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Abstract 

Assessing The Impact Of Air Leakage On The Hygrothermal Performance Of 
Wood-Frame Walls Under Historical And Future Climates 

 

Max Junginger 

Concordia University, 2023 

Air leakage is a crucial factor when assessing the hygrothermal performance of wood-frame walls 

since it can lead to moisture accumulation during the cold season. The seriousness of this problem 

may change in a warmer climate in the future and hygrothermal simulations are widely used as a 

tool to predict this effect. However, since 2D models are required for detailed air leakage assess-

ment and the high number of input variables leads to having to conduct thousands of simulations 

for a single type of building cladding, downsizing the simulation grid to the lowest number of cells 

is a crucial task to help ensure reduced computational time. Using a hygrothermal simulation tool, 

the steps needed to build the smallest 2D grid were explained; as well, convergence and accuracy 

of the results were evaluated and the functional relations between air leakage rate and air perme-

ability of the insulation were clarified. Hygrothermal simulations were performed for wood-frame 

walls having brick veneer and stucco cladding for three Canadian cities: Whitehorse, Vancouver, 

and Ottawa. While the air leakage rate has a significant impact on the inner surface of OSB, wind 

driven rain is the key factor on the outer surface. The performance of stucco cladding is worse 

than brick in all cases and the future climate may reduce the risk of mould growth on the inner 

surface of OSB in all cities. The results also show that the simulation time can be reduced by 90%, 

with negligible loss of accuracy, when comparing fine to optimized meshes. 
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Chapter 1. Introduction 

1.1. Background  

Since the beginning of the first cavity walls more than 100 years ago, it was thought that vapor 

diffusion was the main source of moisture inside the cavity, and this could lead to condensation 

and bio deterioration of sensitive materials. Around 1960, however, it became obvious that air 

leakage was the most important source of water migration and ways of avoiding it increased in 

importance (Quirouette, 1989). Over time, researchers found out that the major part of moisture 

was due to air leakage (exfiltration) instead of vapor diffusion, mostly through the interfaces and 

joints between components (Kumaran & Haysom, 2000). 

Due to this air movement, the most impermeable, most durable vapor barrier may be rendered 

virtually ineffective by the presence of accidental or intentional openings and will result in exces-

sive condensation within the wall (Handegord, 1960). ASHRAE (2017) also mentions that calcu-

lations of water vapor flow, interstitial condensation, and related moisture accumulation using only 

water vapor resistances are useless when airflow is involved. 

At low air leakage rates, the heat flux is also low and there is almost no influence on the temper-

ature of the leakage path; therefore, the only practical effect is the undesirable moisture accumu-

lation, comparatively higher than with high leakage rates. This happens because at higher air 

leakage rates, heat flux has a greater contribution and the path becomes so warm that the condi-

tion for condensation cease to exist (Ojanen & Kumaran, 1992). 

Therefore, the maximum acceptable air leakage rate for the air barrier system ultimately depends 

on the temperature and relative humidity conditions of both warm and cold sides. The NBC pro-

poses some values of maximum air leakage rates for the air barrier system, which are related to 

the likelihood of condensation on the cold side: the higher the relative humidity inside, the lower 

should be the air leakage rate. Those values do not consider the impact of future climate, though, 

but it is anticipated that extreme weather events will intensify in the future due to a warmer climate. 

Annual average temperature in Canada may rise about twice the global average and this can lead 

to building long-term performance issues related to temperature increases and rainfall events, 

which might become more severe and frequent (Bush & Lemmen, 2019). Therefore, a code-com-

pliant wall - which is supposed to perform well - might show unexpected hygrothermal response 

because of a different climate in the future. 

Besides the value for the air leakage rate, other parameters are also needed because the mech-

anism which explains air leakage may become very complex: it is related to wind pressures, un-

expected gaps, stack effect, indoor and outdoor conditions, shape/size/height of the building, 

HVAC systems, type of assembly etc. (Lstiburek, 2000). Moreover, the properties of the materials 

vary within certain ranges and make the situation even more complex (Boardman & Glass, 2020; 

Hurel et al., 2017).  

All these possibilities lead to many different exfiltration paths and simulation tools can help to rank 

different configurations in terms of risk assessment. Then, after deciding the air leakage path and 

applying some simplifications to the computational model, it is a good strategy to run the same 

case considering the variability of the inputs, whether related to material properties (Cornick et al., 

2003; Salonvaara et al., 2001; Wang, 2018), climate files (Blocken & Carmeliet, 2006; Cornick et 
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al., 2003; Cornick, Alan Dalgliesh, et al., 2009), and the geometry itself (Bauklimatik, 2022; 

Paepcke & Nicolai, 2020). 

One 3-year simulation takes around 8 hours to complete and, depending on the extent of the 

simplifications and variability of the inputs, the number of simulations can reach tens of thousands 

only for a single city, which means computational capacity and time availability may become a real 

hurdle: therefore, the fewer the number of simulations and the faster they are, the better. So, 

finding the best relation between accuracy and simulation time is a crucial task. 

With faster simulations, it will be possible to evaluate a higher number of scenarios, helping to 

design safer and more robust assemblies regardless of the uncertainties of the inputs. In this 

research, Delphin simulation tool was used to model the hygrothermal performance of wood frame 

walls with stucco and brick claddings in three Canadian cities: Whitehorse, Vancouver, and Ot-

tawa. Key parameters were explored, for instance air leakage path, air permeability of the insula-

tion, wind driven rain, and opening size. After setting up of the model, the hygrothermal perfor-

mance of five different positions inside the assembly was addressed considering two air leakage 

rates under historical and future periods. 

1.2. Objective 

The goal of this thesis is to assess the effect of different air leakage rates on the hygrothermal 

performance of wood-frame walls. To accomplish that, some questions were answered: 

• What is the influence of the air leakage rate and cladding type on the hygrothermal performance on 

the inner and outer surface of OSB. 

• What is the impact of the air leakage on different geographical locations. 

• What is the impact of wind driven rain when acting together with air leakage. 

• How the future climate might impact the performance of the assembly when compared to the histor-

ical climate. 

1.3. Outline of the thesis 

Chapter 2 reports a literature review, which includes the concepts related to condensation and the 

main factors involved; also, the history of condensation and air infiltration into the assembly is 

explained since the beginning of the studies. The importance of air leakage is explored, its major 

importance when compared to vapor diffusion is made clear, and a comprehensive explanation of 

how the science of air leakage was incorporated by the National Building Code over the years is 

given. Lastly, 1D and 2D computational models and the differences between them are explored, 

and the details about implementing the 2D model is shown with emphasis on the discretization 

process and air leakage paths. 

Chapter 3 exposes the hygrothermal simulations methodology, with the description of the wall 

assembly, orientation, climate data, locations of interest for performance assessment, and solver 

configuration. 

Chapter 4 details the setup of the 2D model, explaining the whole process of meshing and its 

influence on the results in terms of time demand, accuracy, and convergence. The basis for grid 
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creation, thicknesses, stretching factor, and grid sensitivity analysis are provided. In the end, fur-

ther steps for manual optimization are shown. 

Chapter 5 reports the application of the model considering different air leakage and ventilation 

rates, wind-driven rain, and climate uncertainty from historical and future periods. The results are 

discussed after applying the model in different cities and claddings.  

Chapter 6 shows the conclusions for each chapter of the thesis and discusses future work. 
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Chapter 2. Literature review 

2.1. Background knowledge on condensation 

Condensation can happen on any surface whose temperature is below the dew point of the sur-

rounding air. In other words, any surface which could be in contact with humidified air must be 

kept above the dew point temperature in order to avoid condensation (Hutcheon, 1963a).  

When cold air enters a warm environment and is heated, its relative humidity might drop to very 

low levels. Air at -15oC and 50% RH holds 0.5 g of water per kg of dry air and, when its temperature 

goes up to 21oC, the RH level drops to about 5% if the humidity ratio is kept constant. However, 

the cold air from outside mixes with the indoor air where there is also some moisture generation 

inside the building (Figure 2.1), which stops the RH level from falling fall that low. This situation is 

further discussed by Hutcheon (1960) and more variables are addressed.  

 
Figure 2.1. Water vapor sources inside a dwelling which can increase relative humidity (ABCB, 2019).  

In harsh climates like Canada, indoor conditions may be very different from outdoor conditions; as 

such, wall assemblies are subjected to gradients of temperature, vapor pressure, relative humidity 

and these gradients induce vapor and moisture transfer through the layers. Since the most im-

portant function of a wall is to keep the indoor conditions within acceptable limits, it must meet 

many requirements regarding the control of heat, moisture and air flows (Hutcheon, 1963b, 1953). 

Tsongas (1995) analyzed the influence of different indoor RH levels and moisture generation rates 

over the moisture content of the exterior sheathing, where condensation is likely to occur. In 

houses with low moisture generation and high ventilation rate, vapor barriers may not even be 

necessary since the RH inside is kept at low levels. On the other side, houses with high moisture 

generation rate and low ventilation means high indoor RH levels and vapor barriers gain im-

portance. It also might happen that low moisture generation rate with low ventilation is even worse 

than high moisture generation and high ventilation because ventilation is very important to reduce 

the indoor RH level. 

In a multi-layer assembly, what happens in each layer depends on their properties and the influ-

ence of these properties on the overall behavior of the wall was discussed by Babbitt (1939) and 

Rowley et al (1940) when analyzing different wall configurations. In the case with a non insulated 

cavity (Figure 2.2a), the heat transfer is high enough to keep the exterior sheathing at such a 
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temperature that the saturation vapor pressure is higher than the real vapor pressure and con-

densation does not happen. However, when adding insulation (Figure 2.2b), there is a reduction 

of heat transfer towards the exterior sheathing and its temperature gets so low that the curves of 

saturation vapor pressure and real vapor pressure might cross, leading to condensation problems 

on the inner side of the exterior sheathing. 

 
Figure 2.2. Temperature and vapor pressure gradients inside a wall (Rowley et al., 1940). 

Figure 2.2 matches with the basic wall described by Hutcheon & Handegord (1980), which was in 

common use in the 1900s for building simple dwellings: vertical wood studs nailed to the top and 

bottom plates and wood boards applied mostly horizontally as sheathing; over this, one or more 

layers of building paper (the latter being tarred) followed by some sort of horizontal wood siding, 

shingles or rendering. Plaster on wood lath was common on the inside and this wall was accepted 

for many decades as a good solution against very cold temperatures between -20oC to -40oC; 

later, other types of walls were developed having this one as a basic standard and great develop-

ment occurred regarding insulation with a variety of different materials. 

Figure 2.2b shows a case where condensation happens in between the sheathing and the insula-

tion, but it can happen in other places also. Rousseau (1984) used the terms “surface condensa-

tion” and “concealed condensation” to designate a visible or a hidden condensation problem, re-

spectively. This means the condensing surface does not necessarily need to be visible, it can be 

hidden by other layers and the user may not even realize the problem is there until it is too late 

and the damage is already extensive. 

When condensation is concealed, four simultaneous factors need to be present (Figure 2.3): a 

source of moisture, a travel path inside the assembly, a driving force, and a temperature gradi-

ent (Figure 2.3). While with those four factors moisture problems might occur, there is still a 

chance that they do not happen because for a moisture problem to occur it also depends on how 

a) No insulation b) With insulation 
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sensitive the materials are, how wet they get and for how long (Rousseau, 2003). In other words, 

for the moisture problem to happen, there must be a susceptible material (Straube, 1998). 

 
Figure 2.3. Four factors required for moisture to condense in interstitial places  

(adapted from Rousseau, 2003). 

There is something implicit to Figure 2.3, though: the water vapor that reaches the cold surface 

must be trapped and has nowhere to go or, at least, there is more vapor going towards the cold 

side than vapor going away from it, which means moisture accumulation. If the cold surface is a 

sheet of metal, which is vapor impermeable, condensation may occur faster than if the cold surface 

was plywood, since plywood can absorb part or all the vapor. If the vapor permeance of the cold 

layer is higher than the amount of vapor going towards it, there might be no moisture accumulation 

if the surrounding conditions are favorable to take the vapor away. 

A comprehensive experimental work was undertaken in the 30s with the objectives of better un-

derstanding the relation among insulated walls, indoor/outdoor conditions, vapor barriers and ma-

terials properties. Tens of different wall configurations were analyzed as small samples or as parts 

of the walls of a full bungalow inside a cold room (Figure 2.4). Indoor temperature was kept con-

stant at 21oC and relative humidity was set to different levels: 20, 25, 30 and 40% according to 

the test being performed; outdoor temperature varied in cycles between approximately -15oC and 

-25oC as a way of reproducing the real daily variation. 

This study took some years to complete and rendered many papers and reports1. The conclusions 

are very well detailed for each wall and it would be impossible to reproduce all of them here; the 

main findings include (Rowley et al., 1940, 1941, 1947; Rowley & Lund, 1944): 

• The lower the outdoor temperature in winter, the lower should be the relative humidity inside to 

avoid condensation/frost problems. 

• There was no frost accumulation on the exterior sheathing when the indoor relative humidity was 

20%; all the walls performed adequately, even the ones without vapor barrier. At 25%, the walls 

without vapor barrier performed well for short periods and the results varied according to the wall 

configuration. At 30% some of the walls showed frost accumulation on the exterior sheathing, which 

 

1 Those reports can be found at https://conservancy.umn.edu/handle/11299/124212. (Accessed on Aug 10, 2023). 
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was heavier at 40%. The heaviest accumulation, however, was at the line of joints between the in-

sulation bats. 

