cases were then compiled into a custom ACH file and were imported into 

WUFI. This was completed for all four wall models and a sample graph of the procedure is 

shown in Figure 4-72.  

The simulations from the custom ACH were then compared against the field data and it was 

found that it could more accurately recreate the vapour pressure conditions within the vented 

cavity than static ACH.  It was noted during this analysis that the simulations were unable to 

reach the low levels of vapour pressure during the cooler night times. It may be possible that a 

custom ‘exaggerated’ ACH file could more accurately reflect field data, however was not 

completed for this analysis.  The moisture content of the OSB was then compared against the 

field collected data to ensure that it reflected the conditions in the field.  This can be seen during 

a snap-shot from the summer files.  
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Figure 4-73 : Moisture Content of Summer Simulation (ACH) 

The moisture content of the OSB was more accurately reflected using the custom ACH file than 

with the two-extreme static ACHs. A custom ACH file was created for all four simulation 

models. The creation of the custom ACH file for the vented air cavity completed the temperature 

and moisture boundary conditions. Interior enclosure conditions and material properties were 

explored next.  

4.6.8. Material Properties  

The next step in calibration included ensuring that the material properties of the simulation 

matched that of the wall assemblies.  Of interest were the thermal properties of the insulation. It 

was demonstrated during the in-situ analysis of the north and south walls that the thermal 

resistance of the assembly was significantly different than values expected using manufacturer 

information. Other indications that the thermal properties of the materials were different were 

from the HEAT3 simulation calibration and the thermal conductivity laboratory testing.  

The procedure for material property calibration included changing the thermal properties of the 

insulation (both interior and exterior) and OSB until the temperature of the simulations most 

closely simulated that of collected field data. The temperature data on the exterior side of the 

OSB sheathing was used as the primary comparison point (Layer 5).  Layer 5 was chosen for its 
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proximity to the moisture sensitive OSB and for being located between both interior and exterior 

insulations.   

4.6.8.1. Material Conductivity Changes 

 

Figure 4-74 : Thermal Conductivity Assessment 

An initial assessment of the OSB temperature from the Custom ACH simulation showed that the 

simulation temperature of the OSB was below the collected data. This indicated that materials 

simulated thermal resistances were not representative of field conditions. The results were 

consistent with both the Heat3 simulation and the in-situ thermal resistance analysis. It was noted 

during the HEAT3 simulation that the default specific heat capacities of the mineral wool 

insulation were too high. Temperature amplitudes within the simulation were muted.  This may 

have been caused by both changes in density or specific heat capacity.   

Insulation and OSB conductivity and specific heat capacities were changed to represent the 

HEAT3 simulations and the resultant OSB temperatures were low. The thermal conductivities 

from the in-situ analysis were then entered into WUFI and the resulting temperatures were still to 

low.  Incremental changes to the conductivities of the material were then completed in WUFI 

until a proper fit was found for the temperature.  This procedure was completed for the rest of the 

simulation models.  
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The south wall exhibited similar relationships between the in-situ thermal analysis and the 

temperature of the OSB during the winter months.  The simulated temperatures were above the 

collected data which indicated a drop in the exterior insulation thermal resistance.  No HEAT3 or 

in-situ layer analysis was completed for the south wall during the winter or summer months and 

the calibration was based off changes to the WUFI model alone.  

 

Figure 4-75 : Temperature Assessment South Wall Summer 

The summer months showed an interesting phenomenon where the thermal conductivities 

needed to be inversed from the winter months.  For example, the southern summer wall 

simulation had lower OSB temperatures compared to the temperature data (Figure 4-75).  A 

decrease in the thermal conductivity of the interior insulation and an increase in the thermal 

conductivity for the exterior insulation were required to match temperature profiles.  
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4.6.8.2. Final Material Conductivity Values  

Table 4-26 : Final WUFI Conductivity Values 

Material 
Winter – North Winter – South Summer – North Summer – South 

λ= 
w/mK 

C = 
J/kgK 

λ= 
w/mK 

C = 
J/kgK 

λ= 
w/mK 

C = 
J/kgK 

λ= 
w/mK 

C = 
J/kgK 

Roxul CIS 
Layer 2-3 

0.0279 618 0.0410 618 0.0450 618 0.0355 618 

Roxul CIS 
Layer 3-4 

0.0310 562 0.0410 562 0.045 562 0.0355 562 

Roxul CIS 
Layer 4-5 

0.0310 562 0.0410 562 0.045 562 0.0355 562 

OSB 
Layer 5-6 

0.0850 1880 0.0920 1880 0.085 1880 0.092 1880 

Roxul 
Comfortbatt 
Layer 6-7 

0.0500 850 0.0360 850 0.034 850 0.032 850 

 Final material conductivities do not necessary reflect the apparent thermal conductivity of the 

material as they were impacted by certain field conditions. The conductivities entered in the 

WUFI simulation best represented the temperature profile of the sensor at Layer 5 for the 

specific simulations.  

4.6.8.3. Model Geometry Change 

It was noted during analysis that the daily and weekly amplitude of the moisture content was 

affected by the location of where the simulated moisture content was observed within in the 

Figure 4-76 : Final WUFI Geometry 
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WUFI Model. The moisture content of an OSB portion in the simulation is averaged over the 

entire specimen and can be highly variable throughout the material itself.  The collection method 

used insulated painted nails and penetrated to a certain depth into the OSB, thereby only 

recording that once depth.  An ‘observation’ layer was created between the exterior layer and the 

middle layer to try and capture some of the hourly moisture content variations that was exhibited 

in the collected data during the summer months.  The location of the observation layer was 

chosen to both reflect the location of uninsulated portion of the moisture content pins, and to 

simulate the hourly fluctuations within the collected data.  

4.6.9. Hygrothermal Simulation Calibration Results  

The primary gauge of calibration was the simulated sheathing moisture content compared to the 

collected sheathing moisture content. The following section will discuss the final moisture 

content outputs of each of the four calibrated walls.  

Figure 4-77 : WUFI Calibration vs. Data - North Wall Winter 

Figure 4-77 shows a comparison of the calibrated WUFI simulation moisture content of the OSB 

sheathing to that of the collected data for the north wall during the winter period. The graph 

above displays that the simulation data, when taken from the middle OSB slice, follows the 

collected data very closely (0.22% RMSE with a -0.03% mean bias). However, the observation 
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layer, which is used in other simulations is slightly below (0.78% RMSE with a -0.74% mean 

bias) the moisture content of the data. It is possible that the moisture content was read from the 

middle of the OSB due to insulated pin installation errors.  

Figure 4-78 : WUFI Calibration vs. Data - South Wall Winter 

The south wall during the winter months showed a close resemblance (0.23% RMSE with a -

0.15% mean bias) to the collected data when the moisture content of the observation layer was 

extracted from the simulations. The observation layer moisture content was generally slightly 

less than the collected data yet increased during the end of the collection cycle.  A similar trend 

was found in the north wall.  
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Figure 4-79 : WUFI Calibration vs. Data - North Wall Summer 

The moisture content for the north wall during the summer months is shown above. The 

observation layer exhibits close resemblance to the collected moisture content (0.51% RMSE 

with a +0.26% mean bias). There was a noticeable convergence of moisture content throughout 

the OSB layers within the simulation.  It is assumed that this is due to the uniformity of the 

temperature throughout the layers. The collected data was less smooth then the winter months 

and exhibited greater hourly fluctuations. The general trend of the collected data, however, 

remained quite constant. The ‘noise’ within the collected data may be attributed to variations in 

the electrical supply, variations in the path of the electrical current through the OSB, and hourly 

fluctuations in the OSB moisture content.  

A divergence occurred between the collected data and the simulation data around July 13th.  The 

increase shown in the moisture content within the simulation can be attributed to changes in the 

boundary conditions between the input data for the simulation and the localized conditions of the 

test structure. The general upward trend and the v-shaped dip at the end of the collection period 

are closely mimicked by the simulations. The simulation was also able to closely mimic hourly 
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variations within the data and the less pronounced daily variations. This can be seen in Figure 4-

80.   

 

Figure 4-80 : North Wall Summer - Excerpt 

The moisture content of the simulation was within 1% and closely resembled the trends taken by 

the field data. For these reasons the model was deemed sufficient to accurately reflect the walls 

behaviour and the WUFI model was considered calibrated.  
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Figure 4-81 : WUFI Calibration vs. Data - South Wall Summer 

The simulation data was in close agreement with collected data (0.79% RMSE with a +0.48% 

mean bias). The south wall simulation was similar to the north wall however a more pronounced 

deviation occurred during the later months of the simulation. Again, the reason for this is the 

difference in boundary conditions entered into the simulation and those experienced by field 

structure. The south wall experienced a more drastic change in the inputs and localized 

conditions. This was due to its exposure to direct solar radiation and slight orientation 

differences. 

4.6.9.1. Boundary Condition Differences  

During the summer months, there was a wider spread between measured moisture contents and 

that of the WUFI simulations.  It is speculated that the interior conditions inputted into the WUFI 

simulation did not exactly match the conditions of the test structure. An air conditioning unit was 

added on June 6th which changed the interior conditions of the hut significantly. The placement 

of the interior air sensor was inadequate to assess the conditions that existed at each of the wall 

sensor locations. The sensor was located above the air-conditioning unit and was closer in 

adjacency then the wall sensors. It can be noted that the temperature of the wall at the 
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observation locations on the north and south wall are much higher than expected during the 

summer months.  These local temperature differentials had an impact on the moisture content of 

the wall and could not be accurately simulated within the WUFI Simulation   

4.6.10. Calibration Summary 

The outcome of the WUFI calibration has provided four files that have been specifically 

calibrated to represent conditions that occurred at the test structure during specific times of the 

year for both the north facing wall and the south facing wall.  The objective of this stage was to 

ensure that the models could accurately represent the physical enclosures in field conditions.  It 

has been shown through this section that the models accurately represent the moisture content of 

the sheathing.  These calibrated wall files are used in further analysis to determine suitability in 

the Toronto climate under varying moisture loading conditions. Testing was also completed for 

four other North America locations during the parametric analysis.  

4.7. Parametric Analysis  

The parametric analysis determined the possible implications of using this enclosure design and 

variants of this design, in different cold climates in North America.  The analysis also helped 

determine moisture sensitives of the enclosure with respect to different moisture loading 

scenarios.  A more in-depth analysis of the results in Toronto will be provided. The assessment 

will include determining at what threshold the variable will cause “failure” within the wall 

assembly. 

4.7.1. Parametric Analysis Approach  

From the calibration procedure outlined in Section 4.6, four distinct wall models were created; 

(1) North Wall – Winter, (2) South Wall – Winter, (3) North Wall – Summer, (4) South Wall- 

Summer. All surface transfer coefficients and material properties were left “as is” from this 

procedure, except for cases where materials were substituted.  The behaviour of the wall was 

directly related to the context specific nature of these variables, therefore a change in these 

variables would result in a behaviour change of the enclosure. This analysis examines the field 

enclosure in-depth under various climatic and moisture loading scenarios.   
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Parameters were identified through literature review that may have impacted on an enclosures' 

ability to management moisture.  These deficiencies were combined with the standard wall 

calibration and split into three categories; (i) standard wall model (ii) defects in 

environment/construction, and (iii) changes in construction. The North Wall Winter and North 

Wall Summer models have been used for (ii) and (iii) except for the brick construction 

configurations.   

i) Standard construction – The standard four wall models have been assessed in the 

different climates. This analysis will determine if the enclosure is suitable for the 

climates assessed under a strenuous moisture loading year.  

ii) Defects in environment and construction - This category looks at construction and 

environmental defects. Examples of construction effects include; interior air leakage 

to the sheathing, exterior air leakage to the sheathing, and driving rain leaks. 

Environmental defects include an elevated interior relative humidity compared with 

best practices of 30-50% RH and saturated OSB sheathing at time of construction.  

Parameters for leakage rates have been assessed in a low and high configuration. 

iii) Changes in construction - This category investigated potential changes that may be 

made to the enclosure design. This includes changes to insulation levels and ‘interior 

and exterior’ insulation ratios. Potential issues caused by solar vapour drive were 

explored. This included substituting the light wooden cladding with brick.  Brick has 

the ability for the moisture storage capacity necessary for solar driven vapour issues 

to occur.  The south wall calibration model was used for these cases.  Additionally, 

some cases were run with impermeable layers on the inside and outside to determine 

impacts of some typical construction practices (e.g. inclusion of an interior vapour 

retarder).  

A relative humidity and temperature index was used to assess moisture sensitivity.  This index, 

known as the RHT index, was developed by the National Research Council of Canada to assess 

several different types of wall assemblies under various moisture loading scenarios (Beaulieu et. 

al. (2002). It is also used in the ASHRAE Research Report-1325 titled Environmental Weather 

Loads for Hygrothermal Analysis and Design of Buildings (Zhang et al., 2011).   
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The RHT index is a single value metric and is a combination of the relative humidity and 

temperature of a material.  Limits are set for both RH and T (typically above 80% RH or 95% 

RH and 5°C as these are common values for corrosion and biodegradation). The index evaluates 

every hour that the selected material experiences conditions above the set threshold and sums up 

the resultant multiple of the RH and T.  The index does not provide a good indication of how the 

enclosure performs hourly or daily, as extremely high relative humilities and temperatures may 

skew results. However, the RHT index provides a simple and easy evaluation tool to compare 

enclosures and simulations comparatively.  The RHT index is calculated as shown in Equation 

18.  

 𝑅𝐻𝑇(𝑋) = Σ(𝑅𝐻 − 𝑋) ∙ (𝑇 − 5°𝐶) (18) 

RHT(X) = Relative humidity and temperature index set to either 80 % RH or 95%RH.  
X = Relative humidity threshold.  
RH = Relative humidity (%) 
T = Temperature. (°C) 
 

4.7.1.1. RHT80 Index  

The RHT80 index results showed an initial comparison of the enclosure under the various loadings.  It 

should be noted that results from this analysis do not necessary indicate the potential for moisture 

damage. There was some evidence that a relative humidity may induce some corrosive reactions in some 

metals (Beaulieu, 2002). This metric is generally used for comparison between the different cases and 

climates.  

4.7.1.2. RHT95 Index  

The RHT95 index was used as a more stringent comparison tool and there has been evidence that serious 

moisture damage (decay fungi) is possible when the relative humidity breaches the 95% threshold 

(Beaulieu, 2002).  

4.7.1.3. Parametric Case Description  

Shown in Table 4-27 are the 33 cases that have been selected for analysis for the five cities.  
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Table 4-27 : Parametric Cases Descriptions 

Testing 
Category 

Case 
# 

Case Name 

Calibrated 
Model File  
(Season / 

Orientation) 

Description 

Standard 
Cases 

1 
Standard -Winter – North 

Wall 
Winter/North 

ASHRAE YEAR 1 Climate for Selected 
City 

2 
Standard – Winter – 

South Wall 
Winter/South 

ASHRAE YEAR 1 Climate for Selected 
City 

3 
Standard – Summer – 

North Wall 
Summer/North 

ASHRAE YEAR 1 Climate for Selected 
City 

4 
Standard – Summer – 

South Wall 
Summer/South 

ASHRAE YEAR 1 Climate for Selected 
City 

Defect 
Conditions 

5 High Indoor Humidity Winter/North 
Indoor RH Mean: 60% 

Amplitude: 10% 

6 High Indoor Humidity Summer/North 
Indoor RH Mean: 60% 

Amplitude: 10% 

7 1% Rain Leak Winter/North 
1% Driving Rain penetrates to outside of 

OSB 

8 5% Rain Leak Winter/North 
5% Driving Rain penetrates to outside of 

OSB 

9 1% Rain Leak Summer/North 
1% Driving Rain penetrates to outside of 

OSB 

10 5% Rain Leak Summer/North 
5% Driving Rain penetrates to outside of 

OSB 

11 
0.016 L/s·m2Interior Air 

Leak 
Winter/North 

High Indoor RH Conditions (case 5 & 6) 
with simulated air leakage to inside of OSB 

12 
0.084 L/s·m2Interior Air 

Leak 
Winter/North 

High Indoor RH Conditions (case 5 & 6) 
with simulated air leakage to inside of OSB 

13 
0.016 L/s·m2Exterior Air 

Leak 
Winter/North 

Simulated exterior air leakage to exterior of 
AB/WB membrane outside of OSB 

14 
0.084 L/s·m2 Exterior Air 

Leak 
Winter/North 

Simulated exterior air leakage to exterior of 
AB/WB membrane outside of OSB 

15 32% Initial MC Winter/North 
OSB Sheathing was set to 32% MC 
(93%RH) at time of construction. 

16 32% Initial MC Summer/North 
OSB Sheathing was set to 32% MC 
(93%RH) at time of construction. 

Changes in 
Construction 

17 
Ext Insulation:229mm 
Int. Insulation: 0mm 

Winter/North Changes in insulation levels. 

18 
Ext. Insulation:229mm 

Int. Insulation: 0mm 
Summer/North Changes in insulation levels. 

19 
Ext Insulation:229mm 
Int. Insulation: 140mm 

Winter/North Changes in insulation levels. 

20 
Ext Insulation:229mm 
Int. Insulation: 140mm 

Summer/North Changes in insulation levels. 

21 
Ext Insulation:152mm 
Int. Insulation: 0mm 

Winter/North Changes in insulation levels. 

22 
Ext Insulation:152mm 
Int. Insulation: 0mm 

Summer/North Changes in insulation levels. 