• When the interior layers have a vapor permeance of 1.16 perms2 (approximately 66 ng/s.m2.Pa) or 

less, the vapor diffusion is reduced and no serious problems with condensation are expected within 

the wall. 

• Some walls performed well without frost accumulation on the exterior sheathing but did present 

frost accumulation at the joints between the vapor barrier and the top plate, as a possible indication 

of air leakage. 

 
Figure 2.4. 3D view and a cross section of the test bungalow inside the cold room (Rowley et al., 1941). 

Once the problem with condensation has been detected, it might be difficult to say precisely where 

the liquid water came from when inspecting an assembly, since it could be a consequence of any 

number of sources including rain infiltration. However, since condensation is related to the dew 

point temperature, one way of being more certain if it is really happening is by instrumenting and 

measuring the temperature of the innermost and outermost layers and the relative humidity and 

temperature of the cavity air. Then, if the dew point of this air is higher than the temperature of the 

outermost layer for a prolonged period, condensation may be one of the sources of water. Alt-

hough this explanation applies to the cold season, it is also valid for reverse condensation during 

summertime, when hot air from outside reaches the inner surface at the interior side, cooled down 

by the HVAC system. Analogous method can be used to detect rain infiltration (Quirouette, 1999, 

p. 13). 

Straube (2001) mentions that reverse condensation is also linked to the vapor permeance of the 

warm side of the assembly. If the vapor generated outside due to the solar energy can diffuse 

through the inner part of the wall (where usually the vapor barrier is), there might be moisture 

accumulation behind the vapor barrier. Although reverse condensation may be more common in 

mild climates, it can also be problematic in cold ones depending on how the assembly is built, so 

the dynamics of the system must be analyzed with care. Kan & Piñon (2007) say that adjusting 

the ACH behind the cladding may be able to reduce or even eliminate sun-driven condensation, 

since any accumulated moisture is washed away by the circulating air. 

 

2 1 US perm = 1 grain of water per hour per square foot per inch of Mercury = 57.21 ng/s.m2.Pa. 
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Derome et al. (2010) studied 18 different walls assemblies in seven locations across USA and 

found that large inwards vapor pressure gradients might happen depending on the co-occurrence 

of rain followed by sun, absorptivity of cladding and the presence of air cavity and ventilation. In 

case of vapor-tight interior finishes, the vapor transport could be hindered, and moisture would 

accumulate. The use of hygrothermal simulations, after benchmarking, helps to select the best 

design for each location. 

Maref et al (2007), after analyzing the experimental data from exterior surfaces exposed to solar 

radiation in summer, found that the heating effect of the exterior surface generates water vapor 

towards the interior side of the assembly. The consequences are related to an increase of the 

relative humidity of colder surfaces, which may lead to moisture accumulation and condensation 

problems. 

A practical example of summertime condensation might happen in basements, especially if they 

are ventilated: when hot and moisture-loaded outdoor air enters the basement and reaches the 

walls, condensation is likely to happen due to the fact their temperature is probably close to the 

ground temperature (Rousseau, 1984). For instance, if the outdoor relative humidity is 50% RH at 

30oC, this means a dew point of about 18oC; any lower temperature may lead to condensation. 

Another example might happen due to morning dew. After losing energy to the sky at night, the 

cladding gets cold and condensation might happen behind it; as the temperature raises during the 

day, the condensate evaporates and is driven into the cavity (Robinson, 1992). 

Most of the time, however, summer condensation is limited to air-conditioned buildings, since the 

warm outdoor air needs to reach a cold surface whose temperature is below the dew-point of the 

warm air (Achenbach & Trechsel, 1983). The authors also say: 

Condensation control in buildings is a systems problem. It is characterized by a 

continuous, nonuniform release of moisture within a building, which must be re-

moved by exfiltration of air, ventilation, air-conditioning, or dehumidification, to 

maintain an indoor dew point or relative humidity that provides comfort, prevents 

condensation, and promotes the durability of the building itself. 

This holistic approach was also emphasized by Bomberg & Onysko (2002): when vapor barrier 

became a requirement in the National Building Code in the 50s, it gave the impression to engi-

neers and architects that moisture control was fully addressed and some jurisdictions stated that 

no condensation was allowed; however, vapor diffusion was one of the few sources for moisture 

inside the walls. Moreover, the approach of no condensation at all was not correct in general 

because moisture storage is possible in many materials without any harm. 

In the case of wood materials, moisture-related problems like mould and decay are dependent on 

the species that have been used to build the frame, since each specie offers different resistance 

against deterioration and some may need more robust treatment (USDA, 2010, Chapter 14). In 

Canada, the most common species to make lumber belong to the group SPF (Spruce-Pine-Fir) 

and they are classified as slightly resistant or nonresistant, according to CMHC (2014). 

Although the physics of condensation basically leads to reaching the dew point temperature of the 

surrounding air, how to avoid that in the field is not a simple task because many interrelated factors 
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are involved. As a basic guideline, though, ASHRAE (2017, p. 36.10) gives some suggestions 

(among others): 

• Insulate the building envelope so that the temperature of the indoor layer almost never gets below 

the dew point of the indoor air for typical relative humidities. 

• Minimize air leakage (exfiltration and infiltration) by making the envelope as airtight as possible. 

• Never design layers with vapor tight materials on both sides because there will be no option for the 

moisture to escape. 

• Avoid air gaps in the envelope, since this can facilitate air/moisture movement inside the assembly. 

Crandell (2021, 2017) cites two design approaches to control water vapor: permeance controlled 

approach and temperature controlled approach (Figure 2.5). The permeance approach relies on 

the fact that any possible excess of vapor is maintained within tolerable limits by using layers with 

adequate permeance so that condensation never happens; the envelope assembly is designed to 

dry to the exterior in cold climates. The temperature approach is fundamentally based on the idea 

of keeping moisture-sensitive materials warm enough to avoid high relative humidity levels; the 

envelope is designed to dry to the interior during cold seasons. Both approaches work well but the 

second one is less prone to the consequences of exfiltration during the winter season and can be 

balanced to work in all climates. 

 
Figure 2.5. Two accepted moisture control design approaches for cold climates (Crandell, 2017). 

2.2. Air leakage 

The term “air leakage” is used on at least two occasions. First, as a reference to the amount of air 

that leaks through the entire envelope of the building; this approach is usually related to energy 

consumption, since heat losses can be high, leading to higher energy consumption during winter. 

The path for those leakages is mostly represented by the interfaces/connections between exterior 

walls and ceilings, doors, and windows. Furthermore, the interface between components of the 

wood-frame system and their connection to the foundation may also increase the air leakage rate 

and increase the ACH of the building. The discussion about those leakage paths (Figure 2.6) can 

be found elsewhere (Ananian et al., 2019; Cardoso et al., 2020; CMHC, 2007; Ge & Krpan, 2009; 
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Gullbrekken et al., 2020; Kalamees et al., 2017; Khemet & Richman, 2021; Straube, 2007; Wolf 

& Tyler, 2013a, 2013b) and a review of the airtightness of Canadian houses is shown by Parekh 

et al (2007).  

 
Figure 2.6. Examples of air leakage paths of the whole building (Gullbrekken et al., 2020). 

The second occasion when “air leakage” is used is to designate infiltration/exfiltration through the 

opaque envelope, when the air moves into the insulated cavity through undesirable holes, electri-

cal boxes, defective connections etc. This issue is related to the concern of condensation inside 

the assembly, since the moisture-laden warm air might reach cold surfaces. 

Although “air leakage” may be a self-explanatory pair of words, Garden (1965) translates this 

subjective idea into a more solid concept: 

Air leakage is the uncontrolled movement of air through walls and roofs, both into 

a building (infiltration) and out of it (exfiltration), and the interchange of air from 

the building with that in spaces in the building envelope. Pressure differences that 

cause infiltration and exfiltration are produced by wind, chimney effect, and the 

operation of mechanical ventilation systems. 

The author also explains the consequences air leakage can bring: 

Air leakage is important because it normally means dirt and odor entry, increased 

cost of winter heating and summer cooling, cold drafts, and more difficulty in main-

taining a controlled relative humidity. Condensation resulting from exfiltration dur-

ing cold weather can cause rapid deterioration of the building fabric, producing 

both hazardous situations and the need for costly repairs… Excessive efflo-

rescence, mortar joint spading, discoloration of stonework, masonry unit displace-

ment, corrosion of metals, or icicles hanging from walls are indications of an ex-

cess of water in the wall that may be due to air leakage. 
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Then, while diffusion happens due to partial vapor pressures gradients, air leakage is the move-

ment of a quite substantial amount of air which carries rates of water vapor according to the bal-

ance of the psychrometric chart. Vapor diffusion is related to the concept of “vapor barrier” and 

exfiltration to the concept of “air barrier”, reasons why a clear definition of both is worth-

while (Quirouette, 1985, 1989): 

• Vapor barrier: is a material that offers high resistance to the diffusion of water vapor, being used to 

separate an environment which is at high vapor pressure from an adjacent one which is at low va-

por pressure. It is usually located in the warm side of the assembly or in a location near enough the 

warm side so that its temperature does not reach the dew point during the cold season (also item A-

9.25.4.3.(2) of the current NBC). Small cuts or openings on the vapor barrier do not affect its overall 

performance on reducing vapor diffusion. 

• Air barrier: is a system, not a single material, which has the function of preventing both infiltration of 

the outdoor air into a building and exfiltration of the indoor air to the outside, avoiding problems with 

moisture deposition, loss of energy and infiltration of rain together with the current of air. Unlike va-

por barriers, air barriers must be continuous, since small openings and cuts may compromise the 

entire system. And, obviously, materials which compose an air barrier must have low air permeabil-

ity. 

Handegord (1960) explained that vapor barriers are, in general, special building papers, mem-

branes, or coatings designed for this specific purpose; some other materials, like insulations and 

sheathing membranes, may act as vapor barriers because of their properties even though they 

were not designed to act like that. Whereas a few building materials are impervious to vapor, like 

glass and metal, a considerable number of materials provide sufficient resistance to be used for 

vapor control purposes. 

Hansen & Brandt (2010), after analyzing intentional damages/holes in the plastic-based vapor 

barrier behind the interior gypsum board, found that moisture accumulation did not change when 

comparing with the same assembly with a continuous vapor barrier; this is because the intact 

indoor cladding already provides enough resistance against vapor diffusion and it is assumed 

there is no air convection.  

Kumaran & Haysom (2000) mention that the use of vapor barriers was introduced in the 1930s to 

control vapor diffusion into walls and attics; however, when interior humification started in 1950s, 

moisture accumulation again became a problem in many houses. The same view is given by 

Hutcheon (1989), who says that commercial and institutional buildings in the 50s which had tradi-

tionally been operated at low indoor relative humidities started having problems after being hu-

midified during winter. 

Since the beginning of the first cavity walls more than 100 years ago, it was thought that vapor 

diffusion was the main source of moisture inside the cavity, and this could lead to condensation 

and bio deterioration of sensitive materials. Around 1960, however, it became obvious that air 

leakage was the most important source of water migration and ways of avoiding it increased in 

importance (Quirouette, 1989). Over the time, researchers found out that the most of the moisture 

was due to air leakage (exfiltration) instead of vapor diffusion, mostly through the interfaces and 

joints between components (Kumaran & Haysom, 2000). 
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CMHC (1992), Bomberg & Brown (1993) and Bomberg & Onysko (2002) explain that the under-

standing of the performance of walls came mainly from the extreme climate in the Prairies of North 

America, where cold temperatures magnify any fault in the ability of the wall to maintain environ-

mental control. Then, after pioneer research in the University of Minnesota in the 30s, building 

paper was accepted as a weather barrier, limiting the movement of air and rain while permitting 

moisture to breathe outdoors. Later, wall cavities were filled with different insulations (wood chips, 

shredded paper, and mineral fiber batts) for comfort reasons, but this lowered the temperature of 

the exterior sheathing and condensation appeared. Therefore, vapor barriers were introduced, 

and homes built as early as the 1940s already included weather resistive barriers outside and 

vapor barriers inside. Hutcheon & Handegord (1980) say that by the time of the post-war building 

boom in 1946, insulation and vapor barriers were being widely used in new housing construction. 

Lstiburek (1992) reports that insulation was the first major change to the building practice and it 

was done for comfort reasons as energy was not expensive and “people got tired of sheets freez-

ing to outside walls”. This change had two big consequences: a) interior conditions were more 

pleasant and stable throughout the rooms and b) the outer layers of exterior walls got colder for 

longer. However, due to high rates of air leakage, problems with condensation were not common: 

they started later as the airtightness of the buildings increased due to the availability of new build-

ing materials, construction techniques at lower costs and new energy requirements. The same 

view is shared by Robinson (1992). 

Hutcheon & Handegord (1980) say that condensation problems have not been widespread and 

those that have occurred have usually been associated with holes and gaps in the interior cladding 

and vapor barrier, which may be due to the installation of electrical wiring. By then, a common 

complaint from the occupants during winter was about cold air leakage into the house through 

electrical receptacles in exterior walls. Furthermore, wood frame construction has a lot of discon-

tinuities and the effect of drying and shrinkage of the studs and joists may induce cracking between 

the interior cladding and the framing members, leading to air leakage. 

Due to this air movement, “the most impermeable, most durable vapor barrier may be rendered 

virtually ineffective by the presence of accidental or intentional openings … and will result in ex-

cessive condensation within the wall” (Handegord, 1960). 

According to Hutcheon (1953): 

The flows of heat, moisture and air in walls have implications not only by them-

selves, but for all the other considerations listed. Air merits major consideration 

mainly because of its influence on heat and moisture flow. The overall transmis-

sion of heat, air and moisture through a wall can affect the ease with which the 

desired environmental conditions may be maintained, and so may have a marked 

influence on the cost of operation of a building. 

Wilson & Garden (1965) explain a situation with air leakage through a 30 cm thick unplastered 

brick wall with no inside finish, common practice for walls between suspended ceilings and the 

floor above. While the moisture accumulation due to vapor diffusion reaches the amount of only 

0.22 kg/m2, air leakage might lead to a much higher amount of 36 kg/m2 under the same condi-

tions. So, a system of caulking to eliminate those cracks and the use of plastered masonry would 

increase air tightness and help solving the problem; Hutcheon (1963a) says that this action can 
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reduce the air leakage by a factor of as much as 100. In another example, with brickwork and 

cracks, Latta (1976) explains that air leakage has a much greater potential for carrying moisture 

than vapor diffusion even when neglecting the cracks at the columns. Figure 2.7 illustrates both 

situations. 

 
Figure 2.7. Water vapor transport through diffusion and air leakage.  

(https://www.wbdg.org/resources/air-barrier-systems-buildings). 

Rousseau (1984) also shows the same findings when comparing two situations: a 1 m2 painted 

gypsum wall, one continuous and the other with a 4 cm2 hole under a pressure difference of 10 

Pa (Figure 2.8). The air leakage carries about 100 times more moisture than diffusion alone. Some 

years later, Rousseau & Brown (1995) added: 

It is now well established that air movement is the dominant means of moisture 

transport through the building envelope as well as a major component of heat 

transfer. A high proportion of the problems associated with building envelope de-

terioration can be attributed to inadequate control of air leakage. The air-barrier 

system is the assembly installed to provide a continuous barrier to the movement 

of air. Its performance and durability are of prime importance to the durability of 

the whole building envelope. 

 
Figure 2.8. Moisture accumulation comparing diffusion and air leakage (Rousseau, 1984). 
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Handegord (1982) says that a vapor barrier is still effective even with small holes on it; however, 

if this vapor barrier is also an air barrier, those holes will allow much greater moisture transfer and 

accumulation under an air pressure difference. Hutcheon (1963a) explains that a few small holes 

and cracks do not add much to the vapor transfer by diffusion because the area is small even 

though the permeability may be large. However, without an air barrier these holes are a free way 

for the air to move even under small pressures, carrying a troublesome amount of moisture to-

wards cold surfaces.  

Using a computerized analysis, Tsongas (1995) compared the efficacy of a vapor barrier in a wall 

subjected to an air leakage rate of 0.15 L/s.m2. Whether the wall had a vapor barrier or not, the 

effect of exfiltration is more important and induces a higher level of moisture content in the exterior 

sheathing: “… exfiltration essentially diminishes the effectiveness of the vapor retarder. When 

exfiltration is present it is much more important than diffusion as a moisture migration mechanism.” 

Ojanen & Kumaran (1996), in a simple calculation considering a 2 cm diameter hole, show that 

the amount of moisture due to air leakage through that single hole can be 100 times greater than 

the amount due to diffusion only. Similarly, after an extensive laboratory experiment, Kölsh et al 

(2016) conclude that one single tiny imperfection in the sealing can increase the permeability of 

the assembly by a factor of 100 if air movement is not eliminated. 

A very clear emphasis about air leakage and vapor diffusion is found in ASHRAE (2017, p. 26.6): 

“calculations of water vapor flow, interstitial condensation, and related moisture accumulation us-

ing only water vapor resistances are useless when airflow is involved”. 

2.2.1. Air leakage and the National Building Code of Canada 

According to Brown et al (1998), the National Building Code incorporated the science behind air 

leakage in the 1995 version, reflecting the industry's knowledge, experience, and practice, ac-

knowledging that air movement is dominant factor in the transport of moisture through building 

envelope assemblies. Also, due to the high influence of air movement on heat transfer, the im-

portance of an air barrier would be also recognized in the 1997 version of the National Energy 

Code. This knowledge is present in the current version of the NBC (NRCC, 2020, sec. A-

9.25.3.1.(1)), which says:  

The majority of moisture problems resulting from condensation of water vapor in 

walls and ceiling/attic spaces are caused by the leakage of moist interior heated 

air into these spaces rather than by the diffusion of water vapor through the build-

ing envelope. 

Protection against air leakage must be provided by a system of air-impermeable materials joined 

with leak-free joints. However, airtight joints are difficult to obtain in practice and this might com-

promise the efficacy of the air barrier system; also, the air-barrier and the vapor-barrier system in 

conventional wood-frame constructions are usually represented by a single membrane that act as 

a barrier against moisture and against the movement of the interior warm air into the insulated 

cavity. So, special care should be taken to avoid areas where bulk air movement can occur (like 

electrical boxes). Lux & Brown (1989) emphasize that “the point to be noted here is that it is not 

sufficient to include impermeable materials in the air barrier system; a leak-free air barrier system 

results from having these materials joined with leak-free joints”. 
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Air barrier systems are not redundant and, in terms of risk analysis, if its requirements are not met 

in practice, condensation problems may happen; so, uncertainties in condensation control are 

primarily related to uncertainties in air barrier performance. Therefore, it is much more effective to 

provide means of reducing condensation assuming that the air barrier will be defective at some 

point in time than trying to duplicate the air barrier itself; sooner or later, both of them will fail to 

some extent, the air flow will be established and the condensation problem will be there as if there 

was only one air barrier. (Janssens & Hens, 1998). These same authors, when performing sensi-

tivity analysis of a roofing system, concluded that the quality of the vapor barrier has no influence 

on controlling interstitial condensation if the quality of the air barrier is uncertain. So, it is important 

the building envelope has some control measures to prevent severe moisture problems due to 

inevitable air leakages (Janssens & Hens, 2003). 

Although having a single element able to solve all the problems with condensation would be de-

sirable, the physics behind the problem does not work like that. Effective management of moisture 

is the result of controlling heat, air and moisture transfer through the careful choice of material 

properties; failure on managing one of these three factors may cause serious problems, e.g., 

premature deterioration, mould growth, drop in performance, high energy costs, among others 

(Rousseau, 2003). 

The NBC requires that air barrier systems provide a continuous barrier to air leakage from the 

interior of the building into the wall assembly to prevent excessive moisture condensation during 

the cold season. For that, the system shall possess “characteristics necessary to provide an ef-

fective barrier to air infiltration and exfiltration under differential air pressure due to stack effect, 

mechanical systems or wind” (item 9.25.3.1). 

Since the word “effective” for a complex system raises some questions about what is an effective 

air barrier system, Lux & Brown (1989) comment that “channel flows” happen when air goes 

through channels and passages in the building envelope. Usually, air enters the wall due to the 

presence of some orifices (which may be hard to find) and exits somewhere on the façade; unfor-

tunately, the path between interior and exterior openings cannot be easily determined. However, 

since the air barrier is a system composed of an assemblage of simple materials (Figure 2.9), it is 

likely that the air leakage path is in between the joints of many single components. 

 
Figure 2.9. Many elements make up the air barrier and proper detailing of joints  

is critical to its effectiveness (Lux & Brown, 1989). 
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The NBC also emphasizes this detail saying that (item A-9.25.3.1.(1)): 

Openings cut through this membrane, such as for electrical boxes, provide oppor-

tunities for air leakage into concealed spaces, and special measures must be 

taken to make such openings as airtight as possible. Attention must also be paid 

to less obvious leakage paths, such as holes for electric wiring, plumbing installa-

tions, wall-ceiling and wall-floor intersections, and gaps created by shrinkage of 

framing members. 

One relevant aspect of air leakage is that at low rates, the heat flux is also low and there is almost 

no influence on the temperature of the leakage path; therefore, the only practical effect is the 

undesirable moisture accumulation, comparatively higher than with high leakage rates. This hap-

pens because at higher air leakage rates, heat flux has a greater contribution and the path be-

comes so warm the condition for condensation cease to exist: higher temperatures mean lower 

relative humidity for the same rate of moisture of the warm indoor air (Ojanen & Kumaran, 1992). 

Bomberg & Onisko (2002) and Kumaran & Haysom (2000) cite this behavior to explain the ab-

sence of moisture problems in old and leaky walls: the wall is so warm that condensation cannot 

occur; even though the warming effect dominates the propensity for condensation, there will be a 

price to pay related to energy efficiency. 

Moisture accumulation also varies according to outdoor temperature (geographical locations) 

since water vapor needs temperature below the dewpoint to produce liquid water or ice. For in-

stance, Figure 2.10 shows the values of moisture accumulation and outdoor temperature in differ-

ent cities (nine in Canada and three in Finland) for the same air leakage rate (0.98 L/s.m2 at 21oC 

and 30% RH): in general, the colder the city, the higher the amount of moisture, but this might 

vary a little because of other factors, such as winter duration (Ojanen & Kumaran, 1992). In very 

cold cities like Resolute Bay, Winnipeg and Sodankylä, the moisture accumulated at the end of 

the period does not go back to the initial amount, which means there will probably be moisture 

accumulation along time and deterioration of the system when comparing to the cities where there 

is no moisture accumulation. 
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Figure 2.10. a) wall configuration; b) mass of moisture per surface area as a function of time;  

c) moisture accumulation and outdoor temperature for different cities  
(adapted from Ojanen & Kumaran, 1992). 

In an experiment with a 2” x 4” residential wall with a type II vapor barrier inside, evenly distributed 

exfiltration was induced by a pressure difference of 50 Pa. When comparing different indoor con-

ditions, 36% RH at 21oC and 48% RH at 21oC, Figure 2.11 shows that moisture accumulation at 

48% RH is higher than at 36%. This means the tolerable air leakage rate will strongly be related 

to the humidity level of the indoor air (Ojanen & Kumaran, 1996).  

 
Figure 2.11. Correlation between air leakage rate, heat flux and moisture accumulation, indoor  

conditions at 21oC, 36% RH and 21oC, 48% RH (adapted from Ojanen & Kumaran, 1996). 

b)              c) 

a) 
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In another study, Ojanen & Kumaran (1996) varied the properties of either the materials or the 

whole system, like air leakage rate. Indoor temperature was 21oC and the cavity was 140 mm 

deep. After performing a sensitivity analysis, the results in Figure 2.12 show that:  

• Moisture accumulation increases as air leakage increases (Figure 2.12a) as long as the assembly 

is not warmed up because of very high air leakage rates.  

• For the same air leakage rate, moisture accumulation decreases as the vapor permeance of the 

exterior layer increases (Figure 2.12b). This means greater air leakage rates may be tolerated with 

more vapor permeable sheathing. 

• For the same air leakage rate, the higher the indoor RH, the higher the moisture accumulation; also, 

exterior insulation keeps the OSB temperature at higher levels and decreases the accumulation of 

moisture (Figure 2.12c).  

 
Figure 2.12. Sensitivity analysis of moisture index as a function of a) air permeance, b) exterior vapor perme-

ance and c) interior RH and exterior insulation (adapted from Ojanen & Kumaran, 1996). 

In a correlated study, Kumaran & Haysom (2000) analyzed the influence of air leakage and exte-

rior insulation on moisture accumulation by performing another set of simulations: when compar-

ing to the base case (B0, diffusion only), air leakage of 0.1 L/s.m2 @ 75 Pa increased the moisture 

content about 70%; adding external insulation (RSI 0.75) with the same leakage rate, accumulated 

moisture decreased by about 50%. The rate between exterior to in-cavity insulation was 0.75/3.52 

= 0.214 (roughly 0.20) and this value was enough to control moisture accumulation in Ottawa-

area climate with indoor RH of 36%. Figure 2.13 shows the configuration of the walls and the 

accumulated moisture profiles over one year. 

 

a)                b)                c) 

Air perm = air permeance of the air barrier (L/s.m2 @ 75Pa) 
Vp perm = exterior vapor permeance (ng/m2.s.Pa) 
Moist idx: moisture accumulation index, relative to a base case (B0) 
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 Figure 2.13. Effect of air leakage and exterior insulation on moisture accumulation 

(adapted from Kumaran & Haysom, 2000). 

Zarling et al (1982) described several problems in subarctic climates (Alaska) in a field study with 

9 cases and a variety of moisture-related problems were found: ice dams, insulation freezing, frost 

melting, water dripping etc. In some cases, the buildings needed heating for more than 10 months 

throughout the year and the mild season was not enough to dry the accumulated moisture. So, 

any little amount of vapor counted and ended up accumulating moisture month after month in form 

of ice; during a milder season, even short, part of this ice melted and caused a lot of troubles. 

Robinson (1992) mentions that cold and damp climates like in the Atlantic provinces and northern 

areas with very low temperature and short drying season were most affected by moisture-related 

problems.  

The maximum acceptable air leakage rate for the air barrier system ultimately depends on the 

warm and cold side temperature and relative humidity conditions, and table 5.4.1.1 of the NBC 

proposes some values of maximum air leakage rates for the air barrier system: 0.05, 0.10, 0.15, 

0.20 and 0.50 L/sm2 @ 75 Pa. Those values are related to the likelihood of condensation on the 

cold side: the higher the relative humidity inside, the lower should be the air leakage rate (assum-

ing the same temperature for both values of RH). 
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The threshold of 0.20 L/s.m2 (@ 75Pa) for housing and small buildings (Part 9 of the NBC) was 

adopted by the National Energy Code of Canada for Buildings (NRCC, 2017, para. 3.2.4.2) as a 

maximum permissible air leakage rate due to energy loss reasons (Hershfield, 1997, p. 10). It is 

important to note that energy loss is intrinsically linked to finances and time and each part of 

Canada may have different variables when assessing that; for instance, evaluating the influence 

of energy and gas bills and construction costs results in distinct overall results. When there was 

an attempt to produce a national energy code back to the 80s, this issue was on the table (Sander 

et al., 1995). 