23 
Ext Insulation:152mm 
Int. Insulation: 140mm 

Winter/North Changes in insulation levels. 

24 
Ext Insulation:152mm 
Int. Insulation:140mm 

Summer/North Changes in insulation levels. 



 
 

136 

25 
Brick Cladding 

Ext. Insulation: 152mm 
Int. Insulation: 0mm 

Winter/South 
Brick Cladding added to standard wall with 

decreased exterior insulation. 

26 
Brick Cladding 

Ext. Insulation: 152mm 
Int. Insulation: 140mm 

Winter/South 
Brick Cladding added to standard wall with 

decreased exterior insulation. 

27 
Brick Cladding 

Ext. Insulation: 152mm 
Int. Insulation: 0mm 

Winter/South Case 25 with higher perm. WRB 

28 
Brick Cladding 

Ext. Insulation: 152mm 
Int. Insulation: 140mm 

Winter/South Case 26 with higher perm WRB. 

29 
Brick Cladding 

Ext. Insulation: 152mm 
Int. Insulation: 0mm 

Winter/South 
Case 25 with higher perm WRB and 
polyethylene vapour barrier added 

30 
Brick Cladding 

Ext. Insulation: 152mm 
Int. Insulation: 140mm 

Winter/South 
Case 25 with higher perm WRB and 
polyethylene vapour barrier added 

31 
Polyethylene Barrier 

Added 
Winter/ North Interior polyethylene barrier added 

32 
Acrylic Stucco and 
Unventilated Cavity 

Winter/ North 
Unvented exterior air cavity with 

impermeable cladding 

33 
Acrylic Stucco and 
Unventilated Cavity 

Summer/ 
North 

Unvented exterior air cavity with 
impermeable cladding 

It should be noted that these cases try to identify one or two factors that influence the enclosures ability to 

handle moisture management, while it is often a combination of several factors that work together against 

an enclosures ability to handle moisture. Further description on some cases is provided below.  

4.7.1.4. Cases 11-14 Air Leakage 

Cases 11-14 simulated air leakage within the building envelope.  To simulate these air leakages a 1mm air 

layer was inserted on either on the inside or outside of the sheathing depending on direction of air 

leakage. The air layer for exterior air leakage was placed on the exterior side of the AB/WB.  ASHRAE 

160 (ASHRAE, 2009b) identifies common air leakage rates of 0.016 L/sm2 and 0.084 L/sm2. The air 

leakage rates were converted to ACH, 58 and 302 respectively, for the 1mm thick layer.  

4.7.1.5. Simulated Rain and Rain Leaks 

The rain load was calculated in WUFI by selecting the short building type. The default rain load 

calculations were left for the parameter analysis.  This applies a 0.07 m/s factor to the calculated 

wind velocity (wind speed and wind direction derivative) and is multiplied by the total horizontal 

accumulated rain.  The rain leaks were calculated as a percentage of this rain load.  
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A water source was placed in the exterior layer of the OSB sheathing within WUFI-Pro to simulate a rain 

leak in cases 7-10.  The leak was placed in the middle of the 1.2 mm exterior OSB layer. The ‘leak’ was 

adjusted to 1% or 5% of the driving rain that fell on the respective orientated façade. In some climates, 

such as St. John’s, the 5% rain leak deposited a volume of water greater than the storage capacity of the 

OSB.  In these cases, WUFI does not release the excess moisture.  This unreleased moisture may cause 

significant changes in the results from the simulated cases. Further explanation of this case can be found 

in Section 4.7.3.4: St. John’s.  

4.7.1.6. Orientation Selection 

The majority of cases have been simulated with a direct north orientation, except for cases 2 and 

4 and 25-30. The “standard” or calibrated wall files needed to be assessed in both orientations, 

while cases 25 to 30 relay on solar radiation as a moisture driving force. The north orientation 

typically exhibited the worst moisture management of the orientations due to the lack of direct 

solar radiation (in the northern hemisphere).  The ASHRAE RP-1325, simulated northern facing 

walls to determine the ‘design moisture reference year’ and therefore similar trends should be 

exhibited in these simulation scenarios.  It should be noted that north orientation does not 

necessary provide the worst-case scenario, site context and direction of driving rain play a large 

factor in moisture management.  This can be seen in the results from Calgary.  

Figure 4-82 : Simulated Rain Leak Location 
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4.7.1.7. Outdoor Climate Selection  

The outdoor climate is a very important parameter when assessing a wall for its moisture 

management ability.  The outdoor climate not only provides the source of moisture from the 

outside, but also may influence the interior conditions experienced by the enclosure. It is a major 

driver of moisture and energy through the enclosure; therefore, selecting a suitable exterior 

climate file for analysis is important. To critically assess the enclosure an extreme climate 

condition was selected for analysis.   

The climate files were selected from the ASHRAE Research Report-1325 (Zhang et. al., 2011). 

The ‘worst’ moisture design year was selected from a 30-year data set and was used for each 

location. Use of the YEAR-1 ASHRAE RP-1325 climate file considers a 1/30-year worst case 

situation and can be considered as a strenuous load compared with typical conditions. The 

exterior climate file was used throughout the six-year simulation period.   

4.7.1.8. Selected Locations 

Five cities have been selected to assess the enclosure approach.  The cities have been selected to 

represent varied climates within North America. The five cities and information about their 

climates are found in Table 4-28 and described below.  
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Table 4-28 : Parametric Climate Locations 

Municipality Lat. Long. 
ASHRAE 
Climate 

Zone 
HDD18.3 CDD18.3 

Mean 
Precipitation 

(mm) 
Toronto, 
Ontario 

43.68N 79.63W 
Zone 5 

(A) Moist 
3892 292 780 

St. John’s, 
Newfoundland 

47.62N 52.74W Zone 6  4848 90 1547 

Calgary, 
Alberta 

51.11N 114.02W 
Zone 7 
(B) Dry 

5052 36 425 

Vancouver, 
British 

Columbia 
49.20N 123.18W 

Zone 4 
(C)Marine 

2903 44 1209 

Fairbanks, 
Alaska 

64.82N 147.86W Zone 8 7509 40 349 

*Information from ASHRAE Fundamentals 2013 (ASHRAE, 2009) 

Toronto - Toronto represents a varied cold and warm climate with the highest cooling degree 

days of the set.  Humidity can reach high levels during summer months and the city has the third 

highest amount of precipitation per year.  Warm temperatures and high humidity can cause 

moisture issues during the summer months in low-energy building types.  

St. John’s – This is a very wet and cold climate.  St. John’s experiences the most precipitation 

per year of all the cities and has the third most HDD. The combination of cold and precipitation 

can limit the drying potential of enclosure and therefore can create conditions for mould and 

mildew conditions.  

Calgary – Calgary represents a building in climate zone 7 in a dry climate.  The extreme colds 

reached in Calgary may cause dew point issues, however the dry climate provides the ability for 

drying.  Calgary has the second highest HDD and the second lowest amount of precipitation. 

Vancouver – Represents a temperate climate with high levels of precipitation.  Many buildings 

have experienced moisture issues due to rain leakage in the past.  The combined humidity, 

precipitation and warm temperatures can lead to fast levels of degradation.  Vancouver has the 

lowest HDD and the second highest amount of precipitation.  

Fairbanks - Fairbanks has the highest amount of HDD and represents an extreme cold climate.  

The extreme cold can force the dew-point temperature inward in the enclosure however can also 

limit the implications of mould/mildew growth due to the decreased temperatures. Fairbanks 
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receives little precipitation during the year and has the lowest amount of the five selected 

climates.  

4.7.1.9. Interior Climate 

The indoor climate is the other boundary condition that drives moisture and energy through the 

enclosure.  The ‘ASHRAE 160’ method in WUFI-Pro was selected for to generate indoor 

conditions.  This method applies modification formulas to the exterior climate and includes some 

user set parameters to generate the interior climate. However, cases 5-6 and cases 11-12 use a 

sinusoidal curve for heat and relative humidity. Table 4-29 outlines the user set parameters set 

for the cases.  

Table 4-29 : Interior Climate Variables 

  Conditioning System Relative Humidity 

Cases 
Set 

Conditioning 
Type 

Floating 
Indoor 
Temp 
(°C) 

Set Point 
for Heating 

(°C) 

Set Point 
for 

Cooling 
(°C) 

RH 
Control 

Set Point 
(%) 

Moisture 
Generation 
Rate (kg/s) 

Air 
Exchange 
Rate (1/h) 

Building 
Volume 

(m3) 

1-4, 6-
10,13-

33 

AC with 
Dehumidification 

2.8 21.1 24.0 55 0.000131 0.2 500 

  Temperature  Relative Humidity 

  
Mean 
Temp 
(°C) 

Amplitude 
(°C) 

Day of 
Max. 

 
Mean RH 

(%) 
Amplitude 

(%) 
Day of 
Max 

5-6,11-
12 

Sinusoidal 
Curves 

21.0 3.0 Aug/01  60 10 Aug/01 

4.7.2. Parametric WUFI Pro Variables  

Several variables within the WUFI simulation had to be adjusted to allow for a more ubiquitous 

analysis. Outlined below are several of the changes made within the WUFI simulations for the 

parametric analysis.  

4.7.2.1. Material Properties  

Most material properties were determined from the calibration procedure; however, some new 

materials were introduced into the enclosure assembly. WUFI default material properties were 

used for this analysis. A list of material properties used in the parametric analysis (that differ 

from the calibration procedure) can be found in Appendix K. 
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4.7.2.2. Initial Moisture Content 

Each material has been set to a moisture content equivalent of 80%RH in equilibrium in 

accordance with ASHRAE 160 (i.e. dried and reasonably sheltered from weather during storage) 

except for cases 15-16, where the OSB sheathing has been set to 93%RH. The 80% RH starting 

condition ensures that the materials had a significant amount of moisture initially and allowed 

assessment of drying or wetting of the enclosure.   

4.7.2.3. Air Cavity ACH  

Due to the unpredictable nature of the air cavity in terms of air exchange with the outdoors a 

constant ACH had to be set. The calibration analysis revealed that this variable change 

drastically and is highly erratic.  The ACH has been set to 50 in all cases except for in cases 32-

33. The value of 50 has been recommended by WUFI-PRO (WUFI, 2016).   

4.7.2.4. Simulation Period 

A period of six years has been chosen to assess the different cases.  The six-year time frame 

should allow the enclosures to equalize with the boundary conditions repeatable.  Equalization 

can be defined as a multi-year moisture and energy balance between the materials in the 

enclosure and the boundary condition.  The six-year period should allow analysis of any long-

term wetting or drying trends of the enclosure to be exposed.  

4.7.2.5. Moisture Sensitivity Assessment Procedure  

An initial assessment of the results occurred in WUFI prior to further analysis. This assessment 

included defining the layer of OSB that had the highest relative humidity and temperature. The 

interior and exterior layers of the OSB sheathing were monitored at 0.2mm from the exterior and 

0.6 mm from the interior.  This selection was then imported into MATLAB for the RHT index 

assessment.  In some cases, it was not possible to visually assess the layers as exemplified below.  

In these cases, both the interior and exterior layers were brought in MATLAB for further 

processing.  The layer that exhibited the highest RH within WUFI was then selected as the worst 

case.  RHT80 and RHT95 results from all 33 cases and 5 different cities was then generated 

based on this worst-case sheathing layer.  
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4.7.2.6. Air Layer Simulation Errors  

It was noted during analysis that numerous cases exhibited large spikes in relative humidity within the 

OSB.  The spikes were often sporadic and may have only occurred once or twice during the six-year 

simulation period. Further investigation revealed that extensive errors were occurring in the vented air 

cavity layer. Moisture and temperature balancing equations used by WUFI were not converging in this air 

layer.  

The vented air cavity layer material was selected as “Air-Layer; without additional moisture capacity” for 

the initial parametric analysis. The non-convergence cases resulted in extremely unrealistic moisture 

contents within this vented air-cavity layer.  In some instances, the moisture content of the layer exceeded 

600 kg/m3.  These unrealistic moisture contents had implications of the RH of the OSB.  

Numerical grid sizes were changed from 100 to 400 or more for cases that experienced this error.  Often 

this satisfied the calculation errors by providing WUFI finer elements for balancing.  However, in limited 

cases this did not solve the error.  The air layer material was switched to the standard “Air Layer”. The 

simplified material allowed WUFI the ability for equation balancing.  An example case is provided below 

to demonstrate the differences between grid size selection and simplified material  

 Figure 4-83 shows the relative humidity of the exterior layer of the OSB sheathing with three different 

air cavity layer configurations.  The orange peak that reaches 90% RH occurs when the air layer material 

Figure 4-83 : RH of OSB Layer with Two Types of Air Layers 
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was of the type, “No additional moisture capacity” and the numerical grid was set to 100 divisions.  The 

spike in OSB relative humidity was caused by a convergence failure within the air cavity layer. The 

moisture content of the air cavity layer exceeded realistic levels and caused an increase in the relative 

humidity within the OSB sheathing.  To correct this, the numerical grid was increased to 400 for a finer 

equation balance.  The material “Air Layer – With additional moisture Capacity” was also selected.  

Results (Table 4-30) between the finer numerical grid and the simpler material choice gave very similar 

results for the relative humidity of the OSB.  

Table 4-30 : Error and Accuracy of Air Layer Changes 

Grid Size 
Mean Difference with  

Additional Moisture Content 

RMSE With Additional 

 Moisture Capacity 

400 0.940 0.2901 

100 -2.3771 8.0273 

4.7.3. Parametric Analysis Results  

This section will outline the results from the parametric analysis for all cities.  Only select cases 

will be discussed in depth.  This is a comparative analysis and it should be noted that results do 

not necessarily equate to wall failure. Specific results from each city will be explored briefly. 

4.7.3.1. RHT80 Results 

 

 

 

 

 

 

 

 

Figure 4-84:Parametric RHT80 Results 
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Shown in Figure 4-84 are the results for the parametric analysis for each city. Results from 

simulations appear normal, except for the high RHT index for cases 8 and 10 for Calgary. These 

cases are explored in depth further on.  The numerical results Table can be found in Appendix L.  

The worst performing cases for every city, except for Fairbanks, were cases 8 and 10, which 

represent the 5% driving rain leak. The 1% driving rain cases performed significantly better and 

only St. Johns and Calgary had noticeably high RHT80 values.  The impact of driving rain is 

explored further in the Toronto results section.  

The standard wall cases 1-4 performed well in all climates. The RHT80 threshold was breached 

in all cities except Toronto; however, the RHT80 index is low with a maximum value of 1,460 in 

Vancouver for case 3.  Relative to the other cases this value is extremely low.  

Cases 5, 6 and 11 were the worst cases for Fairbanks.  The high indoor humidity cases (5-6, 11-

12) performed worse in the extreme cold climates of Calgary and Fairbanks. Of interest is the 

reduction in RHT80 with an increased interior air leakage. This will be expanded upon in the 

Fairbanks analysis. The humidity of the interior air should be adequately controlled in extreme 

cold climates to mitigate any damage to walls.  The exterior air leakage cases 13 and 14 had 

relatively low results except for case 14 in Fairbanks which had a value of 40,160. The extreme 

cold exterior air is reducing the temperature of the sheathing resulting in higher humidity at the 

interior of the sheathing.  

Cases 15-16 represent built-in moisture of the sheathing and essentially exemplify the ability of 

the enclosure to dry out.  The Vancouver simulations exhibit the slowest drying rate of any of the 

climates. All the assemblies manage to dry and none accumulate moisture as exemplified by the 

RHT95 results.  

Cases 23-24 performed the worst in the “Changes in construction” categories. These cases 

represent 152mm of external insulation with 140mm of internal insulation.  This shift in 

insulation ratios causes a reduction in the temperature of the sheathing which results in higher 

humidity and subsequently reduces drying potential.  The best performing cases for this category 

are cases 17-18, 21-22, 25, 27, 29-31. These cases did not breach the RHT80 threshold in any 

climate.  They represent the cases with exclusive external insulation, except for case 31, which 

has a polyethylene barrier included into construction.  The sheathing is maintained at a 

temperature and relative humidity close to the interior air conditions. This allows for excellent 
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moisture management as the vulnerable wood sheathing can maintain equilibrium with the 

interior conditions.   

A polyethylene barrier has been placed in the construction in cases 29-31, with case 31 being of 

standard construction.  The introduction of a poly-barrier indicates that the majority of moisture 

flow is from the interior to the exterior and moisture diffusion is limited by this barrier.  This is 

exemplified in case 30 which is similar to cases 28 and 24; however, the inclusion of the 

polyethylene barrier inhibits the wall from breaching the RHT80 threshold.  It is recommended 

that a polyethylene barrier is included in future simulations as it impacts the drying potential of 

the wall assembly. For example, cases 32-33 have an impermeable exterior cladding and an un-

vented air cavity yet perform well under the RHT80 index.  These results indicate that limited 

moisture is reaching the sheathing or that moisture is drying to the interior. A polyethylene 

barrier would significantly reduce the potential for inward drying.  