Knowing that it is practically impossible to build a flawless air barrier, the results from Figure 2.12 

and Figure 2.13 show that keeping the cold side of the assembly a little warmer than the outdoor 

air decreases the accumulated moisture, which in practice means to have part of the insulation 

towards the outside of the sheathing. Then, after another set of simulations, it was found that the 

accumulated moisture was proportional to the degree-days (Figure 2.14) and so was the rate of 

outboard to inboard insulation: the colder the location, the higher the amount of external insulation 

required to control moisture accumulation (Kumaran & Haysom, 2000). 

 
Figure 2.14. Effect of air leakage on moisture accumulation for different values of HDD 

(adapted from Ojanen & Kumaran, 1996). 

To address the influence of different climate regions across Canada, the values in Table 2.1 were 

incorporated in the 1995 version of the NBC. As previously mentioned, the lowest ratio of 0.20 

was adequate to control condensation for an interior RH of 36% at 21oC in Ottawa area (60% RH 

at -15oC); higher indoor RH levels may require adjustments in the value used, though (Kumaran 

& Haysom, 2000).  

As a summary of the assumptions when calculating the values in Table 2.1, the list below shows 

the relevant aspects (Brown et al., 1998; Chown & Mukhopadhyaya, 2005; Kumaran & Haysom, 

2000, 2001; NRCC, 2020, sec. A.9.25.5.2): 

• Outdoor conditions: Ottawa climate, 60% RH at -15oC. 

• Indoor conditions: 35% RH at 21oC. 

• Mechanical ventilation system operating with an ACH between 0.3 and 0.5. 

• Indoor vapor barrier type II: 60ng/Pa.s.m2. 

• Air barrier throughout the assembly: 0.024 to 0.1 L/s.m2. 

• Moisture generation rate: between 7.5 and 11.5 L per day. 

• No thermal bridging effects are accounted for. 
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Table 2.1. Example of calculation and ratio of outboard to inboard thermal resistance, 
adapted from the NBC (NRCC, 2020, sec. 9.25.5.2).  

Example of calculation 
Heating Degree-Days  

of Building Location,  
Celsius degree-days 

Minimum Ratio of Total Thermal Resistance  
Outboard of Material’s Inner Surface to  
Total Thermal Resistance Inboard of Material’s  
Inner Surface (example of cities) 

 

up to 4 999 
0.20 (Vancouver, Toronto, Ottawa, Montreal, 

Halifax, Charlottetown, Moncton) 

5 000 to 5 999 
0.30 (Calgary, Quebec, Edmonton,  

Saskatoon, Winnipeg, Thunder Bay) 

6 000 to 6 999 0.35 (Whitehorse, Teslin) 

7 000 to 7 999 0.40 (Smith River, Island Falls, Lynn Lake) 

8 000 to 8 999 0.50 (Yellowknife, Kuujjuak, Dawson) 

9 000 to 9 999 0.55 (Iqaluit, Inuvik, Fort McPherson) 

10 000 to 10 999 0.60 (Baker Lake, Nottingham Island) 

11 000 to 11 999 0.65 (Cambridge Bay, Arctic Bay) 

12 000 or higher 0.75 (Isachsen, Eureka, Alert) 

  

 

The limit of 35% indoor RH raised some questions in regions of the coastal climate of British 

Columbia: higher indoor RH levels are the real case and can be tolerated due to the higher outdoor 

temperature over the heating season. Then, a short research project was initiated as an attempt 

to characterize the limits for mild and damp climates and the respective indoor RH levels. The 

results showed that the cities of most concern are the ones with high moisture load together with 

a milder winter, which means the ventilation might not be enough to keep the indoor RH below 

35%. Due to time constraints, the results were not conclusive and further work is needed to confirm 

the extrapolation of the results (Chown & Mukhopadhyaya, 2005). 

Janssens & Hens (1998) also mention this approach (outboard/inboard ratio) as a successful 

practice to lessen the risk of condensation, even when the outdoor thermal resistance is as small 

as the one of an air layer. When studying locations in Finland and Canada, Ojanen (1998) men-

tions that the drying efficiency of a wall with a 150 mm thick insulation could be increased by 7.5 

times by installing 30 mm of this insulation at the exterior side of the sheathing. Straube (2011), 

using the concept of dew point at the sheathing layer, explores the idea of avoiding condensation 

by adjusting the outboard/inboard insulation ratio taking into consideration the monthly average 

temperatures. 

Mild and warm cities may be able to get rid of the accumulated moisture during the cold season 

and the risk of biodeterioration is low. On the other hand, in very cold cities in the North, with high 

HDD values, the summers may be so short and cool that the water accumulated during the previ-

ous winter cannot dry out and it is carried over into the following winter, causing a progressive 
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buildup of water in the building envelope. Also, even if there was not air leakage in these cities, 

vapor diffusion itself should not be neglected, since the cold period is much longer than in mild 

cities (Latta, 1985). 

An extensive experimental study (Armstrong et al., 2009, 2010; Maref et al., 2010) performed in a 

FEWF (field exposure of walls facility) in Ottawa corroborated the concepts behind Table 2.1 and 

explored the implications of adding exterior insulation to a wood frame wall. Some of the findings 

are: 

• The sheathing layer (OSB) was kept at higher temperature when compared to the base case with-

out exterior insulation; hence, RH levels were lower. When comparing an insulation with high air 

and vapor permeance (mineral fiber) against one with low permeance (XPS), RH levels at OSB 

were higher with low permeable insulation since it “trapped” the moisture by impairing the diffusion 

of water vapor towards the outside. 

• Strong wind pressures can cause infiltration even when the indoor environment is pressurized, and 

this may increase the drying capability of the insulated cavity and reduce the risk of condensation. 

At least, it can avoid the warm indoor air of getting inside the insulated cavity. 

• High indoor RH, pressure difference, air leakage and a cold surface are simultaneously necessary 

conditions for the condensation to happen (elements in Figure 2.3). Eliminating one of them 

changes the dynamic of the system and may reduce the risk of interstitial condensation. 

Thue & Skogstad (1996), when studying vapor barriers requirements, found that there might be 

some relation between the vapor permeance of the interior and exterior parts of a wall so that it 

becomes “moisture safe” in cold climates. Provided that the interior barrier has a maximum vapor 

permeance, an exterior barrier 10 times more vapor-permeable avoids moisture accumulation in-

side the cavity. That ratio can go up to 25 or 50, depending on the indoor permeance, but if the 

indoor is too vapor-permeable, there will be moisture accumulation no matter how high the exterior 

permeance is. Simonson et al (2005), after monitoring a single-family house in Helsinki, found that 

the ratio should be at least 3 (three) so that mould issues are unlikely to happen. 

In a case study related to the TriState Homes with thousands of prefabricated houses built in a 

very cold region (HDD exceeds 8500) in the rural northern parts of Wisconsin, many of them 

presented severe problems with mold and decay after the company went bankrupt. The study 

found that, among other minor factors, a vapor barrier with low permeance at the cold side of the 

wall together with high moisture content of the air leakage led the problems many years after the 

construction; in some cases, the problem took as many as 20 years to get noticed, which means 

the moisture accumulation increased year after year. A good agreement was found between the 

problems and the number of occupants: the higher the number of people inside, the greater the 

problem; the indoor moisture generated is proportional to the number of occupants (Merill & 

Tenwolde, 1989; TenWolde, 2000; Tsongas & Olson, 1995). 

In United States, different types of walls were evaluated under the conditions of different climates 

using computerized simulations to calculate the relative humidity level of the layers. It was found 

that, while vapor barriers at the warm side are important for preventing moisture issues in cold 

climates, they may have the opposite consequence under hot and humid climate (Burch et al., 

1995).  
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2.3. Summary of the air leakage issue 

Air leakage issues are a complex problem and sometimes not as intuitive as they seem. They are 

a complex balance among material properties, insulation, leakage rate, indoor and outdoor RH 

and T, vapor permeance of the layers; most of the time sensitivity analyzes are required to identify 

the importance of each variable over the global behavior of the assembly. However, some key 

points can be drawn: 

• The amount of moisture transferred into the insulated cavity due to diffusion alone is negligible 

when compared to moisture due to air leakage. 

• Up to a certain rate of air leakage, moisture accumulation increases as the leakage rate increases. 

After a threshold, the rate is so high that it can warm up the whole assembly and moisture accumu-

lation decreases. 

• The maximum air leakage rate for the same city and assembly design is related to the properties of 

the warm indoor warm. Considering a constant temperature, the higher the RH of indoor air, the 

lower the tolerable air leakage rate. 

• Vapor barriers with small holes or cuts may work as well as flawless barriers as long as there is no 

pressure difference which induces forced convection. 

• Installing part of the insulation of the assembly on the outer side of the sheathing layer keeps it 

warmer and reduces the risk of moisture accumulation due to air leakage. 

2.4. Review of air leakage simulation 

2.4.1. Air leakage paths 

The mechanism which explains air leakage may become very complex and it is related to wind 

pressures, stack effect, indoor and outdoor conditions, shape/size/height of the building, HVAC 

systems, type of assembly etc. Some inactive paths under low pressures may become “active” 

when the pressure difference increases, inducing more non-linearity to an already complex prob-

lem. This situation is extensively discussed by Lstiburek (2000), theoretically and with practical 

examples using a single-family house in Minneapolis, MN and a school facility in Westford, MA. 

More information was added later (Lstiburek et al., 2002), but a main guideline from both studies 

is that to control the pressure inside a building one must: 1) get rid of openings and holes and 

2) when the air is enclosed, control the HVAC system. 

As explained by Ojanen & Kohonen (1989), changing the path may change the expected hygro-

thermal performance of the whole assembly; Torp & Graee (1971) say that condensation and ice 

formation vary both in intensity and position inside the wall because the water vapor which enters 

the cavity is related not only to the flow rate, but also to the distribution of the air currents: while a 

distributed air leakage may cause uniform condensation, a concentrated one may cause moisture-

related problems to a very specific spot only. 

Kunzel et al. (2012) add that exfiltration is a multidimensional effect and cannot be captured by 

one-dimensional calculation. Moreover, even if a 3D approach was applicable, it would still be 

inaccurate because the configuration of the air leakage paths remains unknown, and simplifica-

tions are needed. Figure 2.15 shows two simple examples: a) the path is a straight line between 

the interior and the exterior side of the assembly, the air flow resistance is very low and the warm 

air exfiltrates easily, mostly leading to energy loss; b) in this case, the tortuosity of the path is high 
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and so is the resistance to the flow, leading to a low air leakage rate; as the warm air moves 

through the assembly, it gets cooled down and there may be concentration of moisture and con-

densation, which might lead to bio-deterioration. 

 
Figure 2.15. Flow channels in construction: a) energy leak and b) moisture leak, 

(adapted from H. M. Künzel, 2014; Künzel et al., 2012). 

When analyzing the correlation between air leakage paths and hygrothermal performance, 

Ojanen & Kumaran (1996) came up with Figure 2.16, with five possibilities: path number 5 is one 

of the worst cases in terms of moisture accumulation and conveys the idea of air leakage entering 

through a crack/slot ate the bottom of the wall, diffusing through the insulated cavity and managing 

its way out at the top of the wall. To the right side of each path there is a bar showing the relative 

moisture accumulation: paths 1 and 5 are the worst cases, 3 and 4 are in between and 2 is the 

best case. 

 
Figure 2.16. Five possible paths for exfiltration and relative moisture accumulation, 

(adapted from Ojanen & Kumaran, 1996). 

Figure 2.16 assumes the exfiltrated air leaves a warm environment (indoors) and travels towards 

a cold environment (outdoors). So, the longer it stays close to the cold side of the assembly, the 

higher the risk for condensation as long as the air leakage rate does not warm up the path (Figure 

2.11). While in paths 2, 3 and 4 the air crosses only the insulation thickness, in paths 1 and 5 the 

way is roughly 24 times longer, about the height of the wall (2400 mm). So, path number 5 has 

been adopted in other studies as the worst-case scenario (Bunkholt et al., 2021; Chown & 

Mukhopadhyaya, 2005; Defo & Lacasse, 2020; Junginger et al., 2020; Kayll et al., 2020; Saber, 

2014).  
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In-cavity moisture accumulation maps for different wall configurations (Figure 2.17) were obtained 

by Desmarais (2000) and Desmarais et al. (2000, 2001) in a lab experiment using a 2.4 m high 

wall assembly: a continuous gap at the bottom (Figure 2.17a), a localized hole (Figure 2.17b) and 

distributed exfiltration (Figure 2.17c). By means of gravimetric samples, it was possible to weigh 

the moisture accumulation close to the air entry and in many other positions of the sheathing 

board. The paths shown in Figure 2.17a,b are similar to path 5 in Figure 2.16 and the results of 

the experiment show that the bottom part of the wall was wetter than the rest of it due to the effect 

of air leakage. For the distributed leakage path (Figure 2.17c), moisture accumulation was less 

critical and sparser. 

 
Figure 2.17. Three different air leakage paths: a) long, b) concentrated and c) distributed, 

(Desmarais et al., 2000). 