It should be noted that the ‘summer’ condition for the enclosure preformed worse than the 

‘winter’ condition in every scenario. In some cases, this caused drastic differences between 

results, for example the cases 5-6 and 23-24 show that the WUFI variables significantly 

differentiate results between ‘winter’ and ‘summer’ coefficients.  The differences are due to the 

surface transfer variables and material properties.  The ‘winter’ conditions have a higher external 

thermal resistance and lower internal thermal resistance causing the temperature of the sheathing 

to be much higher.  Summer conditions have lower external thermal resistance and higher 

internal thermal resistance causing the temperature of the sheathing to be lower.  This lowered 

sheathing temperature may result in OSB higher humidity.  This is exemplified in the colder 

climates of Calgary and Fairbanks.   
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4.7.3.2. RHT95 Results  

 

Figure 4-85 : Parametric Analysis RHT95 Results 

The RHT95 analysis reveals that only several cases exceeded the RHT95 threshold.  These cases 

include Case 6 in Fairbanks, Cases 7 and 9 in St. John’s, and Cases 8 and 10 in all cities except 

for Fairbanks.  Breaching the RHT95 threshold indicates potential for moisture damage.  The 

rain penetration cases indicated that proper water detailing is required even with a vapour open 

assembly. The direct application of significant amounts of moisture will cause deterioration of 

any vulnerable enclosure.  

Case 6 indicates the importance of controlling the indoor humidity of a highly-insulated building 

in arctic conditions.  The high interior humidity is being driven outwards by a large vapour 

pressure difference and the temperature at the sheathing is causing an increase in humidity 

levels.  
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4.7.3.3. Calgary, Alberta 

Figure 4-86: Parametric Calgary Results 

Figure 4-86 shows the results from the Calgary parametric analysis.  As discussed above the 

driving rain cases have a significant impact on the RHT80 index and RHT95 index.  Even 

though Calgary has relatively little precipitation as compared with cities such as Vancouver, St. 

Johns, and even Toronto, the direction of the driving rain causes significant accumulation within 

the envelope.  The primary direction of driving rain was from the north and Northwest in 
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Calgary. The north orientation was selected to simulate for rain penetration cases and this caused 

more rain to accumulate into the assembly in Calgary.  

Figure 4-87 shows the direction of driving rain in each of the two cities as extracted from WUFI. 

Figure 4-88 shows a comparison between Calgary and St. John’s and the amount of rain that was 

deposited due to rain leakage.  

Figure 4-88 : Penetrating Rain Amounts for St. Johns and Calgary 

Figure 4-87 : Driving Rain Directions - St. Johns / Calgary 
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Coupled with the rain penetration was the high sheathing temperature during the summer months 

in Calgary as compared with St. John’s.  The combined effects of temperature and moisture 

cause for a high RHT index. A 5% driving rain leakage is an extreme scenario and was 

completed to demonstrate the impact of high levels of direct moisture on an envelope.  The 1% 

driving rain leak prescribed by ASHRAE 160 showed much better performance in Calgary.  

The other notable cases that breached the RHT80 threshold were the high indoor humidity and 

the split insulation levels. These results are understated compared with the Fairbanks simulation 

and will be discussed more in-depth in the Fairbanks analysis. Overall, the performance of the 

enclosure under standard operating conditions preformed fine. Attention should be paid to water 

detailing, controlling indoor humidity levels and further analysis when split levels of insulation 

are used.  

4.7.3.4. St. John’s, Newfoundland 

St. John’s was the only case that exceeded the RHT95 threshold for the 1% driving rain scenario.  

The result is not visible in Figure 4-89 due to the scale of the results from the 5% driving rain 

scenario.  As can be seen in Figure 4-90 (the driving rain chart), the 1% driving rain leak, in 

some instances, caused the amount of moisture deposited on the sheathing was half or almost 

equivalent to the 5% driving rain leak.  Three noticeable events occurred around the 5940 

Figure 4-89 : Parametric Results St. John's 
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(September 4th), 6909 (October 14th), and 7434 (November 6th) hours of each simulation year. 

These three events lead to an increase in the RH of the sheathing past the 95% RH threshold as 

can be seen in Figure 4-89. 

The reason that these events are higher in proportion to the 5% rain leak than the other events is 

due to an exceeding amount of moisture being deposited during the 5% rain leak than the OSB 

sheathing can absorb. The maximum moisture content of the sheathing layer was reached and the 

excess rain moisture was unable to be released.  In cases 8 and 10 approximately 24.5 kg/m2 of 

water was unable to be placed into the sheathing out of a total of 56.8 kg/m2 being deposited 

over the six-year simulation period. 

The excess moisture would likely be more evenly distributed between the layers of the OSB 

sheathing and there would be an increase in both the RHT95 and RHT80 index.  The amount of 

moisture unable to be deposited would also likely be more than the sheathing could uptake, even 

with a more uniform distribution. The excess moisture would likely penetrate deeper into the 

assembly, and begin accumulating, causing significant damage to materials.  It should be noted 

that the results from the one dimensional hygrothermal analysis are unable to account for this 

excess moisture.  

Figure 4-90 : Rain Penetration Compared with OSB RH – St. John’s 



 
 

151 

St. John’s exceeded the RHT80 threshold in several other cases; however, these cases 

were generally exceeded in all climates and are explained in more depth in the climate with the 

most noteworthy results. As St. John’s was the only city to experience a breach in the RHT95 

threshold and exhibits an extremely wet climate exceptional attention should be placed on water 

sealing details.  

4.7.3.5. Fairbanks, Alaska 

 

Figure 4-91 : Parametric Analysis Fairbanks 

Fairbanks has an arctic climate and is the coldest location of any of the cities assessed. Being in 

the coldest climate created varied results from the other cities. Fairbanks was the only location to 

exceed the RHT95 threshold for case 6. Case 6 represented a high interior air RH (60±10%).  

The high interior air humidity caused a dramatic vapour pressure difference between the interior 

and the exterior during the cold winter.  This caused a significant amount of moisture to move 

through the wall.  The reduced temperature of the sheathing caused an increase in humidity and 

in some instances created dew-point conditions  
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Case 6 has reduced external insulation thermal resistance and increased internal insulation 

thermal resistance as compared with Case 5.  Case 5 preformed more adequately in this cold 

climate.  Case 6 was simulated with a polyethylene vapour barrier (and the results were 

significantly improved with the RHT80 being reduced to zero). This suggests that the inclusion 

of a polyethylene barrier would improve the moisture performance of this wall assembly in an 

extremely cold climate when interior humidity is high.  It should be noted that this simulation 

only encompasses vapour diffusion and excludes interior air leakage, which is a significant 

source of moisture and inferences to a poly-barrier only refer to this case.  

 An interesting phenomenon occurred when an interior air leakage was simulated with high 

indoor RH. The RHT index saw a reduction in values due to this air leakage.  This was caused by 

the warming of the sheathing due to the interior air.  In case 12, which simulated a greater air 

leakage than case 11, had a reduced RHT index.  The temperatures of the sheathing are shown in 

Figure 4-92 and case 12 displays warmer temperatures during the cold winter months when the 

RH was the highest in the wall assembly.  Air leakage is a major source of heat loss within a 

building envelope and should be reduced as much as possible.  The results from this simulation 

indicate that keeping the sheathing warm is an important part of moisture management, 

Figure 4-92 : Sheathing Temperature - Case 11 & 12 - Fairbanks 
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especially in Fairbanks extreme cold climate. The importance of this can also be seen in cases 

20, 23, 24, 26, and 26, where split levels of insulation cause a reduction in sheathing 

temperatures and an increase in sheathing RH.  

Shown in Figure 4-93 is the temperature and relative humidity of the interior side of the 

sheathing of Case 24 during the first simulation year. Case 24 has the highest RHT80 index of 

the split-insulation cases including cases with brick cladding (Case 17-30). Figure 4-93 also 

displays the RH and T threshold set out by the index.  It can be clearly seen that at certain times 

during the year the sheathing temperature falls below the 5°C temperature required for organic 

growth on substrates, however, this low temperature leads to high relative humidity. The RH-

80% threshold is exceeded for a large portion of the year during the winter and potions of the 

shoulder seasons. The RHT index only includes values when both thresholds are passed.  

The reduced sheathing temperature was caused by both the extraordinarily cold temperatures of 

Fairbanks and the inclusion of interior insulation which limits the interior energy from reaching 

the sheathing.  This phenomenon can be seen in to occur in Calgary to a lesser degree.  As shown 

in cases 17, 18, 21, 22, 25, 27, and 29, the best practice for moisture management is to place all 

the insulation on the exterior side of vulnerable sheathing.  In many cases, it is impractical to 

Figure 4-93 :Fairbanks Case 24 
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place all insulation on the exterior as cost and structural stability must be considered in the 

envelope design. In these cases, interior insulation is required to meet energy targets and building 

codes.  A balance should be struck between interior and external insulation for moisture 

performance.  This balance is determined by expected interior and exterior climate conditions.  

For the split-insulation enclosure approach in Fairbanks a more in-depth hygrothermal and 

energy analysis should be completed on a project specific basis to ensure suitability.   

4.7.3.6. Vancouver, British Columbia 

 

Figure 4-94 : Parametric Results Vancouver 
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Vancouver demonstrates an overall reduced RHT index as compared with the other cities except 

for the 1% and 5% driving rain leak cases. Vancouver had the highest the RHT80 and RHT95 

index results for the 5% driving rain leak, except for Calgary Case 8 RHT95.  This can be 

explained by the significant amount and frequency of precipitation and the relatively warmer 

climate as compared with other cities.  

Figure 4-95 shows the frequency of rain and the corresponding RH of the sheathing for cases 9 

and 10. The 1% and 5% rain leak results in a rapid increase in the RH at the start of the year.  

The 5% rain leak results in an elevated sheathing RH that is unable to dry significantly before the 

continuous rain events that occur around the 1000-hour mark. The elevated RH at that time and 

the significant amount of moisture entering the enclosure results in an extremely high RH for 

many months in the first half of the year.  As discovered during the “Leaky Condo Crisis,” rain 

penetration and the inability of the enclosure to dry out was a major cause for moisture damage 

(Lawton, 1999.) The greater Vancouver area’s warm and humid climate is unique in Canada and 

moisture trapped within walls experience a more difficult time drying.  Cases 15 and 16, which 

simulate a built-in moisture content of 32%, have the highest RHT80 index of any of five 

climates.  

Figure 4-95 : Sheathing RH and Rain Penetration - Vancouver 
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Figure 4-96 shows the results for Case 16 for Vancouver and Toronto.  Toronto had the second 

highest RHT80 index value for case 16 of all five cities. The RH of the sheathing in Vancouver 

takes several days longer to reach a RH of 80% than Toronto and it experiences higher 

temperatures during this period.  The coupled high RH and temperature in Vancouver results in a 

higher RHT80 index than Toronto and increases potential for moisture deterioration. These 

results stress the importance of proper detailing for water management and for an enclosures 

ability to dry. Overall the enclosure approach performed well in terms of moisture management 

other than the typical cases that experienced high levels of RHT80 and the rain penetration cases 

discussed above.  

  

Figure 4-96: Sheathing Drying Comparison - Vancouver/Toronto 
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4.7.3.7. Toronto, Ontario  

Shown in Figure 4-97 are the results from the Toronto simulations. The results show that 16 of 

the 33 cases have breached the RHT80 threshold, however only nine can be seen on the graph 

due to the scale of other cases.  Only two cases have crossed the RHT95 threshold. These are 

case 8 and 10, which represent a 5% driving rain water leak.  Cases 7 and 9 have much lower 

values for RHT80 and represent the 1% driving rain water leak. Case 6, the high indoor relative 

humidity, has breached the RHT80 threshold.  Cases 15-16, which represent the built-in 

sheathing moisture, began the simulations above the RHT80 threshold. Cases 23-24 represent a 

change in insulation levels and have 152 mm exterior and 140mm of interior insulation 

Standard Cases (Cases 1-4)  

The results represent the current field test structure wall being simulated under increased 

moisture loading both from the exterior and the interior.  The standard cases do not breech the 

RHT80 threshold at any point during the simulation and exhibit good moisture management even 

with the increased moisture loading.  The RH of the sheathing reaches a maximum of 71% 

during the simulation period, other than the initial starting conditions of 80%RH.  The results 

from this indicate that under normal operating conditions the proposed assembly is appropriate 

Figure 4-97 : Parametric Analysis Toronto 
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for the Toronto climate.  Normal operating conditions can be considered as proper installation of 

materials, no defects in construction and materials, and normal indoor conditions.   

Defect Conditions (Case 5-16) 

Case 8 and 10 are the only two cases that have breached the RHT95 and have the highest RHT80 

index of the Toronto cases. Cases 7 and 9, which represent the 1% driving rain leak, breach the 

RHT80 threshold however do not cross the 95% RH mark.  The RH and T profile for Case 9 is 

shown in Figure 4-98. The localized rain events cause a spike in the RH of the sheathing to 

above the 80% threshold; however, this increase in RH does not last for a significant period 

indicating the enclosure can dry before the next wetting event. The largest RH spikes occur 

around the 18:15 hour of the simulation year only resides above 80% for 18 hours on an annual 

basis. This case exemplifies the caution that should be taken when utilizing the RHT index as a 

metric for moisture durability, as the resultant RHT80 index of case nine exceeds a value of 

5000, however assessment under the criteria of ASHRAE 160-2009 indicates acceptability.  

 

Figure 4-98 :  Toronto Case 9 
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Case 10 breaches the RHT95 several times during the simulation period is shown in Figure 4-99. 

This case also exhibited the largest RHT80.  The longest period above 80% occurred in the 

second half of the simulation year and rose above 80% at hour 7220 of the simulation and had an 

average of 85% RH over the next 30-day period. This exceeds ASHRAE-160 RH and T 

thresholds. Caution should be taken as high levels of rain water penetration can cause significant 

damage to envelopes.  

Figure 4-99 : Toronto Case 10 
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Figure 4-100 : Toronto Case 6 - High Interior RH 

Case 6 also exceeds the RHT80 threshold. A comparison between case 3 and case 6 can be seen 

in Figure 4-100. The reduced temperature of the sheathing in the winter causes an increase in the 

RH and pushes it above 80%.  Case 6 also has a noticeable increase in the average relative 

humidity of the sheathing due to the internal moisture source.  Case 6 does not breach the 

ASHRAE 160 threshold.  
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Changes in Construction (Cases 17-33) 

The majority of cases from 17-33 performed well and only cases 20, 23, 24, 26 and 28 exceed 

the RHT80 threshold. These cases represent split insulation ratios. Case 24 showed the worst 

performance of any of these cases.  Case 24 has decreased external insulation thermal resistance 

as compared with case 23 as calibrated. This decrease in external thermal resistance coupled with 

the increased amount of insulation (140mm) limits the amount of energy reaching the sheathing 

and creates a scenario of increased RH.  

Figure 4-101 shows a comparison of RH and T for cases 3 and 24, which are equivalent, except 

for insulation levels.  Case 3 drops below the 80% RH threshold quickly, case 24 is unable to dry 

out due to colder sheathing temperatures.  This increased RH level continues until the summer 

months when the temperatures and the RH’s converge. The divergence begins again during the 

colder seasons and the RH of the sheathing exceeds 80% late in the simulation year.   

The reduction of thermal resistance on the exterior side of the OSB with the inclusion of 

significant amounts of interior insulation caused a marked increase in the sheathing RH. No 

other construction defects were considered in this situation, and it is possible that with several 

negative factors, such as exterior air leakage, rain leakage, and an increased interior RH there 

may be potential for problems.  Scenarios involving split levels of insulation should be 

investigated more closely.  

Figure 4-101 : Toronto Split Insulation 
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The addition of impermeable layers into the enclosure in cases 31-33 resulted in negligible 

effects on the RHT index.  Case 31 simulates the addition of a polyethylene barrier on the 

interior side of the enclosure, while cases 32 and 33 represent the use of impermeable acrylic 

stucco cladding.  From the results of the simulation it appears that assembly can breathe to the 

exterior or the interior depending on where the impermeable layer is place.  Even though these 

cases performed well it should be mentioned that additional factors, such as rain leaks or air 

leaks, could cause a disruption to the moisture balance. Maintaining the enclosure as a vapour 

open system allows it to have flexibility when required. The purpose of this analysis was to 

identify individual factors that may cause failure in the wall, and while the addition of 

impermeable layers does not cause a significant moisture problem, it is recommended that the 

wall remain as a vapour open system.  

Toronto Summary  

The enclosure approach performed well overall and several of the cases that had significant 

results were discussed above.  The high indoor humidity, rain leakage, built in moisture, and the 

split levels of insulation, all had significant RHT80 indexes.  While the built-in-moisture was 

able to dry fairly quickly, the other three scenarios had an increase in moisture within the 

enclosure through natural events.  To determine thresholds or limits for this enclosure a critical 

failure testing methodology has been proposed and will be used to explore these three scenarios 

for further testing.   
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5.0 Conclusions 

The following research investigated the thermal resistance and hygrothermal performance 

of a highly-insulated enclosure that consisted of exterior mineral wool installed on a typical 

wood frame structure. The in-situ thermal resistance and thermal bridging affects were found and 

compared with installed nominal values. The hygrothermal performance of the enclosure was 

assessed for the Toronto climate. Hygrothermal sensitivity to several variables were identified 

through calibrated computer simulations.  

5.1. Differences in Installed Nominal and In-situ Effective RSI  

The in-situ thermal resistance of the north and south wall was assessed with ASTM C1155 

methods and found to have a thermal resistance of 10.6 m2K/W and 9.0 m2K/W respectively. 

These differed from the nominal centre-of-cavity wall value of 9.3 m2-K/W, by an increase of 

14.4% and a decrease of 3.2%.  The southern wall’s thermal resistance falls within the ±7% 

accuracy of the testing equipment however the North wall does not. It is suspected that the North 

wall has a higher in-situ thermal resistance than both the nominal and south wall. The layer 

analysis identified increased thermal resistances of the exterior layers, which were confirmed by 

a calibrated HEAT3 dynamic simulation. Several theories were presented for the experienced 

increase in thermal resistance; sensor thermal mass, mean temperature, contact resistances, 

potential error induced by shifting heat flux polarity, and material variation. It is recommended 

that the assembly be disassembled and the insulation be tested for thermal conductivity to 

determine if the increased thermal resistance stems from material variation.  

The southern wall experienced a drop in thermal resistance as compared with the North wall. A 

direct summation method specified by ASTM C1155, and used for the North wall, was unable to 

be used for the southern wall due to high levels of solar radiation exposure. Three techniques that 

utilized modified data with the summation method were completed in an attempt to quantify the 

southern wall in-situ thermal resistance. These techniques attempted to limit surface temperature 

data that was affected by solar radiation. The three techniques used were; combining North wall 

delta temperatures and southern wall heat flux data, using data during long periods of overcast, 

and eliminating temperature and heat flux data that has been affected by solar radiation.  The 

first method, of utilizing north wall exterior temperatures, underestimated the in-situ thermal 
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resistance due to the reduction of heat flux caused by solar radiation. The second method did not 

allow for a significant time span to occur for accurate results and was influenced by radiation 

through lighter cloud cover. The third method eliminated solar radiation influenced data by 

determining the time it took for surface temperature highs to create a heat flux low. This was 

confirmed by analyzing the enclosure temperature profile.  The third technique was judged to be 

the most accurate of the three. The reduced in-situ thermal resistance found for the southern wall 

(as compared with the north wall) was attributed to several potential variables. This included 

material variation, air gaps in insulation, and three-dimensional heat losses which includes the 

effects of the metal fasteners.   

5.1.1. Expected Effective Thermal Resistance with Various Fastener Types, 

Insulation Amounts and Stud Spacings 

To quantity the potential reduction in thermal resistance caused by the metal screw fasteners, 

three-dimensional thermal modelling was completed using HEAT3.  A model was calibrated 

using temperature profile data from a five-day period in February.  Insulation layer resistivity’s 

were compared to nominal and layer analysis in-situ results. Metal fasteners were added into the 

thermal modelling with in-situ stud and fasteners spacing and resulted in a reduction of 15.3% 

effective thermal resistance. A number of fastener, stud, insulation, and fasteners type cases were 

simulated to determine a range of potential thermal resistance reductions.  Reduction ranged 

between 24.4% and 4.2% depending on configuration.  It can be determined from this analysis 

that designers and builders should have an understanding of potential losses caused by the metal 

fasteners to include within whole building energy models.  

In conclusion, the thermal analysis revealed that the enclosure preformed as or better than 

expected as compared with the expected nominal value calculated (10.6 m2K/W and 9.0 m2K/W 

in-situ vs 9.3 m2-K/W installed nominal). The increase in thermal resistance of the north wall 

may be attributed to a number of variables.  Designers and builders should understand that the 

effective thermal resistance of the clear-wall is influenced by the metal fasteners (potential 

reduction of 24.2% to 4.2% depending on configurations). 



 
 

165 

5.2. Hygrothermal Suitability for the Toronto Climate and Hygrothermal 

Sensitivity.  

To determine the hygrothermal suitability of the proposed enclosure for Toronto and other cold 

climates a number of assessment techniques were used. In-situ field testing in Toronto provided 

raw data on hygrothermal performance for a test structure constructed of the proposed enclosure.  

The three-metrics used during the in-situ monitoring; moisture content measurements, ASHRAE 

160 limits, and interior air condensation potential, indicate that the proposed enclosure was under 

no risk of moisture damage given the experienced boundary conditions for that period.  

One dimensional hygrothermal simulations using the program WUFI-Pro were completed to 

assess the proposed enclosure under different and more severe climatic loads. The WUFI-Pro 

model was calibrated to ensure the accuracy of the simulations. The calibration procedure 

included defining the physical characterises to match the boundary condition data (for 

temperature and moisture) from the field collection period. Modifications were made to the 

geometry and thermal conductivities of the model to match in-situ field data. Four distinct 

models were created to replicate the different conditions experienced for the north and south wall 

during the winter and summer collection period. The calibrated models predicted the MC of the 

OSB to within ~2% for all models and closely resembled in-situ trends.  

The calibrated hygrothermal models were used to assess the proposed enclosure for Toronto 

Ontario, and several locations within North America that represent different climates across 

Canada.  Locations for analysis included St. John’s, Newfoundland; Calgary, Alberta; 

Vancouver, British Columbia; and Fairbanks, Alaska.  Initial cases (1-4) were preformed with 

calibrated models without modification or defects. Severe exterior and interior climate boundary 

conditions were used to stress the enclosure under high moisture loads.  The results from this 

analysis indicate that the proposed enclosure “as is” would perform well in all climate conditions 

including Toronto.  

A number of cases were run with intentional defects and modifications to the assembly.  The 

modifications and defects may be realised by some enclosures constructed which are based on 

the proposed enclosure. The defects and modifications combined with the multi-location 

hygrothermal analysis revealed potential sensitive variables for this enclosure type. Variables 

identified by the parametric analysis include; 
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 High indoor humidity in extremely cold climates:  The increased vapour pressure 

difference between interior and exterior conditions causes outward vapour flow. The 

colder climate also reduces the temperature of the sheathing.  The two coupled effects 

cause an increase in the moisture content and RH of the sensitive sheathing material.  

Controlling the interior RH and outward vapour drive would help reduce potential 

moisture damage in extremely cold climates.  

 Direct water penetration: The potential for moisture damage due to large amounts of 

leakage is still a risk for this proposed enclosure.  The proposed enclosure performs well 

under normal conditions, however, will still experience issues if enough water is applied 

to the sheathing.  This will occur to all assemblies however.  It should be noted that 

proper water detailing is required for all assemblies.  The impact of rain leaks in wetter 

climates, like St. John’s and Vancouver, can be extremely detrimental to enclosures.  

 Exterior air penetration in extremely cold climates:  If cold air is able to penetrate into 

the enclosure, it may reduce the temperature of the sheathing. The reduction in 

temperature raises the moisture content and relative humidity of the sheathing increasing 

risk for moisture damage.  The potential for external air to reach the sheathing is 

minimized by the use of higher density insulation, however caution should be taken to 

ensure installation and design inhibit air penetration.  

 Insulation placement ratio: It is common knowledge that insulation ratios, interior vs. 

exterior thermal resistances, have a large impact on the moisture management of an 

enclosure. The same is true for the proposed enclosure.  The assemblies with lower 

amounts of external insulation compared with internal, preformed worse in every climate 

zone. Care should be taken to ensure proper insulation ratios are maintained for each 

project.   

 Summer condition variables: The calibrated summer model preformed worse than the 

calibrated winter model in most cases. This may be attributed to the reduced thermal 

resistance of the exterior insulation and differences in surface transfer variables. The 

differences caused decreased temperatures of the sheathing and increased moisture 

content.  It should be noted that the context of the enclosure is an important variable to 

consider when assessing sensitive hygrothermal assemblies.  
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In conclusion, the proposed enclosure should not experience risk of moisture damage if 

constructed normally in Toronto or in the other climate locations assessed. Care should be taken 

in construction to minimize direct water leakage to the sensitive components of the enclosure.  

The variable that had the largest impact on the enclosure moisture management, other than direct 

water penetration, was high interior relative humidity when the building is located in an 

extremely cold climate.  Measures should be taken to limit exterior vapour flow, i.e. installation 

of a vapour retarder, or humidity levels should be controlled.  

6.0 Further Work  

Several items were revealed during the research where it might beneficial to conduct additional 

research to broaden knowledge and provide greater insight into the performance of the proposed 

enclosure;  

1 Further testing to determine the effective clear wall RSI of the enclosure using guarded 

hot box methods. This will allow for increased knowledge of the impact of the metal 

fasteners on reducing the effective RSI.  

2 Analysis of the potential moisture implications of the reduced temperature caused by the 

metal fastener.  The thermal simulation revealed a drop-in temperature at the OSB and 

stud location where fasteners were attached.  Research should confirm that moisture 

damage will not be an issue due to this.  

3 It would be beneficial to conduct research on potential solutions for limiting thermal 

bridging caused by metal fasteners through exterior insulation.  There is potential to 

develop high-strength and low conductive materials that may be used within the building 

industry to attach exterior insulation to the structure.  

4 The development of a limit states design methodology for the hygrothermal performance 

of enclosure assemblies. This would be similar to typical structural design, where both 

factored loads and factored resistances are determined and compared to each other.  
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Appendix A : Data Processing Code 

Field Data Processing Code:  Program MATLAB 

%Field Data Processing and Analysis 
%Author: Mark Flynn 
%Date: 27-Apr-2016 
%Purpose: This program will be used to organize, append, and analyze field 
%test data. 
% 
% 
%Import excell files into Matlab 
[~,~,raw_fd] = xlsread('Field_Data4.xlsx'); %Read Field Data Excel File and store into 
variables 
% Extract time information for processing 
  
c_raw_fd_notit = raw_fd(5:end,1:end); 
raw_fd_notit = cell2Table(c_raw_fd_notit); % NaN are inported as strings and cannot 
convert to matrix. 
  
% Isolate Date times  
C_Datetime = raw_fd(5:end,1); 
Date_Rec = datevec(C_Datetime); % Need to ensure that the 00:00:00 time is deleted 
from the field analysis data x-cell spreadsheet  
c = size(Date_Rec,1); 
% Adjust for Daylights Saving Time on March 13, 2016 @ 21:00h  
for n = 1:c; 
    if Date_Rec(n,2)== 3 && Date_Rec(n,3)==13 && Date_Rec(n,4)> 21; 
        Date_Rec(n,4) = Date_Rec(n,4)-1; 
    end 
    if Date_Rec(n,2)== 3 && Date_Rec(n,3)>13 ; 
        Date_Rec(n,4) = Date_Rec(n,4)-1; 
        if Date_Rec(n,4) == -1; 
            Date_Rec(n,4) = 23; 
            Date_Rec(n,3) = Date_Rec(n-7,3); 
        end 
    end 
    if Date_Rec(n,2)>3 
        Date_Rec(n,4) = Date_Rec(n,4)-1; 
        if Date_Rec(n,4) == -1; 
            Date_Rec(n,4) = 23; 
            Date_Rec(n,3) = Date_Rec(n-7,3); 
            if Date_Rec(n,2)> Date_Rec(n-1,2); 
                Date_Rec(n,2) = Date_Rec(n-1,2); 
            end 
        end 
        
    end 
end 
%%         
  
% Isolate Indoor Climate Variables 
T_T_Indoor = raw_fd_notit(:,5); 
T_Indoor = Table2array(T_T_Indoor); 
T_RH_Indoor = raw_fd_notit(:,6); 
RH_Indoor = Table2array(T_RH_Indoor); 
Indoor_Clim = [T_Indoor,RH_Indoor]; 
%xlswrite('Field Indoor Climate',Indoor_Clim); 
  
%Seperate Collected Data for processing 
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%Sensor Locations 
  