Pallin et al. (2015) and Hun et al. (2016) also analyzed different exfiltration paths (Figure 2.18) 

according to the likelihood of having moisture-related problems. The authors mention that, among 

the countless number of possibilities, a previous analysis must be done to identify where the ex-

filtrated air may induce moisture accumulation and practical experience from the field is valuable 

in this moment. After selecting the most plausible possibilities, simulations can be performed. 

This aspect is also discussed by Kölsh et al (2016) during an experiment where they vary the 

number, size and position of the air entries, the permeability of the insulation, and the pressure 

difference. The main conclusions are: high density insulations retain more moisture than low den-

sity ones and then reduce the condensation at the sheathing; different arrangements of holes 

change completely the moisture profile; holes close to the studs lead to a higher airflow because 

of the recess of the insulation at the corner. Figure 2.19 shows moisture distribution diagrams 

according to the air leakage configuration. 

a)                                                  b)                                                   c) 
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Figure 2.18. Possible moisture leaks in a wall due to exfiltration (Pallin et al., 2015). 

 
Figure 2.19. Moisture distribution in the paper sheets for the experiments with high  

air permeable mineral wool, view from the cold side (Kölsch et al., 2016). 
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In another experimental research, Bunkholt et al. (2021) tested moisture accumulation in the in-

sulated cavity due to forced convection for different air leakage paths (Figure 2.20). Although the 

aim of the study was to compare the performance of wood fiber and mineral wool insulations, the 

highest moisture accumulation was at the bottom of the assembly for the long path (Figure 2.20a) 

and at the top for the short path (Figure 2.20b). 

 
Figure 2.20. Cross section showing the intended leakage path for moist indoor air  

(adapted from Bunkholt et al., 2021). 

Regarding insulation permeability, a very compact layer of mineral wool is less prone to air move-

ment than a light one since the porosity is affected by how compact the material is and the flow 

direction. This means that, for the same pressure difference, a cavity filled with dense mineral 

wool will probably have a lower air leakage rate than a cavity filled with a less dense mineral wool. 

Other factors also play a role and the air leakage rate and path are more or less influenced by 

them (Boardman & Glass, 2020; Hurel et al., 2017). 

In conclusion, warm air from inside the building can exfiltrate through cracks, joints, unintentional 

openings, electrical boxes etc. All these possibilities lead to many different paths for the air to 

exfiltrate through the assembly and it is impossible to determine the exact one. There might be a 

preferable path due to constructive reasons, which does not mean many others do not exist. So, 

like with any other complex problem, some simplifications are necessary to be able to perform 

computational analysis. Usually, the best approach is to get results from the worst case and from 

the best-case scenarios; it is likely that the real solution falls in between. Otherwise, Wang (2018) 

shows the number of simulations increases exponentially when analyzing stochastic variables and 

time may become a real hurdle, impairing the desirable flux of work. 

2.4.2. 1D models: infiltration and ventilation approaches 

When using 1D models, there are two ways of simulating the effect of air leakage: a) applying a 

moisture source calculated from the indoor air to the surface where condensation is likely to hap-

pen (infiltration approach) or b) converting the air leakage rate to ACH and apply it the insulated 

cavity (ventilation approach).  
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To explain the infiltration approach, Figure 2.21 represents the 1D model of an assembly with brick 

cladding; interior conditions are 50%RH at 20oC, and exterior conditions are 60%RH at -15oC, 

which means a moisture content of 8.5 g/kg and 0.9 g/kg respectively. In case of air leakage, the 

warm indoor air goes inside the cavity and reaches the inner surface of OSB, which is assumed 

to be at -5oC. As the maximum amount of moisture air at -5oC can hold is 3.4 g/kg, all the excess 

of moisture from the warm air will condense on the OSB surface: 8.5 – 3.4 = 5.1 g; this amount of 

liquid water should be applied on the OSB surface. 

 
Figure 2.21. 1D discretization of a brick cladding wall with the  

condensation layer at the inner side of OSB. 

The rationale behind the previous calculation is the infiltration approach, proposed by Kunzel et 

al. (2012): as long as the air leakage rate and the temperature of the condensation plane are 

known, the amount of moisture to be applied (as moisture source) during the simulation is easily 

calculated. Before the simulation begins, though, one must know where the critical surface inside 

the geometry is, i.e., where the water vapor is likely to condense. Also, any changes in the indoor 

air during its trajectory towards the OSB are neglected. Moreover, the layer where the moisture is 

applied to should be split in at least two parts to avoid any numerical problems: one with the 

moisture source and another with the remaining thickness (Antretter & Pallin, 2019). 

Another approach, known as the ventilation model (Künzel et al., 2012), considers a thin air layer 

close to the condensation plane and applies to this layer as many air changes (ACH) as necessary 

to represent the air leakage rate, which is more straightforward than the infiltration model. Accord-

ing to the authors, the major difference between the two models is the convective effect, which 

may lead to convective drying as soon as the temperature of the condensation plane rises above 

the dew point of the indoor air. A ventilated cavity (which means convective effect), dries out much 

faster than an unventilated one and this effect is discussed elsewhere (Kalamees & Kurnitski, 

2010; Karagiozis & Kuenzel, 2009; Salonvara et al., 2007; Van Belleghem et al., 2015). 

Wang & Ge (2017) analyzed the relative position of the air layer inside the cavity by comparing 

the simulation results from both 1D models with the results from laboratory experiments. A con-

stant air leakage rate of 0.315 L/s was imposed by means of a pump at the bottom of the assembly 

and two types of cavity insulation were used: fiberglass and cellulose fiber. The results show that 

both 1D models can be used to evaluate the effect of air leakage provided that the position of the 

air layer and the air leakage rate are previously benchmarked. When comparing the models, the 

infiltration approach is more conservative and tends to overestimate the moisture content of the 

OSB sheathing because convective drying is neglected. More details about the experimental part 

of this study can be found in Fox (2014) and Wang (2018). 
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Since air entry position, gravity and buoyancy effects induce different results for different heights,  

1D simulations cannot represent top and bottom plates and they assume any output variable to 

have the same value along the height of the wall (Desmarais et al., 2000; Ge et al., 2019; Saber, 

2014). So, 1D models can give a first indication of the hygrothermal performance of a wall, which 

might be enough; if not (because important effects would be lost), following up with 2D models or 

even field monitoring is the next step (Dalgliesh et al., 2005). 

Palin et al. (2015, 2016) proposed a correction factor “” to be applied to the air leakage rate (or 

ACH) so that 1D results mimic 2D results. This factor is calculated considering the thermal con-

ductance of the materials surrounding the air leakage path and also the distance between the 

point of evaluation and the air entry. Simulations were undertaken using Wufi 1D and Wufi 2D and 

the results from both approaches are in good agreement (Figure 2.22). The authors emphasize 

that the factor was focused on temperature analysis since the length of the path has a greater 

effect on heat exchange than on moisture exchange. Moreover, mould index is usually an im-

portant performance factor for hygrothermal evaluation and the combination of relative humidity 

and temperature may have to be analyzed as well. 

 
Figure 2.22. A comparison between WUFI 2D and WUFI 1D reveals that the 1D tool is capable  

of simulating air leakage at any location inside the air leakage path (Pallin et al., 2015). 

2.4.3. 2D models: ACH and air pressure approaches 

In Figure 2.23, there is a representation of the same assembly using 1D and 2D models: in 1D 

(Figure 2.23a), bottom and top plates cannot be incorporated; however, they have a strong influ-

ence on their surroundings and the outputs taken at their level from the 2D model do not match 

the values from the 1D model, which has the same output regardless of the height of the wall. To 

avoid this problem, 2D models should be used so that the air entry can be placed at any height 

on the gypsum board or even many air entries can be modelled at the same time, like the exam-

ples in Figure 2.17. 



 

Chapter 2. Literature review 

30 

 

 
Figure 2.23. 1D and 2D models of the same wall assembly: 1D cannot represent  

the plates and the horizontal part of the air leakage path. 

The ACH approach in 2D models is the same as the ventilation model in 1D: knowing the air 

leakage rate, the number of air changes can be calculated and applied to the whole insulated 

cavity or parts of it. Unless the model is built to apply different ACH to different parts of the geom-

etry, it will be evenly distributed all over the selected region. This is not realistic, though, because 

the air flux is influenced by pressure losses along the path. 

In this case, the air pressure approach can be used: applying a pressure difference between the 

air entry and the air exit, the solver calculates the air flux through each cell considering the prop-

erties of the insulation. For example, if the insulation is airtight (Figure 2.24a), the airflow passes 

through the air channel only; if the insulation is air permeable (Figure 2.24b), the flow spreads 

unevenly all over the insulation.  

 
Figure 2.24. Exfiltration through the insulated cavity: a) airtight insulation; b) air-permeable insulation. 

The user must be aware of the relation between pressure difference and air leakage rate, though, 

since it varies according to the properties of the materials and the geometry itself. For the same 

pressure difference, different geometries result in different air leakage rates. For instance, the 
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cavity insulation in Figure 2.25a is 140 mm thick. If the type of insulation is changed or its thickness 

is increased to 184 mm (Figure 2.25b) or the air entry is moved to a higher position, the new air 

leakage rate will be different because the resistance between the air entry and the air exit is not 

the same anymore. 

 
Figure 2.25. Exfiltration through insulated cavities with different thicknesses:  

the air flow rate is not the same for the same pressure difference. 

This approach was used during a laboratory experiment varying the number, size and position of 

the air entries, the permeability of the insulation, and the pressure difference (Kölsch et al., 2016). 

The authors concluded that high density insulations retain more moisture than low density ones 

and then reduce the condensation at the sheathing; different arrangements of holes change com-

pletely the moisture profile; holes close to the studs lead to a higher airflow because of the recess 

of the insulation at the corner.  

In a set of simulations using Delphin, the air entry position, stretching factor, air permeability of 

the insulation and pressure difference were considered. The results show that the air permeability 

of the insulation and the air pressure difference were the two most important factors which drive 

the dry air mass flow through the structure, whereas the details of the discretization had a smaller 

impact (Laukkarinen et al., 2021). 

Using a pump to impose an air flux through an opening into an insulated ceiling, Belleudy et al. 

(2015) measured the temperature along the path in the cellulose insulation and compared the 

experimental results with the outputs from a 2D numerical model using Comsol Multiphysics. The 

authors found that considering heat, air and moisture transfer produce more accurate results than 

considering only heat and air transfer in the model. A similar study is described by Kalamees & 

Kurnitski (2010). 

The decision about using 1D or 2D models relies mostly on the assumption of the air leakage 

path. While 1D models may produce good results for distributed paths, concentrated paths require 

the use of 2D models because the results vary along the height of the assembly. When comparing 

the two models, some general aspects can be drawn: 

• Using 1D models, the major difference between infiltration and ventilation approaches is the con-

vective effect, which may lead to convective drying as soon as the temperature of the condensation 
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plane rises above the dew point of the indoor air. With the infiltration model, the critical surface in-

side the geometry must be assumed and the changes in the indoor air during its trajectory towards 

the OSB and any water absorption at the OSB surface are neglected. With the ventilation model, 

the position and thickness of the air layer must be assumed.  

• Due to the intrinsic absence of vertical discretization in 1D models, they cannot consider top and 

bottom plates or any other singularity along the height of the assembly, which is an important draw-

back when dealing with different air leakage paths. 

• 2D models with ACH approach require the same ACH for the whole insulated cavity unless different 

inputs are created for different portions of the geometry. The pressure approach better represents 

the reality since the flux distribution is automatically calculated by the solver. 

• While 2D models give more details, they require much more time to run; 1D models are faster and 

can be used as a first screening, but they provide fewer details. 

2.4.4. Implementation details 

Most of the information in this section is related to Delphin HAM (Heat, Air and Moisture transfer) 

modelling and an overview of this tool is given in section 3.4.1. 

Also, with the objective of avoiding confusion when referring to the 2D model, Figure 2.26 shows 

the terms used to identify parts of the geometry: 

• Element or cell: any single element of the whole model. 

• Mesh or grid: the group of all the cells which make the model. 

• Layer: any subset of cells that belong to the same material, for instance OSB, insulation, gypsum. 

• Surface grid thickness (SGT): the thickness of the first column (or row) of cells which defines the 

surface of a layer. 

• Stretching factor (STR): also known as expansion factor, it is the relation between the thickness of 

two subsequent rows/columns of cells: if the first column is 2 mm thick, the second will be 4 mm 

thick with a stretch factor of 200%. The values can be shown as a percentage or a number: for in-

stance, 150% and 1.5 have the same meaning. The minimum allowable stretch factor is 101%. 

 
Figure 2.26. Terminology related to the 2D model. 
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2.4.4.1. Discretization 

ASHRAE (2017) explains that the first step when modelling a geometry for computational analysis 

is: 

to divide the region of interest into a large number of smaller elements called cells. 

The collection of cells that makes up the domain of interest is typically called the 

mesh or grid, and the process of dividing up the domain is called meshing, grid-

ding, grid generation, or discretization of the computational domain. 

Although many different types of grids exist, the irregular ones are more useful when dealing with 

complex structures. In building engineering, however, usually the fluxes coincide with the x,y co-

ordinates of the cartesian plane and a rectangular grid becomes the obvious selection (Ferziger 

et al., 2020). Rectangular grids are described as orthogonal grids by ASHRAE (2017). 

The grid size is unknown when modelling a geometry and usually the software does the discreti-

zation automatically, starting with a minimum SGT and creating the other ones based on the STR. 