%Temperature Sensors 
% Variable Name = Sensor Name - Location 
% T1 = NH0L6.5-TPM - Bottom Plate South Side 
% T2 = NH1L1-T - Lower Exterior Cladding Surface Temp South Side 
% T3 = NH1L1.5-TRH - Lower Exterior Cladding Cavity Temperature 
% T4 = NH1L2-T - Lower Exterior Insulation Surface Temp South Side 
% T5 = NH1L3-TRH - Lower Exterior Insulation Mid-Layer Temperature South 
% T6 = NH1L4-T - Lower Exterior Insulation Mid Layer Temp South Side 
% T7 = NH1L4-TRH - Lower Exterior Insulation Mid-Layer Temperature South 
% T8 = NH1L5-TRH - Lower Exterior OSB Temperature South Side 
% T9 = NH1L6-TRH - Lower Interior OSB Temperature South Side 
% T10= NH1AL6-TPM - Lower OSB South Side 
% T11= NH1BL6.5-TPM - Lower Stud South Side 
% T12= NH1L7-TRH - Lower Interior Ext. Side Gypsum South Side 
% T13= NH1L8-T - Lower Interior Gypsum Temp South Side 
% T14= NH2L1-T - Upper Exterior Cladding Surface Temp South Side 
% T15= NH2L1.5-TRH - Upper Exterior Cladding Cavity Temperature South 
% T16= NH2L2-T - Upper Exterior Insulation Surface Temp South Side 
% T17= NH2L3-TRH - Upper Exterior Insulation Mid-Layer Temperature South 
% T18= NH2L4-T - Upper Exterior Insulation Mid Layer Temp South Side 
% T19= NH2L4-TRH - Upper Exterior Insulation Mid-Layer Temperature South 
% T20= NH2L5-TRH - Upper Exterior OSB Temperature South Side 
% T21= NH2L6-TRH - Upper Interior OSB Temperature South Side 
% T22= NH2AL6-TPM - Upper OSB  South Side 
% T23= NH2BL6.5-TPM - Upper Stud South Side 
% T24= NH2L7-TRH - Upper Interior Ext. Side Gypsum South Side 
% T25= NH2L8-T - Upper Interior Gypsum Temp South Side 
% T26= NH3L6.5-TPM - Top Plate South Side 
% T27= SH0L6.5-TPM - Bottom Plate North Side 
% T28= SH1L1-T - Lower Exterior Cladding Surface Temp North Side 
% T29= SH1L1.5-TRH - Lower Exterior Cladding Cavity Temperature North 
% T30= SH1L2-T - Lower Exterior Insulation Surface Temp North Side 
% T31= SH1L3-TRH - Lower Exterior Insulation Mid-Layer Temperature North 
% T32= SH1L4-T - Lower Exterior Insulation Mid Layer Temp North Side 
% T33= SH1L4-TRH - Lower Exterior Insulation Mid-Layer Temperature North 
% T34= SH1L5-TRH - Lower Exterior OSB Temperature North Side 
% T35= SH1L6-TRH - Lower Interior OSB Temperature North Side 
% T36= SH1AL6-TPM - Lower OSB North Side 
% T37= SH1BL6.5-TPM - Lower Stud North Side 
% T38= SH1L7-TRH - Lower Interior Ext. Side Gypsum North Side 
% T39= SH1L8-T - Lower Interior Gypsum Temp North Side 
% T40= SH2L1-T - Upper Exterior Cladding Surface Temp North Side 
% T41= SH2L1.5-TRH - Upper Exterior Cladding Cavity Temperature North 
% T42= SH2L2-T - Upper Exterior Insulation Surface Temp North Side 
% T43= SH2L3-TRH - Upper Exterior Insulation Mid-Layer Temperature North 
% T44= SH2L4-T - Upper Exterior Insulation Mid Layer Temp North Side 
% T45= SH2L4-TRH - Upper Exterior Insulation Mid-Layer Temperature North 
% T46= SH2L5-TRH - Upper Exterior OSB Temperature North Side 
% T47= SH2L6-TRH - Upper Interior OSB Temperature NorthSide 
% T48= SH2AL6-TPM - Upper OSB North Side 
% T49= SH2BL6.5-TPM - Upper Stud North Side 
% T50= SH2L7-TRH - Upper Interior Ext. Side Gypsum NorthSide 
% T51= SH2L8-T - Upper Interior Gypsum Temp North Side 
% T52= SH3L6.5-TPM - Top Plate North Side 
%%%% 
T1 = raw_fd_notit(:,7); % NH0L6.5-TPM 
T1 = Table2array(T1); 
%% 
T2 = raw_fd_notit(:,19); % NH1L1-T 
T2 = Table2array(T2); 
% Summer Data configuration  
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idx = cellfun(@(x) ischar(x),T2); 
T2(idx) = {NaN}; 
T2 = cell2mat(T2); 
%% 
T3 = raw_fd_notit(:,39); % NH1L1.5-TRH 
T3 = Table2array(T3); 
T4 = raw_fd_notit(:,20); % NH1L2-T 
T4 = Table2array(T4); 
T5 = raw_fd_notit(:,40);% NH1L3-TRH 
T5 = Table2array(T5); 
T6 = raw_fd_notit(:,21); % NH1L4-T 
T6 = Table2array(T6); 
T7 = raw_fd_notit(:,41); % NH1L4-TRH 
T7 = Table2array(T7); 
T8 = raw_fd_notit(:,42); % NH1L5-TRH 
T8 = Table2array(T8); 
T9 = raw_fd_notit(:,43); % NH1L6-TRH 
T9 = Table2array(T9); 
T10= raw_fd_notit(:,8); % NH1AL6-TPM 
T10 = Table2array(T10); 
T11= raw_fd_notit(:,9); % NH1BL6.5-TPM 
T11 = Table2array(T11); 
T12= raw_fd_notit(:,44); % NH1L7-TRH 
T12 = Table2array(T12); 
T13= raw_fd_notit(:,22); % NH1L8-T 
T13 = Table2array(T13); 
T14= raw_fd_notit(:,23); % NH2L1-T 
T14 = Table2array(T14); 
T15=  raw_fd_notit(:,45); % NH2L1.5-TRH 
T15 = Table2array(T15); 
T16= raw_fd_notit(:,24);  % NH2L2-T 
T16 = Table2array(T16); 
T17=  raw_fd_notit(:,46); % NH2L3-TRH 
T17 = Table2array(T17); 
T18= raw_fd_notit(:,25); % NH2L4-T 
T18= Table2array(T18); 
T19= raw_fd_notit(:,47); % NH2L4-TRH 
T19 = Table2array(T19); 
T20= raw_fd_notit(:,48); % NH2L5-TRH 
T20 = Table2array(T20); 
T21= raw_fd_notit(:,49); % NH2L6-TRH 
T21 = Table2array(T21); 
T22= raw_fd_notit(:,10); % NH2AL6-TPM 
T22 = Table2array(T22); 
T23= raw_fd_notit(:,11); % NH2BL6.5-TPM 
T23 = Table2array(T23); 
T24= raw_fd_notit(:,50); % NH2L7-TRH 
T24 = Table2array(T24); 
T25=  raw_fd_notit(:,26); % NH2L8-T 
T25 = Table2array(T25); 
T26=  raw_fd_notit(:,12); % NH3L6.5-TPM 
T26 = Table2array(T26); 
T27=  raw_fd_notit(:,13); % SH0L6.5-TPM 
T27 = Table2array(T27); 
T28= raw_fd_notit(:,27); % SH1L1-T 
T28 = Table2array(T28); 
T29=  raw_fd_notit(:,51); % SH1L1.5-TRH 
T29 = Table2array(T29); 
T30= raw_fd_notit(:,28); % SH1L2-T 
T30 = Table2array(T30); 
T31= raw_fd_notit(:,52); % SH1L3-TRH 
T31 = Table2array(T31); 
T32=  raw_fd_notit(:,29); % SH1L4-T 
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T32 = Table2array(T32); 
T33=   raw_fd_notit(:,53); % SH1L4-TRH 
T33 = Table2array(T33); 
T34=  raw_fd_notit(:,54); % SH1L5-TRH 
T34 = Table2array(T34); 
T35= raw_fd_notit(:,55); % SH1L6-TRH 
T35 = Table2array(T35); 
T36=  raw_fd_notit(:,14); % SH1AL6-TPM 
T36 = Table2array(T36); 
T37=   raw_fd_notit(:,38); % SH1BL6.5-TPM 
T37 = Table2array(T37); 
T38=  raw_fd_notit(:,56); % SH1L7-TRH 
T38= Table2array(T38); 
T39= raw_fd_notit(:,30); % SH1L8-T 
T39= Table2array(T39); 
T40= raw_fd_notit(:,31);% SH2L1-T 
T40 = Table2array(T40); 
T41= raw_fd_notit(:,57); % SH2L1.5-TRH 
T41 = Table2array(T41); 
T42= raw_fd_notit(:,32); % SH2L2-T 
T42 = Table2array(T42); 
T43=  raw_fd_notit(:,58); % SH2L3-TRH 
T43 = Table2array(T43); 
T44=   raw_fd_notit(:,33);%SH2L4-T 
T44 = Table2array(T44); 
T45=  raw_fd_notit(:,59); % SH2L4-TRH 
T45 = Table2array(T45); 
T46= raw_fd_notit(:,60);% SH2L5-TRH 
T46 = Table2array(T46); 
T47= raw_fd_notit(:,61); % SH2L6-TRH 
T47 = Table2array(T47); 
T48= raw_fd_notit(:,16); % SH2AL6-TPM 
T48 = Table2array(T48); 
T49= raw_fd_notit(:,17); % SH2BL6.5-TPM 
T49 = Table2array(T49); 
T50= raw_fd_notit(:,62); % SH2L7-TRH 
T50 = Table2array(T50); 
T51=  raw_fd_notit(:,34); % SH2L8-T 
T51=Table2array(T51); 
T52=  raw_fd_notit(:,18); % SH3L6.5-TPM 
T52 = Table2array(T52); 
T_All = 
[T1,T2,T3,T4,T5,T6,T7,T8,T9,T10,T11,T12,T13,T14,T15,T16,T17,T18,T19,T20,T21,T22,T23,T2
4,T25,T26,T27,T28,T29,T30,T31,T32,T33,T34,T35,T36,T37,T38,T39,T40,T41,T42,T43,T44,T45,
T46,T47,T48,T49,T50,T51,T52]; 
% RH Sensors 
%RH1 = NH1L1.5-TRH 
%RH2 = NH1L3-TRH 
%RH3 = NH1L4-TRH 
%RH4 = NH1L5-TRH 
%RH5 = NH1L6-TRH 
%RH6 = NH1L7-TRH 
%RH7 = NH2L1.5-TRH 
%RH8 = NH2L3-TRH 
%RH9 = NH2L4-TRH 
%RH10 = NH2L5-TRH 
%RH11 = NH2L6-TRH 
%RH12 = NH2L7-TRH 
%RH13 = SH1L1.5-TRH 
%RH14 = SH1L3-TRH 
%RH15 = SH1L4-TRH 
%RH16 = SH1L5-TRH 
%RH17 = SH1L6-TRH 
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%RH18 = SH1L7-TRH 
%RH19 = SH2L1.5-TRH 
%RH20 = SH2L3-TRH 
%RH21 = SH2L4-TRH 
%RH22 = SH2L5-TRH 
%RH23 = SH2L6-TRH 
%RH24 = SH2L7-TRH 
for n = 1:24 
    RH (:,n) = raw_fd_notit(:,62+n); 
end 
RH_All = Table2array(RH); 
% Moisture Content 
%  
% MC1 = NH0L6.5-TPM 
% MC2 = NH1AL6-TPM 
% MC3 = NH1BL6.5-TPM 
% MC4 = NH2AL6-TPM 
% MC5 = NH2BL6.5-TPM 
% MC6 = NH3L6.5-TPM 
% MC7 = SH0L6.5-TPM 
% MC8 = SH1AL6-TPM 
% MC9 = SH1BL6.5-TPM 
% MC10 = SH2AL6-TPM 
% MC11 = SH2BL6.5-TPM 
% MC12 = SH3L6.5-TPM 
for n = 1:12 
   MC (:,n) = raw_fd_notit(:,86+n);  % Make note that Excell needs to be modified for 
this to function properly. 'NAN' needs to be added to moisture content #9.  
end 
MC_Cell = Table2array(MC); 
R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),MC_Cell); % Find non-numeric cells 
MC_Cell(R) = {NaN}; % Replace non-numeric cells 
MC_All =cell2mat(MC_Cell); 
MC_All(MC_All<0)= NaN; % set all the elements of MC_All which are negative to 'Nan' 
% Apply formulas to determine MC in terms of percentage to each sensor. % 
% Moisture content for Douglas Fir must be found first  
% Initial Constant is in Mega Ohms  
MC_All= MC_All*1000000;  % convert data to ohms 
MC_df = 10.^(2.99-(2.113*(log10(log10(MC_All))))); 
% Formula Constants for Wood Species - Mike Fox Thesis  
osb_a = 1.1114; %Orientd Stand Board  
osb_b = 0.366; % Oriented Strand Board 
jp_a = 0.749; % Jack Pine  
jp_b = 0.467; % Jack Pine 
bf_a = 0.9; % Balsam Fir  
bf_b = 0.35; % Balsam Fir  
bs_a = 0.82; % Black Spruce 
bs_b = -0.378; % Black Spruce 
ws_a = 0.702; % White Spruce 
ws_b = 0.818; % White Spruce 
  
% Assume all studs to be Black Spruce black spruce has a higher MC than 
% eqivanlent readings from other likely species.  
  
% Bottom Plate South Side  
MCc_Percent(:,1) = (((MC_df(:,1)+0.567-
0.026.*T1+0.000051.*T1.^2)./(0.881*1.0056.^T1))-bs_b)./bs_a; 
% Lower OSB South Side  
MCc_Percent(:,2) = (((MC_df(:,2)+0.567-
0.026.*T10+0.000051.*T10.^2)./(0.881*1.0056.^T10))-osb_b)./osb_a; 
% Lower Stud South Side  
MCc_Percent(:,3) = (((MC_df(:,3)+0.567-
0.026.*T11+0.000051.*T11.^2)./(0.881*1.0056.^T11))-bs_b)./bs_a; 
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% Upper OSB South Side 
MCc_Percent(:,4) = (((MC_df(:,4)+0.567-
0.026.*T22+0.000051.*T22.^2)./(0.881*1.0056.^T22))-osb_b)./osb_a; 
% Upper Stud South Side  
MCc_Percent(:,5) = (((MC_df(:,5)+0.567-
0.026.*T23+0.000051.*T23.^2)./(0.881*1.0056.^T23))-bs_b)./bs_a; 
% Top Plate South Side  
MCc_Percent(:,6) = (((MC_df(:,6)+0.567-
0.026.*T26+0.000051.*T26.^2)./(0.881*1.0056.^T26))-bs_b)./bs_a; 
% Bottom Plate North Side  
MCc_Percent(:,7) = (((MC_df(:,7)+0.567-
0.026.*T27+0.000051.*T27.^2)./(0.881*1.0056.^T27))-bs_b)./bs_a; 
% Lower OSB North Side  
MCc_Percent(:,8) = (((MC_df(:,8)+0.567-
0.026.*T36+0.000051.*T36.^2)./(0.881*1.0056.^T36))-osb_b)./osb_a; 
% Lower Stud South Side  
MCc_Percent(:,9) = (((MC_df(:,9)+0.567-
0.026.*T37+0.000051.*T37.^2)./(0.881*1.0056.^T37))-bs_b)./bs_a; 
% Upper OSB North Side 
MCc_Percent(:,10) = (((MC_df(:,10)+0.567-
0.026.*T48+0.000051.*T48.^2)./(0.881*1.0056.^T48))-osb_b)./osb_a; 
% Upper Stud North Side  
MCc_Percent(:,11) = (((MC_df(:,11)+0.567-
0.026.*T49+0.000051.*T49.^2)./(0.881*1.0056.^T49))-bs_b)./bs_a; 
% Top Plate North Side  
MCc_Percent(:,12) = (((MC_df(:,12)+0.567-
0.026.*T52+0.000051.*T52.^2)./(0.881*1.0056.^T52))-bs_b)./bs_a; 
MCc_Percent = real(MCc_Percent);  
  
  
% Run Averaging Sequence 
nrows = size(Date_Rec,1); 
t_diff = 0; %set Temp difference to 0 
Avg_Count = 1; %set row count to zero 
y = 1; 
% Establish Variables 
M_Indoor_Clim = zeros(1,2); 
M_T_All = zeros(1,52); 
M_RH_All = zeros(1,24); 
M_MCc_Percent = zeros(1,12); 
  
  
for x = 1:nrows-1;   % run loop through number of rows in Date_Rec 
    t = Date_Rec(x,4); % time value  at 'x' 
    t1 = Date_Rec(x+1,4); % time value  at 'x+1' 
    t_diff = t1-t; % time difference between steps 
    if t_diff == 1 || t_diff<0  % Average Values if time jump equals an hour or 
changes day. 
        y(Avg_Count+1) = x+2; 
        for z = 1:2 
            M_Indoor_Clim(Avg_Count,z) = 
mean(Indoor_Clim(y(Avg_Count):x+1,z),'omitnan'); 
        end 
        for z = 1:52 ; 
            M_T_All(Avg_Count,z) = mean(T_All(y(Avg_Count):x+1,z),'omitnan'); 
        end 
        for z = 1:24; 
            M_RH_All(Avg_Count,z) = mean(RH_All(y(Avg_Count):x+1,z),'omitnan').'; 
        end 
        for z = 1:12; 
            M_MCc_Percent(Avg_Count,z) = 
mean(MCc_Percent(y(Avg_Count):x+1,z),'omitnan'); 
        end 
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        M_Time(Avg_Count,1:6) = Date_Rec(x+1,1:6); 
        Avg_Count=Avg_Count+1; 
    else 
    end 
     
end 
% Run Vapour Pressure Converstion Program  
%Formula is from  World Meteorological Organzation   
%ew(t) = 6.112 exp [17.62 t/(243.12 + t)] Water  (-45 to 60C) @ 
%approximatly 1000 hPa 
% t = temperature 
% ew = water vapour pressure saturation (Pa) 
% Isolate Temperature of RH sensors.  
M_T_RH_ALL = M_T_All(:,[3 5 7 8 9 12 15 17 19 20 21 24 29 31 33 34 35 38 41 43 45 46 
47 50]); 
M_Vp_All = (M_RH_All.*0.01).*611.2.* exp((17.62.*M_T_RH_ALL)./(243.1+M_T_RH_ALL)); 
%% 
M_Vp_Indoor =  (M_Indoor_Clim(:,2).*0.01).*611.2.* 
exp((17.62.*M_Indoor_Clim(:,1)./(243.1+M_Indoor_Clim(:,1)))); 
% Determine Dew Point Temperature of Interior Air  
%% 
M_Time_Graph = datetime(M_Time); % to be used later for graphing purposes. 
%% 
% Clear unnesscary Variables 
clearvars  Date_Rec c raw_fd_notit idx  Avg_Count bf_a bf_b bs_a bs_b C_Datetime 
c_raw_fd_notit Indoor_Clim jp_a jp_b MC  MC_All MC_Cell MC_df MCc_Percent n nrows 
osb_a osb_b R raw_fd  RH RH_All RH_Indoor t t1 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 
T13 T14 T15 T16 T17 T18 T19 T20 T21 T22 T23 T24 T25 T26 T27 T28 T29 T30 T31 T31 T32 
T33 T34 T35 T36 T37 T38 T39 T40 T41 T42 T43 T44 T45 T46 T47 T48 T49 T50 T51 T52 T_All 
t_diff T_Indoor T_RH_Indoor T_T_Indoor ws_a ws_b x y z 
  
 %  xlswrite('Indoor_Clim',M_Indoor_Clim); to be used later for wufi input.  
 

Weather Processing Code 
This program is intended to import  and append individual weather Excel Files 
and convert them 
%into .wac files that can be inputed into Wufi Pro. 
%----------------------------------------------------------------------------
-------% 
%close all 
%clear variables 
%clc 
%----------------------------------------------------------------------------
--------% 
  
[~,~,raw1] = xlsread('WeatherFile_Matlab1.xlsx'); %Read Weather Excel File 
and store into variables 
  
% Extract, Seperate, and Convert Weather Data 
DateVec = datevec (raw1(2:end,2)); % convert date strings into date numbers 
for processing 
DateNumb = datenum(DateVec); 
DateTime = datetime(DateVec); 
C_Temp_Out = (raw1(2:end,4)); 
Temp_Out = cell2mat(C_Temp_Out); 
C_RH_Out = (raw1(2:end,5)); 
RH_Out = cell2mat(C_RH_Out); 
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C_Sol_Rad = (raw1(2:end,7)); 
Sol_Rad = cell2mat(C_Sol_Rad); 
C_Wind_Spd = (raw1(2:end,9)); 
Wind_Spd = cell2mat(C_Wind_Spd); 
C_Wind_Dir = (raw1(2:end,8)); 
Wind_Dir_Raw = cell2mat(C_Wind_Dir); 
Wind_Dir_Raw1 = Wind_Dir_Raw; 
for x = 1:size(Wind_Dir_Raw1,1); 
%     if Wind_Dir_Raw1(x,1) > 360; 
%     Wind_Dir_Raw1(x,1) = Wind_Dir_Raw1(x,1)-360; 
%     end 
Wind_Dir_x(x,1) = sin(deg2rad(Wind_Dir_Raw1(x,1)));  
Wind_Dir_y(x,1) = cos(deg2rad(Wind_Dir_Raw1(x,1))); 
end 
C_Atm_Prs = (raw1(2:end,11)); 
Atm_Prs = cell2mat(C_Atm_Prs); 
C_Rain_Acc = (raw1(2:end,12)); 
Rain_Acc = cell2mat(C_Rain_Acc); 
A1 = 
[DateNumb,Temp_Out,RH_Out,Sol_Rad,Wind_Spd,Wind_Dir_Raw1,Atm_Prs,Rain_Acc]; % 
Weather Matrix 
  
ncols= size(A1,1); % count number of rows in data size 
t_diff = 0; %set Time difference to 0 
Avg_Count = 1; %set row count to 1 
  