However, different values of SGT and STR may output different results. Defo et al. (2021 a; 2021 

b) mention that different tools present different grid generation and they might affect mould results 

in more than 100%. Hirsch (1988) showed that the best numerical solution is given by the discreti-

zation which best represents the continuum, i.e., a grid size which tends to zero. Very fine grids, 

however, are related to much more computational requirements and, therefore, the strategy is to 

use a grid as coarse as possible so that the required accuracy is reached. 

Generally, minimum and maximum widths for any element should be 1 mm and 50 mm respec-

tively, either for 1D or 2D simulations. For the STR, 1.2 to 1.4 are suitable values for 1D projects 

whereas 1.5 is recommended for 2D projects to avoid long simulation times. Those values should 

be adopted at the beginning but they may require adjustments under very strong gradients; in 

these cases, a finer grid may be required and the best one must be selected based on a sensitivity 

analysis (Bauklimatik, 2022). 

At the beginning of a sensitivity analysis, a coarse mesh should be applied to the geometry be-

cause it allows the user to evaluate computer requirements and running time; besides, coarser 

meshes run faster and many “test runs” can be performed to get a general view of the solution to 

the problem. Later, the grid may be refined and must be sufficiently fine to provide an adequate 

resolution of the important flow features; mesh concentration may be required in the vicinity of 

layer boundaries and a grid which works well for a given variable does not necessarily produce 

the same level of accuracy for another variable (Tu et al., 2013).  

According to Ferziger (2020), the grid should be finer when strong gradients are expected because 

more elements are needed to adequately represent the flow, keeping the errors at acceptable 

levels. This fact was also observed by Cornick (2009): coarse grids may not capture the correct 

profile of the variable being assessed because grid size have a considerable effect on the results.  

Figure 2.27 shows an example of this effect: the shaded region of Figure 2.27a and Figure 2.27b 

represents the same physical portion of a given homogeneous body subjected to a temperature 

difference of 20oC between its opposite faces. According to Figure 2.27a, the whole region is at 

27.5oC (taken as the average of its two faces); according to Figure 2.27b, part of the region is at 

28.7oC and part is at 26.7oC. Since the body is homogeneous, Figure 2.27b best represents the 
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real situation and Figure 2.27a gives the greatest error. For a stronger gradient, the error would 

be even higher if the grid was kept the same. 

 
Figure 2.27. Calculated temperature distribution varies according to the grid resolution. 

Figure 2.28 shows the differences between the temperatures obtained by the simulation and the 

reference temperatures (for six positions in a given geometry) when varying: a) the STR and b) 

the SGT (Bauklimatik, 2022). In this case, STR from 1.15 to 1.51 (Figure 2.28a) shows straight 

lines for all the six cases, meaning that it does not have a significant influence on the temperature 

difference. On the other side, SGT (Figure 2.28b) has a strong influence when varying from 10 mm 

to 1 mm, but it shows no further improvement for values below 1 mm. Since smaller values mean 

a significant increase in the total number of elements in the grid and computational requirements, 

one can assume 1 mm provides sufficient accuracy.  

   
Figure 2.28. Temperature differences for six positions as a function of a) STR and b) SGT. 

(Bauklimatik, 2022). 

Paepcke & Nicolai (2020) present a grid sensitivity study using coarse, medium and fine meshes. 

Their conclusion indicates that fine grids produce the best results, but medium discretization might 

be acceptable in terms of accuracy. The grid may be different for the same geometry depending 
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on the variable being studied, for instance energy balance or moisture storage. Hence, the hygro-

thermal analysis can be done by evaluating two sets of results, one for each variable, as long as 

they are assumed to be independent of each other. 

A set of simulations using Delphin was performed by Laukkarinen et al (2021), varying the air 

entry position, STR, air permeability of the insulation and pressure difference. The results show 

that the air permeability of the insulation and the air pressure difference were the two most im-

portant factors for the dry air mass flow through the structure, whereas the details of the discreti-

zation had a smaller impact. Aggarwal (2023) also did a mesh analysis before performing simula-

tions of a wood frame wall with brick and stucco cladding: varying the SGT among 0.1, 0.5 and 

1.0 mm, the results for moisture accumulation varied about 5% after 2 years of simulation. 

In any case, the user should have a good understanding of the problem and what the solution 

might be, since very small errors accumulating over millions of iterations might lead to wrong re-

sults without any notice. Ferziger (2020) emphasizes that having a good understanding of the goal 

of the simulation and of the physics which govern the solution enable the user to promptly detect 

any weird output. Cornick (2009) mentions that having a good understanding of the capabilities 

and limitations of the tool and confidence through benchmarking is also important. Kunzel & Ka-

ragiozis (2010) say that the results should be checked for plausibility and compared to experi-

mental data when possible; if they inspire confidence, the resulting hygrothermal conditions should 

be interpreted within the building envelope system: temperature, relative humidity and moisture 

content should not exceed the limits specified for each material. 

2.4.4.2. The relation between air flux and air leakage rate 

The air flux through an opening is a consequence of the pressure difference and of the resistance 

along the path; however, this resistance cannot be analytically calculated because it depends on 

the balance of pressure losses inside the whole cavity, which is related to the geometry itself and 

to the property of the materials. If the position of the air entry (or air exit) is changed, the flux will 

also change even though the pressure difference is kept constant; the same happens when either 

the thickness of the insulation or the height of the air entries change. As a general principle, 

though, the closer the air entry and exit are, the higher the flux since the resistance between them 

is lower. 

The air flux through the opening is an output of the Delphin solver, which takes into consideration 

the materials properties and calculates how much air goes through each cell. Fechner (2021, 

2022) mentions that Delphin works with two independent solvers: 

• The first solver calculates the air flux through each cell for both directions according to the geome-

try, pressure difference and air permeability of the materials. The air mass balance is evaluated at 

each time step. 

• The second solver uses the outputs from the first solver as part of the inputs when solving the bal-

ance equations for heat and moisture transfer. 

Figure 2.29a shows the Delphin model of a wall assembly and Figure 2.29b shows an air channel 

as a ventilated layer behind the cladding; the analogy of the layers in both cases is given by the 

solid lines. The example considers an air flow passing through a 2 cm opening and traveling inside 
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a 4 cm thick and 5 m long vertical channel. The air flow through a single channel inside the as-

sembly can be analytically calculated using Eq. 2.1 (Fechner (2021)): 

 

 

 
Figure 2.29. a) modelled assembly; b) example of air flow calculation through a ventilated air space  

(adapted from Fechner, 2021). 

The Rü value is related to the surface exchange coefficient, which was set to 2 when configuring 

the model. In the modelled assembly, R3 is the resistance of the 72 mm long air channel which 

connects the insulation with the exterior surface of the top plate and R1 is the resistance of the 

12.5 mm long air channel which connects the insulation with the exterior surface of the gypsum 

board. R1 and R3 are just an analogy of how the model works and they are not set up in the 

model. They are automatically evaluated when the solver calculates the air flux according to the 

geometry and material properties. 
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This is an example of a simple and uniform channel, but for a situation like Figure 2.24b (air-

permeable insulation), the flow cannot be analytically calculated, and a solver is necessary. 

Regardless of the way the air travels inside the assembly, the maximum volumes of exfiltrated air 

per m2 of wall are suggested in the section A-5.4.1.2.(1) of the NBC, which states:  

These values are for air barrier systems in opaque, insulated portions of the build-

ing envelope. They are not for whole buildings, as windows, doors and other open-

ings are not included. The table is provided for guidance when testing air barrier 

systems as portions of an envelope. 

So, the values are related to opaque walls without any intentional openings (windows, doors etc.). 

When simulating air leakage, however, it is assumed the exfiltrated air passes through one or a 

couple of intentional openings in the model. This means the flux is concentrated in one single 

opening so that the worst-case scenario can be evaluated. Figure 2.30 shows two possibilities 

with the same area: one slot of 50x1 cm and another one of 10x5 cm; the arrows show the direc-

tion of the flow through those sections. 

 
Figure 2.30. Different shapes of the air leakage entry; the arrows indicate the flux direction. 

For a 2.4m2 wall and an air leakage rate of 0.05L/s at 75Pa, this airflow must pass through these 

two openings and the flux for each one is calculated according to Eq. 2.2 and Eq. 2.3: 
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Those values are for pressure differences of 75 Pa and therefore they need to be converted to air 

leakages under pressures of about 10 Pa; this can be done by using the power law equation: 

Where: 

• Q: air flow through opening, m3/s 

• c: flow coefficient, m3/s.Pan 

• n: pressure exponent, dimensionless 

According to ASHRAE (ASHRAE, 2017), a typical value for n is about 0.65, but values for “c” and 

“n” can be determined for a specific building by using fan pressurization testing. Hens (2007) 

mentions that the power law equation may be used to describe air flow in cavities, air layers, 

cracks, joints, holes, voids etc., but this requires air permeability and flow exponent “n” to be 

known, which is complicated when dealing with a very complex hydraulic network. Then, “n” was 

adopted as 0.65 and the conversion between pressures is written as: 

 

 

While the area and the air flux are the same for both openings, the volume subjected to the air 

flow is proportional to the width of the opening (the depth of the model, z-axis). The volume related 

to the 10x5 cm air entry is 10*18.4*232.8 cm3, five times smaller than with an air entry of 50x1 cm2, 

i.e., 50*18.4*232.8 cm3 (Figure 2.31a). Even though simulating air leakage through a 10x5 cm2 

box is possible, the results ignore what happens in reality: the air spreads all over the insulation 

between two studs instead of traveling only through a hypothetical volume defined by [width of the 

opening * depth of the cavity * height of the cavity]. Therefore, the results overestimate the effect 

of the air leakage by concentrating the flow in a smaller volume, which does not exist. The conse-

quences of this on the hygrothermal performance are discussed when setting up the model (Chap-

ter 4). 

This hypothetical volume is just an analogy to explain the physical concept related to the width of 

the opening; all the simulations are always run in 2D (x and y). Delphin only takes into considera-

tion the depth of the model (z axis) when calculating results for variables integrated over the space, 

like moisture content in kg/m3.  

Focusing on the wider opening, Figure 2.31 shows three possible cross sections (A, B and C) to 

analyze the hygrothermal performance. Section C is closer to the wood stud than section A and it 

is plausible to assume the hygrothermal performance differs in each of them. Although this is true 

in real life, it is not true when running 2D simulations because they do not consider what is hap-

pening towards the z-axis (there is no way to “tell” Delphin there is a stud close to section C). 

Therefore, the three sections output the same results. 

𝑸 = 𝒄(∆𝑷)𝒏 Eq. 2.4 
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 Eq. 2.5 

𝑭𝒍𝒐𝒘𝟏𝟎𝑷𝒂 =  𝑭𝒍𝒐𝒘𝟕𝟓𝑷𝒂 ∗ 𝟎. 𝟑 Eq. 2.6 
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Figure 2.31. a) the volume subjected to air leakage varies with the opening; b) three possible  

sections (A, B and C) to analyze the hygrothermal performance of the assembly. 

2.4.4.3. The relation between air flux and air permeability of the insulation 

As discussed previously, the flux at the entry is an output of the Delphin solver and the relation 

with other variables is given by Eq. 2.7: 

After establishing the path, the air entry height and the pressure difference, the solver calculates 

the dispersion of the air through the cavity insulation according to the air permeability of the ma-

terials. If the required flux is not obtained, two strategies can be used: 

• For a given geometry, the pressure difference must be adjusted until the flux is obtained. 

• For a given pressure difference, the air permeability of the insulation must be adjusted so the de-

sired flux is obtained as an output of the solver. 

Changing the properties of the materials is a technique that can be used to better match simulation 

and experimental results, and it may require a sensitivity analysis for complex situations, like the 

experiments from Boardman & Glass (2020): the authors adjusted the properties of many materi-

als in the assemblies as a way of improving the accuracy of the simulation results when compared 

to the experiments in the lab. 

ASTM C 522 (ASTM, 2016) prescribes a method for measuring air permeability of porous materi-

als with an apparatus like the one shown in Figure 2.32: air is forced through a section of the 

material due to a pressure difference provided by an air supply or vacuum mechanism. For mineral 

wool, the fibers of the specimen are mostly perpendicular to the air flow since this is the orientation 

𝑭𝒍𝒖𝒙 = 𝒇(𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆, 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍𝒔 𝒑𝒓𝒐𝒑𝒆𝒓𝒕𝒊𝒆𝒔, 𝒂𝒊𝒓 𝒆𝒏𝒕𝒓𝒚, 𝒑𝒂𝒕𝒉) Eq. 2.7 
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of the matts when installed in the cavity. The whole experiment is based on the idea that the flux 

is unidirectional and homogeneous. 

 
Figure 2.32. Schematic diagram of airflow apparatus to measure air flow resistance (ASTM, 2016). 

However, air leakage through an assembly is the result of many irregular channels with different 

sizes and paths and the flux is neither unidirectional nor homogeneous. They cannot be simply 

condensed in a single channel without simplifications and losses, which means the permeability 

values found in the laboratory test are not directly applicable. The solver calculates the air flux 

through each cell for both directions according to the geometry, pressure difference and air per-

meability of the materials (Fechner, 2021, 2022). 