% try averaging hourly times 
y = 1; 
M_Time_Stamp = [ 0 0 0 0 0 0]; 
M_Temp_Out(Avg_Count) = 0; 
M_RH_Out(Avg_Count) = 0; 
M_Sol_Rad(Avg_Count) = 0; 
M_Wind_Spd(Avg_Count) = 0; 
M_Wind_Dir(Avg_Count) = 0; 
M_Atm_Prs(Avg_Count) = 0; 
M_Rain_Acc(Avg_Count) = 0; 
M_Wind_Dir_Y(Avg_Count) = 0; 
M_Wind_Dir_X(Avg_Count) = 0; 
  
for x = 1:ncols-1;   % run loop through number of columns in weatherfile 
    t = DateVec(x,4); % time value  at 'x' 
    t1 = DateVec(x+1,4); % time value  at 'x+1' 
    t_diff = t1-t; % time difference between steps 
    if t_diff == 1 || t_diff<0  % Average Values if time jump equals an hour 
or changes day. 
        y(Avg_Count+1) = x+2; 
        %display (Avg_Count); 
        M_Temp_Out(Avg_Count,1) = mean(Temp_Out(y(Avg_Count):x+1),'omitnan'); 
        M_RH_Out(Avg_Count,1) = mean(RH_Out(y(Avg_Count):x+1),'omitnan').'; 
        M_Sol_Rad(Avg_Count,1) = mean(Sol_Rad(y(Avg_Count):x+1),'omitnan'); 
        M_Wind_Spd(Avg_Count,1) = mean(Wind_Spd(y(Avg_Count):x+1),'omitnan'); 
        M_Wind_Dir_X(Avg_Count,1) = 
mean(Wind_Dir_x(y(Avg_Count):x+1),'omitnan'); 
        M_Wind_Dir_Y(Avg_Count,1) = 
mean(Wind_Dir_y(y(Avg_Count):x+1),'omitnan');  
        M_Atm_Prs(Avg_Count,1) = mean(Atm_Prs(y(Avg_Count):x+1),'omitnan'); 
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        M_Rain_Acc(Avg_Count,1) = sum(Rain_Acc(y(Avg_Count):x+1),'omitnan'); 
        M_Time_Stamp(Avg_Count,1:6) = DateVec(x+1,1:6); 
        Avg_Count=Avg_Count+1; 
    else 
    end 
     
end 
% Convert RH and Temp into the vapour pressure outside 
M_Vp_Out = (M_RH_Out.*0.01).*611.2.* 
exp((17.62.*M_Temp_Out)./(243.1+M_Temp_Out)); 
  
% Find Average Unit Vector Wind Direction 
for n = 1: size(M_Wind_Dir_X,1);  
M_Wind_Dir(n,1) = rad2deg(atan2(M_Wind_Dir_X(n),M_Wind_Dir_Y(n))); 
if M_Wind_Dir(n,1)<=0;  
    M_Wind_Dir(n,1)=M_Wind_Dir(n,1)+ 360;  
end 
end 
  
%Avg_Time = datevec(M_Time_Stamp); % take time values and convert into Wufi 
readable format.  
% ISDH  -  Irradience Solar Direct Horizontal  
% ISD -  Irradience Solar Diffuse Horizontal 
% Function to split collected  Global Radiation into Direct and Diffuse 
% based on  Graham Finchs Thesis (2007) 
  
[ISDH,ISD] = SolarRadData(M_Sol_Rad,Avg_Count,M_Time_Stamp); 
 
%SOLAR RADIATION FUNCTION  
function [Ib,Id] = SolarRadData(M_Sol_Rad,Avg_Count,M_Time_Stamp); 
  
% This Program  will convert solar radiation data  into Direct and 
% Diffuse radiation as required by Wufi Pro 
% Program based on G. Finch -  The performance of Rainscreen Walls in 
% Coastal British Columbia, 2007 and Fox 2014 
% 
%-------------   Find Apparent Standard Time  ---------------%  
%  
%City : Toronto , Ontario 
%Latitude : 43°41'5.42" N 
%Longitude: 79°21'51.03"W 
LAT = 43.68484; 
LAT_Rad=deg2rad(LAT); 
LON = 79.36417; 
LON_Rad = deg2rad(LON); 
ELV = 84/1000;  % Elev -metres/1000 %  84 for Toronto 
%Local Std Time  = -5 from GMT 
LST = M_Time_Stamp(:,4); 
%Local Std Meridian = 75 
LSM  = 75 ; 
%Wall Inclination, sigma = 90  % 0 hori, 90 vert 
Sigma = 0; 
%Wall Azimuth,  
Psi = 0; % 0south 90 west, -90east, 180north 
Azimuth = 0; 
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if Avg_Count>1; 
    display('Solar Radiation Function Running'); 
end 
  
ETA_String = datestr(M_Time_Stamp); 
ETA = datenum(ETA_String); 
n = length(ETA); 
for z = 1:n 
    ETA(z) = (ETA(z)-datenum(2016,01,01,00,00,00)+1); 
end 
%Equation of Time 
ET = 229.18* (-
0.0334*sin(2*pi/365.24*ETA)+0.04184*sin(4*pi/365.24*ETA+3.5884)) ; 
% Apparent Standard Time  
AST = LST+(ET/60)-((LSM-LON)/15); 
% 
%----------------------- Find Location of Sun in Sky----------------------%  
% From Finch 2007  - Uses ASHRAE 2005 Methodolgy 
%Hour Angle  
H = 15 * (AST-12) * (pi/180); % Hour Angle  
% Declination  
Delta = (23.45*sin(2*pi*(284+ETA)/365))*pi/180 ; 
%Solar Altitude  
Beta = asin((cos(LAT_Rad).*cos(Delta).*cos(H))+ sin(LAT_Rad)*sin(Delta)); 
% Solar Azimuth angle 
  
n = length(H); 
for z = 1:n; 
    H_m(z)= 1; 
    if H(z)<0; 
        H_m(z) = -1; 
   if H(z)==0; 
       H_m(z)=0; 
   end 
   end 
     
end 
% Solar Azimuth Angle 
Phi_mat = acos((sin(Beta).*sin(LAT_Rad)-
sin(Delta))./(cos(Beta).*cos(LAT_Rad)))* H_m; 
Phi = Phi_mat(:,1); %   
% Wall Solar Aziumth 
Gamma = Phi - Psi;  
% Angle of Incidence  
Theta = acos(cos(Beta).*cos(Gamma).*sin(Sigma)+ sin(Beta).*cos(Sigma)); 
% Daylight Hours  
Hrs_Light = (2/15)*acos(-tan(LAT_Rad)*tan(Delta))*180/pi; 
%Sun Zenith Angle 
ThetaH = (pi/2)-(Beta); 
  
% Estimating Clear Sky Radiation Values to Determine Diffuse and Direct 
Components of Radiation  
%---------------------Based on Hottels Clear Sky Radiaiton ----------------% 
%---------------------- From Duffie and Beckamn  2013---------------------%  
% Hottels Climate Correction Factors   
%Midlatitude Summer Constants 
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r0=0.97; 
r1=0.99; 
rk=1.02; 
% Adjustment equations for due to elevation and climate 
a0 = r0*(0.4237 - 0.00821*(6-ELV)^2); 
a1 = r1*(0.5055 + 0.00595*(6.5-ELV)^2); 
k = rk*(0.2711 +0.01858*(2.5-ELV)^2); 
%Atmospheric Transmittance for Beam Radiation (TauB)  
n = length(Theta); 
TauB = zeros(n,1); 
for z = 1:n; 
     if abs(Theta(z))<= pi/2; 
        TauB(z) = a0 + a1.* exp(-(k)./cos(transpose(ThetaH(z)))); 
    end 
end 
%Solar Constant (W/m2) 
Gsc = 1367 ; %1367; % from solar engineering book  p.6 
%Outer Atmosphere Normal Radiation ( Ion) 
Ion = Gsc*(1+0.033*cos(2*pi*ETA/365)); 
%Clear Sky Horizontal Beam Radaition(Icb) 
Icb = Ion .* TauB .* cos(ThetaH); % calculate only if the sun is up.  
% Coefficient for Beam and Diffuse Radiation  
n = length(TauB); 
TauD = zeros(n,1); 
for z = 1:n; 
     if abs(TauB(z))> 0; 
        TauD(z) = 0.271- 0.2939*TauB(z); 
    end 
end 
% Total Clear Sky Horizontal Diffuse Radiation  
Icd = Ion.*TauD.*cos(ThetaH);  
% Total Horizontal Clear sky Radiaiton  
Ic = Icb + Icd;  
% Continue at p 915  
% Using measured data and calculated values of total horiztonal into 
% diffuse and direct solar radiation. 
%---------------------Based on Stauter and Klein's ----------------% 
%---------------------- From Duffie and Beckamn  2013---------------------%  
%Measured Solar Radiation on a horiztontal Surface  
I = M_Sol_Rad; % Global Solar Horizontal Measured 
% Ration of measured radiation to estimated clear sky radiation 
IICRatio = I ./ Ic;  
% Replace infinity values with zeros 
R = arrayfun(@(x) ~isfinite(x),IICRatio); % Find non-numeric cells 
IICRatio(R) = (0); % Replace non-numeric cells 
% Ratio of Diffuse to measured radiaiton  
% calculate actual horixont diffuse radiation to measured total radiation  
% included correction factor for when sun is below 10 degrees. ie Beta<10 
% and Beta >0  
n = length(IICRatio); 
IIDRatio = zeros(n,1); 
for z = 1:n; 
    IIDRatio(z) = 1.11 + 0.0396*IICRatio(z)- (0.789*(IICRatio(z))^2); 
    if IICRatio(z) >= 0 & IICRatio(z) <0.48; 
        IIDRatio(z) = 1-0.1*IICRatio(z); 
    end 
    if IICRatio(z) >= 1.1 
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        IIDRatio(z) = 0.2; 
    end 
    if radtodeg(Beta(z)) < 10 && radtodeg(Beta(z))>0 
        IIDRatio(z) = cos(7.84*Beta(z)); %  
      end 
end 
  
% Calculate Diffuse Component  
Id = IIDRatio .* I;  
%Calculate Direct Beam Component  
Ib = I - Id; 
  
%end 
% END OF SOLAR RADIATION FUNCTION  
 
M_Time_Clim_Graph = datetime (M_Time_Stamp); 
%% 
M_Ext_Clim = 
[M_Time_Stamp,M_Temp_Out,M_RH_Out,ISDH,ISD,M_Wind_Spd,M_Wind_Dir,M_Atm_Prs,M_
Rain_Acc]; % Weather Matrix 
%xlswrite('Weather Output',A); 
%% 
clearvars   n Wind_Dir_Raw M_Wind_Dir_X M_Wind_Dir_Y Wind_Dir_y Wind_Dir_x 
Wind_Dir_Raw1 A A1 Atm_Prs Avg_Count C_Atm_Prs C_Rain_Acc C_RH_Out C_Sol_Rad 
C_Temp_Out C_Wind_Dir C_Wind_Spd DateNumb DateTime   ncols Rain_Acc raw1 
RH_Out Sol_Rad t T t1 t_diff Temp_Out  Wind_Spd x y M_Time_Stamp  
% 
%Wind_Dir 
% DateVec 
%T = array2Table(A); 
  
  
% End Program  
  
  
  

HEAT FLUX DATA PROCESSING  
% Heat Flux Data Analysis 
%Author: Mark Flynn 
%Date: 15-Jun-2016 
%Purpose: This program will be used to organize, append, and analyze field 
%specifically the Heat Flux Data  
%-------------------------------------------------------------------------- 
%%Import excell files into Matlab 
[~,~,raw_fd] = xlsread('HeatFluxKit_1.xlsx'); %Read Field Data Excel File and 
store into variables 
% Extract time information for processing 
c_raw_fd_notit = raw_fd(5:end,1:end); 
raw_fd_notit = cell2Table(c_raw_fd_notit); % NaN are inported as strings and 
cannot convert to matrix. 
C_Datetime_HF = raw_fd(5:end,1); 
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Date_Rec_HF = datevec(C_Datetime_HF); % Need to ensure that the 00:00:00 time 
is deleted from the field analysis data x-cell spreadsheet  
c = size(Date_Rec_HF,1); 
% Adjust for Daylights Saving Time on March 13, 2016 @ 21:00h  
for n = 1:c; 
    if Date_Rec_HF(n,2)== 3 && Date_Rec_HF(n,3)==13 && Date_Rec_HF(n,4)> 21; 
        Date_Rec_HF(n,4) = Date_Rec_HF(n,4)-1; 
    end 
    if Date_Rec_HF(n,2)== 3 && Date_Rec_HF(n,3)>13 ; 
        Date_Rec_HF(n,4) = Date_Rec_HF(n,4)-1; 
        if Date_Rec_HF(n,4) == -1; 
            Date_Rec_HF(n,4) = 23; 
            Date_Rec_HF(n,3) = Date_Rec_HF(n-7,3); 
        end 
    end 
    if Date_Rec_HF(n,2)>3 
        Date_Rec_HF(n,4) = Date_Rec_HF(n,4)-1; 
        if Date_Rec_HF(n,4) == -1; 
            Date_Rec_HF(n,4) = 23; 
            Date_Rec_HF(n,3) = Date_Rec_HF(n-7,3); 
            if Date_Rec_HF(n,2)> Date_Rec_HF(n-1,2); 
                Date_Rec_HF(n,2) = Date_Rec_HF(n-1,2); 
            end 
        end 
        
    end 
end 
T_Date_Rec_HF = datetime(Date_Rec_HF);% 
%Location 1X is North Side 
%Location 2X is South Side 
%Location 11 is Northside Outside 
%Location 12 is Northside Inside 
%Location 22 is Southside Outside 
%Location 21 is Southside Inside 
% Isolate Variables 
% North Side Variable 
Rec_Num = raw_fd_notit(:,2); 
T_HF1_Avg = raw_fd_notit(:,6); 
HF1_Avg = Table2array(T_HF1_Avg); 
T_T11_Avg = raw_fd_notit(:,7); 
T11_Avg = Table2array(T_T11_Avg); 
T_DT1_Avg = raw_fd_notit(:,8); 
DT1_Avg = -1*(Table2array(T_DT1_Avg)); 
T12_Avg = T11_Avg + DT1_Avg; 
% South Side Variables  
T_HF2_Avg = raw_fd_notit(:,9); 
HF2_Avg = Table2array(T_HF2_Avg); 
T_T21_Avg = raw_fd_notit(:,10); 
T21_Avg = Table2array(T_T21_Avg); 
T_DT2_Avg = raw_fd_notit(:,11); 
DT2_Avg = Table2array(T_DT2_Avg); 
T22_Avg = T21_Avg - DT2_Avg; 
% 
% Run Averaging Sequence 
nrows_HF = size(Date_Rec_HF,1); 
t_diff_HF = 0; %set Temp difference to 0 
Avg_Count_HF = 1; %set row count to zero 



 

181  

y = 1; 
  
% Average Values for Hour Long Steps  
for x = 1:nrows_HF-1;   % run loop through number of rows in Date_Rec 
    t = Date_Rec_HF(x,4); % time value  at 'x' 
    t1 = Date_Rec_HF(x+1,4); % time value  at 'x+1' 
    t_diff_HF = t1-t; % time difference between steps 
    if t_diff_HF == 1 || t_diff_HF<0  % Average Values if time jump equals an 
hour or changes day. 
        y(Avg_Count_HF+1) = x+2; 
        M_T12_Avg(Avg_Count_HF,1) = 
mean(T12_Avg(y(Avg_Count_HF):x+1),'omitnan'); 
        M_Time_HF(Avg_Count_HF,1:6) = Date_Rec_HF(x+1,1:6); 
        M_HF1_Avg(Avg_Count_HF,1) = 
mean(HF1_Avg(y(Avg_Count_HF):x+1),'omitnan'); 
        M_HF2_Avg(Avg_Count_HF,1) = 
mean(HF2_Avg(y(Avg_Count_HF):x+1),'omitnan'); 
        M_DT1_Avg(Avg_Count_HF,1) = 
mean(DT1_Avg(y(Avg_Count_HF):x+1),'omitnan'); 
        M_DT2_Avg(Avg_Count_HF,1) = 
mean(DT2_Avg(y(Avg_Count_HF):x+1),'omitnan'); 
        M_T1_In_HF(Avg_Count_HF,1) = mean(T12_Avg 
(y(Avg_Count_HF):x+1),'omitnan'); 
        M_T1_Out_HF(Avg_Count_HF,1) = mean(T11_Avg 
(y(Avg_Count_HF):x+1),'omitnan'); 
        M_T2_In_HF(Avg_Count_HF,1) = 
mean(T21_Avg(y(Avg_Count_HF):x+1),'omitnan'); 
        M_T2_Out_HF(Avg_Count_HF,1) = 
mean(T22_Avg(y(Avg_Count_HF):x+1),'omitnan'); 
        Avg_Count_HF=Avg_Count_HF+1; 
    else 
    end 
     
end 
M_Time_HF_Graph = datetime(M_Time_HF);  
clearvars Avg_Count_HF t_diff_HF t1 t y nrows_HF M_Time_HF 
% 
% Calculate  Running R-value  
% South Side 
% 
nrows_HF = size(Date_Rec_HF,1); 
Sum_HF2_Avg = zeros (nrows_HF,1); 
Sum_DT2_Avg = zeros (nrows_HF,1); 
Run_R2_Value = zeros (nrows_HF,1); 
% 
for n = 1 : nrows_HF ;  
Sum_HF2_Avg(n,1) = sum(HF2_Avg(1:n));  
Sum_DT2_Avg(n,1) = sum(DT2_Avg(1:n)); 
Run_R2_Value(n,1) = Sum_DT2_Avg(n,1)/Sum_HF2_Avg(n,1); 
end 
Mean_R2_Value = mean(Run_R2_Value); 
% 
% Calculate  Running R-value  
% North Side 
% 
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Sum_HF1_Avg = zeros (nrows_HF,1); 
Sum_DT1_Avg = zeros (nrows_HF,1); 
Run_R1_Value = zeros (nrows_HF,1); 
% 
for n = 1 : nrows_HF ;  
Sum_HF1_Avg(n,1) = sum(HF1_Avg(1:n));  
Sum_DT1_Avg(n,1) = sum(DT1_Avg(1:n)); 
Run_R1_Value(n,1) = Sum_DT1_Avg(n,1)/Sum_HF1_Avg(n,1); 
end 
Mean_R1_Value = mean(Run_R1_Value); 
  
% Average Running R-Value over an hour time step.  
% Run Averaging Sequence 
nrows_HF = size(Date_Rec_HF,1); 
t_diff_HF = 0; %set Temp difference to 0 
Avg_Count_HF = 1; %set row count to zero 
y = 1; 
% Averageing Loop 
for x = 1:nrows_HF-1;   % run loop through number of rows in Date_Rec 
    t = Date_Rec_HF(x,4); % time value  at 'x' 
    t1 = Date_Rec_HF(x+1,4); % time value  at 'x+1' 
    t_diff_HF = t1-t; % time difference between steps 
    if t_diff_HF == 1 || t_diff_HF<0  % Average Values if time jump equals an 
hour or changes day. 
        y(Avg_Count_HF+1) = x+2; 
        M_R1_Run(Avg_Count_HF,1) = 
mean(Run_R1_Value(y(Avg_Count_HF):x+1),'omitnan'); 
        M_R2_Run(Avg_Count_HF,1) = 
mean(Run_R2_Value(y(Avg_Count_HF):x+1),'omitnan'); 
                Avg_Count_HF=Avg_Count_HF+1; 
    else 
    end 
end 
% Testing For Convergence  ASTM C1155  
% 
% CRn = Re(t) - Re(t-n) / Re(t);  
% Re(t) = Resistance at time (t)  
% Re (t-n) =  Resistance at time (t) minus time block (n)  
% CRn <0.10 is required by standard  for atleast 3 periods of lenghth  
%  n =   6 hrs , 12 hrs, 24 hrs, 72 hours 
t = Size (M_R1_Run,1);  
n = 48; 
CRe = zeros(t,1) ;  
for t = 1:t  
    CRe(t,1) = (M_R1_Run(t) - M_R1_Run(t-n))/ M_R1_Run(t); 
end 
  
  
  
  
% Cut Variables from clear variables 
% Sum_HF1_Avg  Sum_HF2_Avg 
%% 
% Clear unnesscary variables  
clearvars c Avg_Count_HF y t t1 t_diff_HF C_Datetime_HF c_raw_fd_notit 
Date_Rec_HF DT1_Avg DT2_Avg n nrows_HF raw_fd raw_fd_notit Rec_Num 
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Sum_DT1_Avg Sum_DT2_Avg   T11_Avg T12_Avg T21_Avg T_Date_Rec_HF T_DT1_Avg 
T_DT2_Avg T_HF1_Avg T_HF2_Avg T_T11_Avg T_T21_Avg T22_Avg x 

 
% Calculate  Running R-value for layers 
% Created  15-Aug-2016 
% Author: Mark Flynn  
%  
% Average Temperatures for Sensors on the North Side 
A = M_T_All(:,28:39); 
B = M_T_All(:,40:51); 
M_T1_Layers = (A + B)/2;  
% Determine # of rows and columns  
nrows = size(M_T1_Layers,1); 
ncols = size(M_T1_Layers,2); 
% Calculate Temperature differences agaisnt inside surface temperatures 
for n = 1 : nrows ;  
    for z = 1:ncols ;  
        M_Delta_T1_Layers (n,z)= M_T1_In_HF(n,1) - M_T1_Layers(n,z) ; 
    end 
end 
% Create zero Matrices for processesing speed 
Sum_M_HF1_Avg = zeros (nrows,1); 
Sum_M_T1_Layers = zeros (nrows,ncols); 
Run_R1_Layers_Value = zeros (nrows,ncols); 
% Sum temperature differences and heat flux  
% Perform Summation technique 
for n = 1 : nrows ;  
    for z = 1 : ncols ;  
 Sum_M_HF1_Avg(n,1) = sum(M_HF1_Avg(1:n));  
 Sum_M_T1_Layers(n,z) = sum(M_Delta_T1_Layers(1:n,z)); 
 Run_R1_Layers_Value(n,z) =  Sum_M_T1_Layers(n,z)/Sum_M_HF1_Avg(n,1); 
     end 
end 
% 
 clearvars A B nrows ncols 
% Average Temperatures for Sensors on the South Side 
A = M_T_All(:,2:13); 
B = M_T_All(:,14:25); 
M_T2_Layers = (A + B)/2;  
% Determine # of rows and columns  
nrows = size(M_T2_Layers,1); 
ncols = size(M_T2_Layers,2); 
% Calculate Temperature differences agaisnt inside surface temperatures 
for n = 1 : nrows ;  
    for z = 1:ncols ;  
        M_Delta_T2_Layers (n,z)= M_T2_In_HF(n,1) - M_T2_Layers(n,z) ; 
    end 
end 
% Create zero Matrices for processesing speed 
Sum_M_HF2_Avg = zeros (nrows,1); 
Sum_M_T2_Layers = zeros (nrows,ncols); 
Run_R2_Layers_Value = zeros (nrows,ncols); 
% Sum temperature differences and heat flux  
% Perform Summation technique 
for n = 1 : nrows ;  
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    for z = 1 : ncols ;  
 Sum_M_HF2_Avg(n,1) = sum(M_HF2_Avg(1:n));  
 Sum_M_T2_Layers(n,z) = sum(M_Delta_T2_Layers(1:n,z)); 
 Run_R2_Layers_Value(n,z) =  Sum_M_T2_Layers(n,z)/Sum_M_HF2_Avg(n,1); 
     end 
end 
  
  
%% 
% 
% M_Delta_T1_Layers 
% M_T1_Layers 
 % Clear unnesscary varabiles  
 clearvars nrows A B  nrows ncols   Sum_M_HF1_Avg Sum_M_T1_Layers n  z  
M_T2_Layers M_Delta_T2_Layers Sum_M_HF2_Avg Sum_M_T2_Layers  
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Appendix B : Sensor Location List  

 
%Heat Flux  
%Location 1X is North Side 
%Location 2X is South Side 
%Location 11 is Northside Outside 
%Location 12 is Northside Inside 
%Location 22 is Southside Outside 
%Location 21 is Southside Inside 
 
 
*IT SHOULD BE NOTED THAT LABELLING OF SENSORS ACCIDENTLY SWITCHED 
NORTH AND SOUTH SIDES. THE PROGRAMING CODE HAS THE SENSORS AS 
LABELED.  
 
THIS SECTION HAS CHANGED THE ORIENTATION TO SUIT ACTUAL 
CHARACTERISTICS OF SENSORS IN FIELD ** 
 
 
%Temperature Sensors  
 
% T1 = SH0L6.5-TPM - Bottom Plate South Side  
% T2 = SH1L0-T - Lower Exterior Cladding Surface Temp South Side 
% T3 = SH1L1.5-TRH - Lower Exterior Cladding Cavity Temperature  
% T4 = SH1L2-T - Lower Exterior Insulation Surface Temp South Side  
% T5 = SH1L3-TRH - Lower Exterior Insulation Mid-Layer Temperature South 
% T6 = SH1L4-T - Lower Exterior Insulation Mid Layer Temp South Side 
% T7 = SH1L4-TRH - Lower Exterior Insulation Mid-Layer Temperature South 
% T8 = SH1L5-TRH - Lower Exterior OSB Temperature South Side 
% T9 = SH1L6-TRH - Lower Interior OSB Temperature South Side   
% T10= SH1AL6-TPM - Lower OSB South Side 
% T11= SH1BL6.5-TPM - Lower Stud South Side 
% T12= SH1L7-TRH - Lower Interior Ext. Side Gypsum South Side 
% T13= SH1L8-T - Lower Interior Gypsum Temp South Side 
% T14= SH2L0-T - Upper Exterior Cladding Surface Temp South Side 
% T15= SH2L1.5-TRH - Upper Exterior Cladding Cavity Temperature South 
% T16= SH2L2-T - Upper Exterior Insulation Surface Temp South Side 
% T17= SH2L3-TRH - Upper Exterior Insulation Mid-Layer Temperature South 
% T18= SH2L4-T - Upper Exterior Insulation Mid Layer Temp South Side 
% T19= SH2L4-TRH - Upper Exterior Insulation Mid-Layer Temperature South 
% T20= SH2L5-TRH - Upper Exterior OSB Temperature South Side 
% T21= SH2L6-TRH - Upper Interior OSB Temperature South Side 
% T22= SH2AL6-TPM - Upper OSB South Side 
% T23= SH2BL6.5-TPM - Upper Stud South Side 
% T24= SH2L7-TRH - Upper Interior Ext. Side Gypsum South Side 
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% T25= SH2L8-T - Upper Interior Gypsum Temp South Side 
% T26= SH3L6.5-TPM - Top Plate South Side 
% T27= NH0L6.5-TPM - Bottom Plate North Side 
% T28= NH1L0-T - Lower Exterior Cladding Surface Temp North Side 
% T29= NH1L1.5-TRH - Lower Exterior Cladding Cavity Temperature North 
% T30= NH1L2-T - Lower Exterior Insulation Surface Temp North Side 
% T31= NH1L3-TRH - Lower Exterior Insulation Mid-Layer Temperature North 
% T32= NH1L4-T - Lower Exterior Insulation Mid Layer Temp North Side 
% T33= NH1L4-TRH - Lower Exterior Insulation Mid-Layer Temperature North 
% T34= NH1L5-TRH - Lower Exterior OSB Temperature North Side 
% T35= NH1L6-TRH - Lower Interior OSB Temperature North Side 
% T36= NH1AL6-TPM - Lower OSB North Side  
% T37= NH1BL6.5-TPM - Lower Stud North Side 
% T38= NH1L7-TRH - Lower Interior Ext. Side Gypsum North Side  
% T39= NH1L8-T - Lower Interior Gypsum Temp North Side 
% T40= NH2L0-T - Upper Exterior Cladding Surface Temp North Side 
% T41= NH2L1.5-TRH - Upper Exterior Cladding Cavity Temperature North 
% T42= NH2L2-T - Upper Exterior Insulation Surface Temp North Side 
% T43= NH2L3-TRH - Upper Exterior Insulation Mid-Layer Temperature North 
% T44= NH2L4-T - Upper Exterior Insulation Mid Layer Temp North Side 
% T45= NH2L4-TRH - Upper Exterior Insulation Mid-Layer Temperature North  
% T46= NH2L5-TRH - Upper Exterior OSB Temperature North Side  
% T47= NH2L6-TRH - Upper Interior OSB Temperature NorthSide 
% T48= NH2AL6-TPM - Upper OSB North Side 
% T49= NH2BL6.5-TPM - Upper Stud North Side 
% T50= NH2L7-TRH - Upper Interior Ext. Side Gypsum NorthSide 
% T51= NH2L8-T - Upper Interior Gypsum Temp North Side 
% T52= NH3L6.5-TPM - Top Plate North Side 
 
%Relative Humidity 
 
%RH1 = SH1L1.5-TRH 
%RH2 = SH1L3-TRH  
%RH3 = SH1L4-TRH  
%RH4 = SH1L5-TRH 
%RH5 = SH1L6-TRH 
%RH6 = SH1L7-TRH 
%RH7 = SH2L1.5-TRH 
%RH8 = SH2L3-TRH  
%RH9 = SH2L4-TRH 
%RH10 =SH2L5-TRH  
%RH11 = SH2L6-TRH  
%RH12 = SH2L7-TRH  
%RH13 = NH1L1.5-TRH  
%RH14 = NH1L3-TRH 
%RH15 = NH1L4-TRH  
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%RH16 = NH1L5-TRH  
%RH17 = NH1L6-TRH 
%RH18 = NH1L7-TRH 
%RH19 = NH2L1.5-TRH 
%RH20 = NH2L3-TRH 
%RH21 = NH2L4-TRH  
%RH22 = NH2L5-TRH 
%RH23 = NH2L6-TRH 
%RH24 = NH2L7-TRH 
 
%Moisture Content 
 
% MC1 = SH0L6.5-TPM 
% MC2 = SH1AL6-TPM 
% MC3 = SH1BL6.5-TPM 
% MC4 = SH2AL6-TPM  
% MC5 = SH2BL6.5-TPM  
% MC6 = SH3L6.5-TPM 
% MC7 = NH0L6.5-TPM 
% MC8 = NH1AL6-TPM 
% MC9 = NH1BL6.5-TPM 
% MC10 = NH2AL6-TPM  
% MC11 = NH2BL6.5-TPM 
% MC12 = NH3L6.5-TPM  
  



 

188  

Appendix C:  Field Data Logging Code  
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193  

Appendix D:  Heat Flux Data Logging Code 
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Appendix E: Temperature Sensor Differences & Stratification 

At some locations, multiple types sensors have been placed.  At layer 4 and layer 6 multiple 

types of sensors were placed. At layer 4 a thermistor and a RHT bundle have been placed, and at 

layer 6 a RHT bundle and a Moisture Pin and T (TPM) have been placed. A comparison of these 

temperatures show that a slight difference exists between the two.  It should be noted this 

comparison was only completed on the south side at height 1 during the winter time-period.  

Location Sensors 
Average 

Difference 
Max Difference 

Standard 

Deviation 

Layer 4 RHT & T 0.5°C 0.9°C 0.12°C 

Layer 6 RHT & TPM 0.7°C 1.2°C 0.14°C 

 

Differences between Height 1 and 2.  

The data indicates that there are differences between the temperatures at height 1 and height 2. 

With height 2 being warmer than height 1. This is expected as stratification of the air would 

result in higher air temperatures at the ceiling of the structure than the floor.  

South 

(Height 2 – Height 1)  

Layer 

Average 

Difference  

°C 

Max Difference 

°C 

Standard 

Deviation 

°C 

0 1.65 24.9 3.34 

1.5 1.58 19.9 3.13 

2 1.55 17.2 2.98 

3* N/A* N/A* N/A* 

4 0.78 2.94 0.50 

5 0.90 2.14 0.36 

6 0.72 1.94 0.35 

6.5 1.29 2.43 0.40 
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7 0.91 2.31 0.46 

8 0.63 2.26 0.53 

Total* 0.87  0.23 

.  Layer 3 sensor placement was completed incorrectly  

Layer 
Average 

Difference 
Max Difference 

Standard 

Deviation 

0 0.14 1.42 0.28 

1.5 0.56 1.82 0.41 

2 0.08 2.48 0.57 

3 0.61 1.66 0.34 

4 0.75 1.72 0.37 

5 0.66 1.76 0.46 

6 0.03 1.14 0.33 

6.5 0.06 1.58 0.35 

7 0.59 2.90 0.69 

8 0.79 3.29 0.73 

Total 0.43  0.31 

North Wall Winter H1 and H2  
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Appendix F: Convergence Graphs Southern Wall Analysis 

OVER CAST CONVERGANCE 

 

 

SOUTHWALL  USES NORTH DELTA TEMPERATURE DATA CONVERGANCE 
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Appendix G: Raw Thermal Conductivity Data 
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Appendix H : Heat3 Conductivity Results 

 

CompletedCase# Notes
Stud 
Spacing 

 Fasterner 
Spacing 

Exterior 
Insluation

Interior 
Insulation

Width 
(mm)

Height 
(mm) Area (m2) Q (W)

Steel RSI 
(m2K/W)

Steel R - 
Value

% Decrease 
from 
Nominal Width Height Area Q (w)2

Stainless 
Steel RSI 
(m2K/W)

% Decrease 
from 
Nominal2

Steel vs 
Stainless Modelling Notes:

1 Nominal 16" N/A 9" 3.5" 400 305 0.122 #DIV/0! #DIV/0! 0.0% 400 305 0.122 #DIV/0! #DIV/0!
2 Calibrated 16" N/A 9" 3.5" 400 305 0.122 0.3908 9.37 53.26105425 104.5% 400 305 0.122 #DIV/0! #DIV/0!
3 Effictive Calibrated 16" 12" 9" 3.5" 406.5 305 0.1239825 0.4689 7.93 45.11122697 15.3% 406.5 305 0.1239825 0.443 8.40 10.3% 5.5%
4 Effective 16" 12" 9" 3.5" 406.5 305 0.1239825 0.4888 7.61 43.27466106 15.1% 406.5 305 0.1239825 0.4641 8.01 10.6% 5.1%

5 Effective 16" 12" 9" 0" 406.5 305 0.1239825 0.6673 5.57 31.69886756 14.2% 406.5 305 0.1239825 0.6263 5.94 8.6% 6.1%
The gypsum and cavity have been 
eliminated and it is assumed interior air  

6 Effective 16" 12" 9" 5.5" 406.5 305 0.1239825 0.4249 8.75 49.78266492 15.6% 406.5 305 0.1239825 0.4062 9.16 11.7% 4.4%
7 Effective 16" 12" 6" 0" 406.5 305 0.1239825 0.9761 3.81 21.67058122 13.2% 406.5 305 0.1239825 0.9243 4.02 8.4% 5.3%
8 Effective 16" 12" 6" 3.5" 406.5 305 0.1239825 0.6357 5.85 33.27458601 14.7% 406.5 305 0.1239825 0.6087 6.11 10.9% 4.2%
9 Effective 16" 12" 6" 5.5" 406.5 305 0.1239825 0.532 6.99 39.76062843 15.4% 406.5 305 0.1239825 0.5134 7.24 12.3% 3.5%