Also, Gellert (2010) emphasizes the insulation itself is not homogeneously placed in place, it might 

settle with time and the permeability varies with its moisture content. Harreither et al (2015) found 

that the air flow resistance and density of each specimen among a set of 300 varies because of 

the inherent non-homogeneity of the material itself and also because of installation techniques 

and size of the specimen. After considering all these aspects, the air permeability of the insulation 

in the cavity may vary more than 100%. Hens (2007) adds: 

Mass transfer properties do not characterize the material but the porous system, 

which may be quite variable between samples of a same batch of material sam-

ples and interacts intensively with the relative humidity in the surrounding air, giv-

ing rise to adsorption and capillary condensation … Things even become more 

complicated when looking to real envelope parts. They do not behave as the ide-

alized constructions, models simulate, composed of homogeneous materials, with 

ideal diffusion and suction contacts in between. Simulating their heat, air, and 

moisture response with the models available today may show results which devi-

ate largely from the actual response. Blaming the quality of the material data for 

these discrepancies is not correct. One should instead critically scrutinize the 

models and work on upgrades which include material heterogeneity, account for 

air transport, consider gravity and external pressure induced flow through cracks, 

voids, and air layers, take real initial conditions into account and evaluate proba-

bility and risk. 
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In a study to determine the best building practice for Greenlandic conditions, Friis et al. (2023) 

undertook many simulations using Delphin and the material properties were iteratively calibrated 

to get the best fit between the model output and experimental data. So, varying the air permeability 

of the insulation in the model is a plausible strategy towards the goal of imposing an air flux at the 

air entry. Watt et al. (2014, 2015), when simulating air leakage due to natural convection using 

COMSOL Multiphysics, adjusted the air permeability of the interior fiber board so that the required 

values for air leakage rate could be attained. 

Computer models must be adjusted to reflect the real assembly, accounting for heterogeneity, 

cracks, voids and other factors that make the material properties not directly applicable (Hens, 

2007). Sometimes a sensitivity analysis might be required and material properties must be ad-

justed as a way of improving the correlation of the model with the experiment (Boardman & Glass, 

2020). This sensitivity analysis is discussed when setting up the model in Chapter 4. 

Different authors use different simulation tools and each one has its own engine to solve the bal-

ance equations related to heat, air, and moisture transfer. So, it is plausible to expect that those 

tools react differently to the same simplification and produce different results. This concept is ex-

plored by Defo et al. (2021) for four different tools (Delphin, Wufi, Comsol and hygIRC) and, even 

though there is no explicit citation to air leakage, the idea is applicable to it. 

2.5. Summary of air leakage simulation 

For a given air leakage rate, the paths of the air inside the insulated cavity vary because of material 

properties, constructive details, and unpredictable flaws; therefore, decisions on this subject are 

very difficult to make and the worst-case scenario is usually assumed due to the absence of more 

reliable information. 

Even more simplifications are needed when practical assumptions must be transferred to a com-

puter program and either 1D or 2D models have inherent limitations because air leakage is a 

spatial phenomenon and cannot be represented in only one or even two directions. Between 1D 

and 2D models, the latter can consider the height of the assembly, an important detail when as-

sessing air leakage, but a much greater computational demand is implied when comparing to a 

1D model. 

During the 2D model implementation, the first step is to build the best grid in terms of time demand 

and accuracy, which may require a sensitivity analysis. After that, the relation between pressure 

difference, air leakage rate and air flux must be determined so that the assembly is subjected to 

the correct exfiltration rate. Also, adjustments of the air permeability of the insulation may be re-

quired to get the air leakage rate prescribed by the Canadian code or any other standard. 

After reviewing the literature, the most important gap is the absence of details about how the air 

leakage simulations were implemented: most of the papers about the subject do not mention im-

portant details, which makes impossible for a third party to repeat the same work. To address this 

gap, this section clarified all the necessary details to implement air leakage using Delphin: the 

discretization process, accuracy and convergence, relations between air leakage rate, air perme-

ability and air flux, and different air leakage paths. With those details, anyone´s simulations can 

be reproduced and compared to other studies. 
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2.6. Mould index as a performance indicator  

Mould growth is a complex mechanism which is mostly influenced by relative humidity, tempera-

ture, material susceptibility, surface quality and duration (Ojanen et al., 2010). Different models 

are available in the literature for computing mould growth on building materials, for instance Nofal 

(1998), Sedlbauer (2001), Nofal and Kumaran (2010), Vereeken et al. (2011), Gradeci et al. 

(2017).  

In this study, the VTT mould growth model (Lähdesmäki et al., 2011; Ojanen et al., 2010; Viitanen 

et al., 2015, 2011) was adopted and it is described by ASHRAE 160 (ASHRAE, 2016). It returns 

a number between 0 (no mold growth) and 6 (surface fully covered with mould), called Mould 

Index (MoI), by considering hourly values of relative humidity and temperature. As the algorithm 

can be easily implemented with the help of some equations (Eq. 2.8 to Eq. 2.14), processing the 

simulation results becomes a simple task; Table 2.2 provides all the necessary coefficients. 

Table 2.2. Parameters for MoI calculations (adapted from ASHRAE, 2016). 

Sensitivity class 

(examples) 

k1  

M < 1 M ≥ 1 W A B C 

Very sensitive 

(Untreated wood; includes lots of nutrients for biological growth) 
1 2 0 1 7 2 

Sensitive 

(Planed wood, paper-coated products, wood-based boards) 
0.578 0.386 1 0.3 6 1 

Medium resistant 

(Cement or plastic based materials, mineral fibers) 
0.072 0.097 1 0 5 1.5 

Resistant 

(Glass and metal products, materials with efficient protective com-
pound treatments) 

0.033 0.014 1 0 3 1 

 

Starting from zero, the MoI should be accumulated for each hour using Eq. 2.8: 

Where: 

• Mt: MoI for the current hour 

• Mt-1: MoI for the previous hour 

• M: change in MoI calculated according to the conditions specified below 

If Mt yields a negative number at any time step, it shall be automatically set to zero.  

If the surface temperature (Ts) is greater than 0oC, the relative humidity for mould initiation (RHcrit) 

shall be calculated according to Eq. 2.9 (very sensitive or sensitive material) or Eq. 2.10 (medium 

resistant or resistant material): 

 

 

𝐌𝐭 = 𝐌𝐭−𝟏 + ∆𝐌 Eq. 2.8 

𝑹𝑯𝒄𝒓𝒊𝒕 = {
−𝟎. 𝟎𝟎𝟐𝟔𝟕𝐓𝐬

𝟑 + 𝟎. 𝟏𝟔𝟎𝐓𝐬
𝟐 − 𝟑. 𝟏𝟑𝐓𝐬 + 𝟏𝟎𝟎 𝐰𝐡𝐞𝐧 𝐓𝐬 ≤ 𝟐𝟎°𝐂

𝟖𝟎 𝐰𝐡𝐞𝐧 𝐓𝐬 > 𝟐𝟎°𝐂 
 Eq. 2.9 
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If the relative humidity at the material surface (RHs) is greater than RHcrit, an increase in MoI shall 

be calculated as shown in Eq. 2.11: 

 

 

Where: 

• k1: mould growth intensity factor  

• k2: mould index attenuation factor  

• W: parameter from material sensitivity class 

The mould index attenuation factor (k2) shall be calculated according to Eq. 2.12: 

 

 

Where Mmax is the maximum MoI at the current hour (Eq. 2.13): 

 

 

Coefficients A, B and C are selected according to the sensitivity class. 

If Ts ≤ 0oC or RHs ≤ RHcrit, a decline in the MoI shall be calculated according to Eq. 2.14: 

 

Where: 

• K3: decline coefficient specific to material surface 

• tdecl:   number of hours from the moment when conditions for mould growth changed from 

 favorable (Ts > 0 and RHs ≥ RHcrit) to unfavourable (Ts ≤ 0oC or RHs ≤ RHcrit) 

 

 

𝑹𝑯𝒄𝒓𝒊𝒕 = {
−𝟎. 𝟎𝟎𝟐𝟔𝟕𝐓𝐬

𝟑 + 𝟎. 𝟏𝟔𝟎𝐓𝐬
𝟐 − 𝟑. 𝟏𝟑𝐓𝐬 + 𝟏𝟎𝟎 𝐰𝐡𝐞𝐧 𝐓𝐬 ≤ 𝟕°𝐂

𝟖𝟓 𝐰𝐡𝐞𝐧 𝐓𝐬 > 𝟕°𝐂 
 Eq. 2.10 

∆𝐌 =
𝐤𝟏𝐤𝟐

𝟏𝟔𝟖𝐞𝐱𝐩(−𝟎. 𝟔𝟖𝐥𝐧𝐓𝐬 − 𝟏𝟑. 𝟗𝐥𝐧𝐑𝐇𝐬 + 𝟎. 𝟏𝟒𝐖 + 𝟔𝟔. 𝟎𝟐)
 Eq. 2.11 

𝒌𝟐 = 𝒎𝒂𝒙{𝟏 − 𝒆𝒙𝒑[𝟐. 𝟑(𝑴 − 𝑴𝒎𝒂𝒙)], 𝟎} Eq. 2.12 

𝑴𝒎𝒂𝒙 = 𝑨 + 𝑩 (
𝑹𝑯𝒄𝒓𝒊𝒕 − 𝑹𝑯𝒔

𝑹𝑯𝒄𝒓𝒊𝒕 − 𝟏𝟎𝟎
) − 𝑪 (

𝑹𝑯𝒄𝒓𝒊𝒕 − 𝑹𝑯𝒔

𝑹𝑯𝒄𝒓𝒊𝒕 − 𝟏𝟎𝟎
)

𝟐

 Eq. 2.13 

∆𝑴 = {

−𝟎. 𝟎𝟎𝟏𝟑𝟑𝒌𝟑 𝒘𝒉𝒆𝒏 𝒕𝒅𝒆𝒄𝒍 ≤ 𝟔
𝟎 𝒘𝒉𝒆𝒏 𝟔 < 𝒕𝒅𝒆𝒄𝒍 ≤ 𝟐𝟒

−𝟎. 𝟎𝟎𝟎𝟔𝟔𝟕𝒌𝟑 𝒘𝒉𝒆𝒏 𝒕𝒅𝒆𝒄𝒍 > 𝟐𝟒
 Eq. 2.14 
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Chapter 3. Methodology 

3.1. Wall configuration 

A wood frame wall of a 3.5-storey (10-m high) residential building located in suburban areas was 

considered. Figure 3.1 shows the typical composition of a brick cladding wall, Figure 3.2a shows 

the configuration of the assembly for hygrothermal simulations and Figure 3.2b shows the equiv-

alent cross section.  

 
Figure 3.1. a) Typical composition of a brick cladding wall with the air entry at the 

bottom and air exit at the top; b) cross section. 

 
Figure 3.2. Brick veneer wall configuration (not to scale): a) Delphin model; b) cross section. 

a) 3D view of a brick cladding wall b) Cross section 
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From the sheathing membrane (also called WRB – weather resistive barrier) to the indoor side of 

the assembly (from layer 5 to 1), all the layers are the same for all walls. Also, a capillary break 

(drainage cavity) is required by the NBC (NRCC, 2020, provision 9.27.2.2.(5)) when: 

• HDD < 3400 and MI > 0.9 or 

• HDD ≥ 3400 and MI > 1.0. 

With brick cladding, a 25 mm thick capillary break is the same for all cases. With direct applied 

stucco (Whitehorse and Ottawa), there is no capillary break, and a 1.5 mm thick air layer was 

created so that the ACH could be applied to it. In Vancouver, which requires a capillary break, the 

air layer is 10 mm thick. 

Figure 3.3 shows a 3D view and the description of the layers of each cladding type: brick, stucco, 

and vinyl. 

 

 

A) BRICK VENEER 
1. Gypsum board (12.7 mm) 
2. Polyethylene (6 mil = 0.15 mm) 
3. Plates & mineral wool 
4. Sheathing board: OSB (11.1 mm) 
5. Sheathing membrane: 30’ paper 
6. Air layer (drainage cavity).  
7. Brick veneer cladding 

A 

B) STUCCO  
(with drainage cavity) 
1. Gypsum board (12.7 mm) 
2. Polyethylene (6 mil = 0.15 mm) 
3. Plates & mineral wool 
4. Sheathing: OSB (11.1 mm) 
5. Sheathing membrane: 30’ paper 
6. Furring 
7. Lath 
8. Basecoat 
9. Finishing 

B 
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Figure 3.3. Description of the layers of the assemblies. 

3.2. Geographic locations 

Appendix C of the NBC has a list with hundreds of cities across Canada and for each one some 

information is given, for instance: annual rain, design temperature, moisture index (MI), HDD, 

among others. MI is a measure of the overall risk to the development of possible moisture issues 

in a wall assembly; it is calculated as a function of wetting and drying indices: while the wetting 

index is basically related to the amount of rain, the drying index is related to the degree of vapor 

saturation of the air, a more complex phenomenon related to the temperature of the air. Those 

two indices are better explained in Cornick et al (2002) and Cornick and Dalgliesh (2003). 

Three cities were selected for analysis, based on their geographic location and HDD (climatic 

zone): Ottawa (ON), Whitehorse (YT) and Vancouver (BC). From now on, these cities will be re-

ferred to as Ott, Van, and Whe, respectively; the city of Toronto with vinyl cladding was used only 

when setting up the model. Table 3.1 shows some climate details of the selected cities and Figure 

3.4 shows the climatic regions of Canada. 