10 Effective 16" 6" 9" 3.5" 406.5 152.5 0.06199125 0.2736 6.80 38.65616653 24.2% 406.5 152.5 0.06199125 0.2489 7.47 16.63% 9.03%
11 Effective 16" 6" 9" 0" 406.5 152.5 0.06199125 0.3783 4.92 27.95751299 24.4% 406.5 152.5 0.06199125 0.3373 5.51 15.2% 10.8%
12 Effective 16" 6" 9" 5.5" 406.5 152.5 0.06199125 0.2328 7.99 45.4309586 23.0% 406.5 152.5 0.06199125 0.215 8.65 16.57% 7.65%
13 Effective 16" 6" 6" 0" 406.5 152.5 0.06199125 0.5464 3.40 19.35638207 22.5% 406.5 152.5 0.06199125 0.4947 3.76 14.4% 9.5%
14 Effective 16" 6" 6" 3.5" 406.5 152.5 0.06199125 0.3482 5.34 30.37428823 22.1% 406.5 152.5 0.06199125 0.3228 5.76 16.0% 7.3%
15 Effective 16" 6" 6" 5.5" 406.5 152.5 0.06199125 0.287 6.48 36.85131416 21.6% 406.5 152.5 0.06199125 0.2695 6.90 16.5% 6.1%
16 Effective 16" 18" 9" 3.5" 406.5 457.2 0.1858518 0.7041 7.92 45.03362533 11.6% 406.5 457.2 0.1858518 0.6794 8.21 8.4% 3.5%
17 Effective 16" 18" 9" 0" 406.5 457.2 0.1858518 0.9551 5.84 33.1988018 10.2% 406.5 457.2 0.1858518 0.9142 6.10 6.2% 4.3%
18 Effective 16" 18" 9" 5.5" 406.5 457.2 0.1858518 0.6152 9.06 51.54124772 12.6% 406.5 457.2 0.1858518 0.5962 9.35 9.8% 3.1%
19 Effective 16" 18" 6" 0" 406.5 457.2 0.1858518 1.4039 3.97 22.58577933 9.6% 406.5 457.2 0.1858518 1.3523 4.12 6.1% 3.7%
20 Effective 16" 18" 6" 3.5" 406.5 457.2 0.1858518 0.921 6.05 34.42798653 11.7% 406.5 457.2 0.1858518 0.8947 6.23 9.1% 2.9%
21 Effective 16" 18" 6" 5.5" 406.5 457.2 0.1858518 0.7745 7.20 40.94018799 12.9% 406.5 457.2 0.1858518 0.7559 7.38 10.7% 2.4%
22 Effective 24" 12" 9" 3.5" 609.5 305 0.1858975 0.6956 8.02 45.59513007 10.5% 609.5 305 0.1858975 0.6712 8.31 7.3% 3.5%
23 Effective 24" 12" 9" 0" 609.5 305 0.1858975 0.9562 5.83 33.16876435 10.3% 609.5 305 0.1858975 0.9155 6.09 6.3% 4.3%
24 Effective 24" 12" 9" 5.5" 609.5 305 0.1858975 0.6038 9.24 52.52728134 10.9% 609.5 305 0.1858975 0.5852 9.53 8.1% 3.1%
25 Effective 24" 12" 6" 0" 609.5 305 0.1858975 1.4061 3.97 22.5559864 9.7% 609.5 305 0.1858975 1.3551 4.12 6.3% 3.6%
26 Effective 24" 12" 6" 3.5" 609.5 305 0.1858975 0.906 6.16 35.00659214 10.2% 609.5 305 0.1858975 0.8802 6.34 7.6% 2.8%
27 Effective 24" 12" 6" 5.5" 609.5 305 0.1858975 0.7565 7.37 41.92461662 10.8% 609.5 305 0.1858975 0.7381 7.56 8.5% 2.4%
28 Effective 24" 6" 9" 3.5" 609.5 152.5 0.09294875 0.3767 7.40 42.09712301 17.4% 609.5 152.5 0.09294875 0.3523 7.92 11.7% 6.5%
29 Effective 24" 6" 9" 0" 609.5 152.5 0.09294875 0.5223 5.34 30.36183465 17.9% 609.5 152.5 0.09294875 0.4818 5.79 11.0% 7.8%
30 Effective 24" 6" 9" 5.5" 609.5 152.5 0.09294875 0.3221 8.66 49.23311468 16.5% 609.5 152.5 0.09294875 0.3045 9.16 11.7% 5.5%
31 Effective 24" 6" 6" 0" 609.5 152.5 0.09294875 0.7608 3.67 20.84383049 16.5% 609.5 152.5 0.09294875 0.7089 3.93 10.4% 6.8%
32 Effective 24" 6" 6" 3.5" 609.5 152.5 0.09294875 0.483 5.77 32.83226964 15.8% 609.5 152.5 0.09294875 0.458 6.09 11.2% 5.2%
33 Effective 24" 6" 6" 5.5" 609.5 152.5 0.09294875 0.399 6.99 39.74432641 15.4% 609.5 152.5 0.09294875 0.3817 7.31 11.6% 4.3%
34 Effective 24" 18" 9" 3.5" 609.5 457.2 0.2786634 1.0145 8.24 46.86324561 8.0% 609.5 457.2 0.2786634 0.99 8.44 5.8% 2.4%
35 Effective 24" 18" 9" 0" 609.5 457.2 0.2786634 1.3884 6.02 34.24284261 7.4% 609.5 457.2 0.2786634 1.3478 6.20 4.6% 2.9%
36 Effective 24" 18" 9" 5.5" 609.5 457.2 0.2786634 0.8835 9.46 53.8118423 8.7% 609.5 457.2 0.2786634 0.8648 9.67 6.8% 2.1%
37 Effective 24" 18" 6" 0" 609.5 457.2 0.2786634 2.0491 4.08 23.20177769 7.1% 609.5 457.2 0.2786634 1.988 4.21 4.2% 3.0%
38 Effective 24" 18" 6" 3.5" 609.5 457.2 0.2786634 1.3266 6.30 35.83805418 8.1% 609.5 457.2 0.2786634 1.3006 6.43 6.3% 2.0%
39 Effective 24" 18" 6" 5.5" 609.5 457.2 0.2786634 1.1114 7.52 42.77736429 9.0% 609.5 457.2 0.2786634 1.0929 7.65 7.4% 1.7%

Nominal 9" 3.5" 400 305 0.122 0.4084 8.96
Nominal 9" 0" 400 305 0.122 0.5631 6.50 w/o gypsum
Nominal 9" 5.5" 400 305 0.122 0.353 10.37
Nominal 6" 0" 400 305 0.122 0.8334 4.39 w/o gypsum
Nominal 6" 3.5" 400 305 0.122 0.5338 6.86
Nominal 6" 5.5" 400 305 0.122 0.443 8.26
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Appendix I: Calibration Statistics 

North Wall (Winter) 

Internal Surface Resistance 
Case # Heat 

Resistance 
RMSE  

1 0.120 0.175  
2 0.175 0.133 Select 
3 0.200 0.140  
4 0.225 0.164  
5 0.250 0.196  
6 0.275 0.234  
7 0.185 0.134  
8 0.160 0.138  

 
Wind-Factor (Lee-ward) 

Case # f leeward RSME 
8 0.1 1.700 
9 0.66 1.536 

10 2.0 1.653 
11 4.0 1.559 
12 1.5 1.548 
13 3.0 1.538 
14 2.5 1.534 
15 0.25 1.671 

 
Radiation Resistance 

Case # Rad (units) RMSE Mean 
Error 
Bias 

16 1.0 2.4146 1.001 
17 10.0 1.5182 0.9334 
18 15.0 1.5882 0.9353 
19 4.5 1.9141 0.9938 
20 8.0 1.5641 0.9411 
21 12.0 1.5308 0.9320 
22 9.0 1.5278 0.9335 
23 9.5 1.5201 0.9330 
24 8.5 1.5419 0.9367 
25 6.5 1.6433 0.9595 

    
Case # Rad (Units) RMSE Mean 

Error 
Bias 

26 1.0 2.6795 -0.657 
27 10.0 1.2638 0.1937 
28 15.0 1.3656 0.3759 
29 4.5 1.7357 -0.1867 
30 8.0 1.3255 0.0892 
31 12.0 1.2826 0.2752 
32 9.0 1.2828 0.1482 
33 9.5 1.2695 0.1710 
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34 8.5 1.3000 0.1207 
    

 
Ground Long Wave Reflectivity 

Case # GLWR RMSE Mean 
Error 
Bias 

43 0.25 1.3220 -0.2179 
44 0.40 2.0055 -1.3817 
45 0.3 1.4828 -.6074 
46 0.35 1.7200 -0.9945 
47 0.15 1.3466 0.5518 
48 0.18 1.2894 0.3258 
49 0.22 1.2762 0.0131 
50 0.19 1.2791 0.2486 
51 0.21 1.2700 0.0890 

    
 

Ground Long Wace Emissivity 
Case # GLWE RMSE 

52 0.7 2.2774 
53 0.8 1.5913 
54 0.95 1.360 
55 0.88 1.2848 
56 0.92 1.2885 

 
Long-Wave Radiation Emissivity 

Case # ε RSME 
57 0.7 1.2957 
58 0.8 1.2711 
59 0.95 1.2822 
60 0.88 1.2687 
61 0.92 1.2740 
62 0.86 1.2681 
63 0.84 1.2682 

   
 

South Wall 
Short-Wave Radiation Absorptivity 

Radiation Coefficient 
Case # Radiation 

(units_ 
RSME 

63 9.5 3.3256 
64 0.0 7.8646 
65 2.0 5.1623 
66 4.0 3.1981 
67 6.0 2.5201 
68 8.0 2.8351 
69 6.5 2.5308 
70 5.5 2.5662 
71 7.5 2.7102 

 
Ground Short Wave Reflectivity 
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Case # SWRA / GSWR 
@ 0.26 

RSME 

72 0.85 2.6637 
73 0.90 2.9941 
74 0.95 3.443 
75 0.75 2.5944 
76 0.78 2.5208 
77 0.79 2.5177 

 GSWR  
78 0.30 2.5217 
79 0.22 2.5306 

Summer RSME Tables 
Interior Surface Heat Resistance 

Case Radiation/Convection 
Coefficient 

RMSE 

1 0.175 (winter value) 0.5608 
2 3.0 1.4409 
3 1.5 1.0777 
4 0.75 0.8128 
5 0.25 0.5834 
6 0.10 0.5579 
7 0.05 0.5720 
8 0.001 0.6986 
   

 
Radiation Coefficient and GLWR 

Case Radiation 
Coefficient 

GLWR RMSE Low ISD* 
RMSE 

1 18 0.1 2.2427 2.1338 
2 18 0.3 1.6838 1.4573 
3 18 0.5 1.9322 1.6513 
4 22 0.1 2.2663 2.0211 
5 22 0.3 1.6310 1.3631 
6 22 0.5 1.5784 1.3686 
7 26 0.1 2.3352 1.9520 
8 26 0.3 1.7012 1.3308 
9 26 0.5 1.4560 1.2081 

*Incident Solar Direct (short-wave radiation) 
Radiation Coefficient and GLWR – Continued 

Case Radiation 
Coefficient 

GLWR RMSE Low ISD* 
RMSE 

10 24 0.4 1.4948 1.2073 
11 24 0.5 1.4941 1.2759 
12 24 0.6 1.6522 1.5185 
13 28 0.4 1.5490 1.1642 
14 28 0.5 1.4531 1.1603 
15 28 0.6 1.4880 1.3152 

 
Ground Short Wave Reflectivity 

Case GSWR RMSE 
16 0.3 1.4123 
17 0.4 1.4501 
18 0.5 1.5325 
19 0.36 1.3916 
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20 0.38 1.3968 
21 0.42 1.4210 
22 0.44 1.4416 
23 0.46 1.4672 

   
 

South Wall Calibration 
 

Case Radiation 
Coefficient 

GLWR RMSE Low ISD* 
RMSE 

1 15.0 0.1 3.9162 1.7500 
2 15.0 0.3 3.2735 1.0808 
3 15.0 0.5 3.1778 1.8260 
4 20.0 0.1 4.5688 1.7529 
5 20.0 0.3 3.9572 1.1444 
6 20.0 0.5 3.6216 1.4836 
7 25.0 0.1 5.1013 1.8076 
8 25.0 0.3 4.5573 1.2877 
9 25.0 0.5 4.1740 1.3856 

10 10.0 0.1 3.2967 1.9241 
11 10.0 0.3 2.9043 1.3508 
12 10.0 0.5 3.3368 2.6392 

 
Case Radiation 

Coefficient 
GLWR RMSE Low ISD* 

RMSE 
10 16.5 0.2 3.7554 1.2932 
12 16.5 0.3 3.4787 1.0805 
13 16.5 0.4 3.3118 1.2460 
14 17.5 0.2 3.8975 1.3116 
15 17.5 0.3 3.6173 1.0919 
16 17.5 0.4 3.4332 1.2173 
17 13.5 0.3 3.0879 1.1101 

 
Ground Short Wave Reflectivity 

Case GSWR RMSE 
18 0.20 3.5021 
19 0.30 3.1415 
20 0.35 3.0029 
21 0.40 2.8974 
22 0.45 2.8284 
23 0.50 2.7988 
24 0.55 2.8096 
25 0.60 2.8601 
26 0.65 2.9481 
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Appendix J: Cloud Index Supplementary Information 
 

As Reported by Environment 
Canada 

Custom CI 

1 Blowing Snow 
 

0.66 
2 Clear 

  
0 

3 Cloudy 
  

0.8 
4 Drizzle 

  
0.8 

5 Drizzle,Fog 
 

0.8 
6 Fog 

  
0.5 

7 Freezing Drizzle 
 

0.8 
8 Freezing Drizzle,Snow 

 
0.85 

9 Freezing Rain,Freezing Drizzle,Fog 0.9 
10 Freezing Rain,Ice Pellets,Fog 0.9 
11 Freezing Rain,Snow 

 
0.9 

12 Freezing Rain,Snow 
 

0.9 
13 Heavy Rain Showers 

 
1 

14 Heavy Rain,Fog 
 

1 
15 Ice Pellet Showers,Snow Showers 0.9 
16 Ice Pellets 

 
0.85 

17 Mainly Clear 
 

0.2 
18 Moderate Rain 

 
0.9 

19 Moderate Snow 
 

0.9 
20 Mostly Cloudy 

 
0.66 

21 Rain 
  

0.75 
22 Rain Showers 

 
0.8 

23 Rain Showers,Fog 
 

0.8 
24 Rain,Fog 

  
0.9 

25 Snow 
  

0.85 
26 Snow Grains 

 
0.75 

27 Snow Showers 
 

0.85 
28 Snow,Blowing Snow 

 
0.8 

29 Snow,Ice Pellets 
 

0.85 
30 Thunderstorms 

 
1 

31 Thunderstorms,Moderate Rain 
Showers 

1 

32 Thunderstorms,Rain Showers 1 
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Appendix K: WUFI Material Information  

  

  



 

210  

 



 

211  

Appendix L: Parametric Numerical Results 

Cas
e # 

Toronto St. John’s Calgary Vancouver Fairbanks 
RHT8

0 
RHT9

5 RHT80 
RHT9

5 RHT80 
RHT9

5 RHT80 
RHT9

5 RHT80 
RHT9

5 
1 0 0 144 0 71 0 663 0 70 0 
2 0 0 181 0 85 0 0 0 82 0 
3 0 0 232 0 93 0 1,460 0 92 0 
4 0 0 177 0 86 0 989 0 84 0 
5 829 0 432 0 68,559 0 186 0 483,204 0 

6 29,828 0 49,852 0 567,834 0 263 0 
1,771,47

9 
38,029 

7 4,092 0 254,900 1,789 46,215 0 1,494 0 70 0 

8 
575,92

0 
15,019 

1,892,56
0 

77,969 
2,003,72

6 
123,96

6 
2,308,04

8 
106,46

5 
70 0 

9 5,697 0 290,267 2,318 61,402 0 3,737 0 92 0 

10 
660,02

0 
16,975 

2,033,76
4 

86,477 
2,144,98

1 
131,65

2 
2,770,01

1 
160,86

5 
92 0 

11 569 0 376 0 72,822 0 165 0 480,051 0 
12 115 0 189 0 56,003 0 100 0 323,446 0 
13 0 0 375 0 221 0 1,842 0 281 0 
14 913 0 2,302 0 6,854 0 5,851 0 40,160 0 
15 32,736 0 28,426 0 19,344 0 65,014 0 15,185 0 

16 51,562 0 49,539 0 31,255 0 97,491 0 21,282 0 

17 0 0 0 0 0 0 0 0 0 0 
18 0 0 0 0 0 0 0 0 0 0 
19 0 0 286 0 0 0 1,768 0 90 0 
20 1,529 0 2,555 0 4,472 0 5,941 0 10,495 0 
21 0 0 0 0 0 0 0 0 0 0 
22 0 0 0 0 0 0 0 0 0 0 
23 4,201 0 5,564 0 9,611 0 11,121 0 36,691 0 
24 96,803 0 246,615 0 98,447 0 115,225 0 208,501 0 
25 0 0 0 0 0 0 0 0 0 0 
26 1,633 0 4,242 0 12,248 0 6467 0 54,814 0 
27 0 0 0 0 0 0 0 0 0 0 
28 1,498 0 4,092 0 11,833 0 6345 0 51,530 0 
29 0 0 0 0 0 0 0 0 0 0 
30 0 0 0 0 0 0 0 0 0 0 
31 0 0 0 0 0 0 0 0 0 0 
32 0 0 226 0 0 0 282 0 0 0 
33 0 0 0 0 0 0 0 0 101 0 
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