C) STUCCO  
(direct applied) 
1. Gypsum board (12.7 mm) 
2. Polyethylene (6 mil = 0.15 mm) 
3. Plates & mineral wool 
4. Sheathing: OSB (11.1 mm) 
5. Sheathing membrane: 30’ paper 
6. Lath 
7. Basecoat 
8. Finishing 

C 

D) VINYL 
1. Gypsum board (12.7 mm) 
2. Polyethylene (6 mil = 0.15 mm) 
3. Plates & mineral wool 
4. Sheathing: OSB (11.1 mm) 
5. Sheathing membrane: 30’ paper 
6. Vinyl siding 

D 
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Table 3.1. Geographic location and climate details of the selected cities (NRCC, 2020).  

City (Province) 
Latitude 

(o) 

Longitude 

(o) 

HDD (1)  
(h) 

Zone (2) 
RSImin 

(W/m2K) (3) 

Moisture index 
(MI) (4) 

Annual rain 
(mm) 

Whitehorse (YT) – Whe 60.71 -135.07 6580 7B 3.85 0.5 170 

Vancouver (BC) – Van 49.28 -123.12 2825 4 2.78 1.4 1325 

Ottawa (ON) – Ott 45.32 -75.67 4440 6 3.08 0.8 750 

Toronto (ON) – Tor 43.68 -79.63 3800 5 3.08 0.9 730 

(1) HDD: Heating degree days below 18oC. 
(2) Zone: Climatic zone, inferred from the HDD value. 

(3) RSI: Effective thermal resistance (without heat-recovery ventilator, Table 9.36.2.6.-A). 

(4) MI: Moisture index (refer to Appendix C of the National Building Code for explanations about MI). 

 

 
Figure 3.4. Climatic regions of Canada and location of the major cities (ECCC, 2020). 

3.3. Climate data 

Two sets of climate data were used: historical (H) and future (F7, when a global warming of 3.5oC 

is expected to be reached by the end of the 21st century). Both sets were obtained as described 

by Gaur & Lacasse (2022) and encompass 15 realizations having 31 consecutive years, from 

1991 to 2021 and from 2064 to 2094. Figure 3.5 to Figure 3.7 show the profiles for RH, T, WDR 

and wind speed and pressure difference for each city. 

For hygrothermal simulations, the 31 years were sorted in descending order of average winter 

temperature (from January to April and from October to December); then, the 3rd coldest year was 

selected and repeated three times. 

The default wall orientation was the one which has the highest total pressure difference between 

inside and outside. However, when the pressure outside happened to be higher than the pressure 

inside the building, it was set equal to indoor pressure, which means only exfiltration was consid-

ered in all cases. 
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Figure 3.5. Outdoor RH and T profiles (15 Runs combined) for the three cities,  

historical (H) and Future (F7) periods. 

 
Figure 3.6. Hourly WDR (solid lines) and cumulative WDR (dashed lines) for the three cities,  

historical (H) and Future (F7) periods. 

 

 
Figure 3.7. Wind speed and pressure difference for the three cities, historical (H) and Future (F7) periods. 
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Indoor and outdoor air pressures were derived from the combination of indoor mechanical venti-

lation, wind, and stack pressures. In this study, the ventilation pressure was set to 3 Pa.  

Stack pressure is due to the temperature difference between indoor and outdoor and is calculated 

as follows: 

∆𝑷𝒔𝒕𝒂𝒄𝒌 = 𝐳(𝝆𝒐𝒖𝒕 − 𝝆𝒊𝒏) ∗ 𝒈 Eq. 3.1 

Where: 

• Pstack: stack pressure (Pa)    z:  height (m) 

• out:  outdoor air density (kg/m3)   in:  indoor air density (kg/m3) 

• g:  gravity (9.81 m/s2)  

For a 3.5-storey residential building, it was considered the neutral plane is in the middle of the 2nd 

floor, at about 5 m. The pressure was calculated at the bottom of the 1st floor, which means 

z = - 5 m. 

Wind impinges directly on a wall and flows around or over a building, creating a distribution of 

pressures on the building´s exterior surfaces; these pressures are related to the wind direction 

and speed, air density, wall orientation and surrounding conditions. The value is calculated using 

the Bernoulli equation (Eq. 3.2): 

𝑷𝒘 = 𝑪𝒑 ∗ 𝝆 ∗
𝑼𝟐

𝟐
 Eq. 3.2 

Where: 

• Pw: wind pressure (Pa) 

• Cp :  surface pressure coefficient (dimensionless) 

• :  outdoor air density (kg/m3) 

• U:  wind speed (m/s)  

The air-pressure coefficient is related to the angle between the wind direction and the wall. In this 

study, the harmonic trigonometric function developed by Walker and Wilson (1994) was used (Eq. 

3.3): 

𝑪𝒑 =
𝟏

𝟐
{[𝑪𝒑𝟏 + 𝑪𝒑𝟐](𝒄𝒐𝒔𝟐∅)

𝟏
𝟒 + [𝑪𝒑𝟏 − 𝑪𝒑𝟐](𝒄𝒐𝒔∅)

𝟑
𝟒 + [𝑪𝒑𝟑 + 𝑪𝒑𝟒](𝒔𝒊𝒏𝟐∅)𝟐 + [𝑪𝒑𝟑 − 𝑪𝒑𝟒]𝒔𝒊𝒏∅} Eq. 3.3 

Where: 

• Cp1:  pressure coefficient when wind is at 0o 

• Cp2:  pressure coefficient when wind is at 180o 

• Cp3:  pressure coefficient when wind is at 90o 

• Cp4:  pressure coefficient when wind is at 270o 

• :  wind angle 

Typical values for Cp1 to Cp4 for low-rise buildings are 0.6, -0.3, -0.65, -0.65, respectively. 
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3.4. HAM configuration 

3.4.1. Overview of the simulation tool 

According to DELPHIN documentation, the program (Coupled Heat, Air, Moisture and Pollutant 

Simulation in Building Envelope Systems) was first developed in 2004-2006 with funding support 

from research grants from U.S. Environmental Protection Agency, U.S. Department of Energy, 

Syracuse Center of Excellence in Energy and Environmental Systems, EQS-STAR Center/New 

York State Office of Science, Technology and Academic Research, and Syracuse University. It is 

an outcome of a joint effort between BEESL/Syracuse University (USA) and the Institute for Build-

ing Climatology/University of Technology Dresden (TUD), Germany. One of the first applications 

of this tool is described by Kalamees & Kurnitski (2010) when assessing the performance of exte-

rior walls and roofs under forced moisture convection. 

The development of the code first started around 1988 and it was called DIM; under this name it 

was further developed to version 3.1. Around 2000, a graphical user interface was added, and the 

name was changed to DELPHIN. This was the beginning of DELPHIN 4 and the first try for cou-

pling with air transport was implemented in the tool. Around 2004, Andreas Nicolai started to de-

velop DELPHIN 5 while working at Syracuse university, where he managed to get the fundings. 

He also wrote his PhD dissertation focusing on salt and VOC transfer (Nicolai, 2007) and a sum-

mary for this can be found elsewhere (Nicolai et al., 2009). The development of DELPHIN 6 started 

in 2015 and the current development is under the frame of his own company: Bauklimatik Dresden 

Software GmbH. 

The tool has been validated for the heat, moisture and air transport for one- and two-dimensional 

problems with five HAMSTAD3 benchmarks, two cases using ISO 10211 (ISO, 2017), one case 

using EN 15026 (BSI, 2007) and one suction-drying test. All validation cases could be mapped 

and recalculated with different versions of Delphin and the results were always within the specified 

tolerance range or in the range of the other numerical solutions. The benchmarks include (among 

others): one-dimensional insulated roof, a two-layer wall under dynamic climatic conditions and a 

brick wall with internal insulation attached with mortar (Sontag et al., 2013). 

An important feature of DELPHIN is its ability to handle wind-driven rain deposition, solar radiation, 

air leakage and moisture/heat sources as individual files. 

3.4.2. Material properties 

The properties of the materials used in this study were taken from NRC material database. 

3.4.3. Initial conditions 

Initial conditions were set to 15oC and 60% RH for all layers. 

 

3 The HAMSTAD project (Heat, Air and Moisture Standardization) dealt with the numerical simulation of heat, moisture, and air 
transport mechanisms in building materials. 
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3.4.4. Boundary conditions 

3.4.4.1. Wind-driven rain (WDR) 

All cases were simulated with and without wind-driven rain so that it was possible to see the influ-

ence of the air leakage alone. When WDR was considered, 1% of it was applied to the outer layer 

of the sheathing membrane. 

3.4.4.2. Indoor conditions 

Indoor temperature was calculated using the ASHRAE method with the “Heating Only” approach 

(ASHRAE, 2016) as shown in Table 3.2.  

Table 3.2. Details of the method for calculating indoor temperature, heating only (ASHRAE, 2016). 

24-hour running average of  
outdoor temperature 

Indoor design temperature, oC (oF) 

Heating only Heating and air conditioning 

T0,24h ≤ 18.3oC (T0,24h ≤ 65oF) 21.1oC (70oF) 21.1oC (70oF) 

18.3oC < T0,24h ≤ 21.1oC (65oF < T0,24h ≤ 70oF) 
T0,24h + 2.8oC (T0,24h + 5oF) 

T0,24h + 2.8oC (T0,24h + 5oF) 

T0,24h > 21.1oC (T0,24h > 70oF) 23.9oC (75oF) 

   

The European Class model (class 3 – moderate moisture generation) described in ISO 13788 

(ISO, 2012) was used to calculate indoor relative humidity (Eq. 3.4).  

 

𝑹𝑯𝒊 =
(𝑷𝒆 +  ∆𝑷)

𝑷𝒔𝒂𝒕,𝒊
∗ 𝟏𝟎𝟎 Eq. 3.4 

Where: 

• RHi:  indoor RH (%) 

• Pe:  outdoor vapor pressure at the mean monthly temperature (Pa) 

• P:  vapor pressure difference (indoor – outdoor) for the selected class (Pa) 

• Psat,i:  indoor saturation vapor pressure (Pa) 

The value of P is related to the selected moisture generation class and to the temperature differ-

ence between indoor and outdoor as well (Figure A.2 from ISO 13788). 

The Class model was selected because it performs well for such a simple model and can be used 

when reliable data regarding moisture generation rates and air changes is not readily available 

(Cornick & Kumaran, 2007, 2008). Figure 3.8 shows the profiles for indoor RH an T. 
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Figure 3.8. Indoor RH and T for the three cities, historical (H) and Future (F7) periods. 

3.4.4.3. Other boundary parameters 

Coefficients and parameters used to configure the simulations were adopted as follows:  

• outdoor convective heat transfer:  4+4v W/m2K, (v = wind speed in m/s) 

• outdoor vapor transfer:    2.44*10-8 + 2.44*10-8 v s/m, (v = wind speed in m/s) 

• indoor heat transfer:    8 W/m2K  

• indoor vapor transfer:    1.52*10-8 s/m  

• ground shortwave reflection:  0.2 

• ground longwave emission:   0.9 

• surface shortwave absorption:   0.6 for red brick and 0.35 for all others 

• surface longwave emission:   0.9 

3.4.5. Simulation parameters 

All the simulations were set to start on Jan 1st. The solver parameters were set as: initial time 

step = 0.01 s; maximum time step = 60 min; relative tolerance = 10-6; smallest time step = 10-5 s. 

3.5. Assumptions when configuring the hygrothermal simulations 

During the creation of the computational model, some assumptions were made as follows: 

• Simulations were run for three consecutive years using the third coldest year selected among the 

31-year period and this was assumed to be the worst-case scenario for air leakage. 

• The bottom and top part of the assembly were considered adiabatic, which means there is no HAM 

flux through those sections. 

• All layers are supposed to be in perfect contact with each other. In the case of air leakage, gaps be-

tween the insulation and the frame may form preferable and unpredictable paths. 

• The hygrothermal results do not take into consideration the wood studs. The scrutinized section is 

in the middle of the insulated cavity and only the presence of top and bottom plates was consid-

ered. 

• Material properties are assumed to be the same regardless of the material´s thickness. 

• Material properties are assumed to be the same in both x and y axes. 

• The air permeability of the insulation was considered an independent variable. 



 

Chapter 3. Methodology 

53 

 

• Buoyancy was disabled in all cases, which means the natural convection inside the cavity was not 

considered. It was assumed its influence would be minor when compared to the effect of air leak-

age. 

• The orientations of the walls were selected based on the greatest air leakage rate and the simula-

tions were performed with and without WDR. The direction with the worst-case scenario for WDR 

may not be the same, though. 

• WDR infiltration was assumed to be 1% regardless of the cladding. This means a direct applied 

stucco has the same moisture load as brick cladding with a drainage cavity of 25 mm. In practice, 

this cannot be true. 

• WDR is applied homogeneously from bottom to top of the sheathing layer. However, when using 2D 

models, some specific portions of OSB could be subjected to liquid water due to constructive rea-

sons. This would require even more assumptions, though, and homogeneous distribution was 

adopted.  

• ACH values were assumed constant during the simulation, but it varies according to the hourly wind 

speed, and this may affect the drying potential of the assembly. This effect was neglected and as-

sumed to be minor when dealing with moisture due to air leakage coming from indoors.  

3.6. Performance assessment 

The mould index (MoI) was calculated assuming a sensitive class for both material and surface, 

and 0.1 as decline factor (there is no suggestion for OSB in ASHRAE and then 0.1 was adopted 

as a conservative value4). 

3.6.1. Locations of interest 

The spots highlighted in red/black (Figure 3.9) are the monitored positions where the simulation 

results were extracted from. The length of each position is also shown, and they are not the same 

because they are related to the number of cells in the grid. 

 
Figure 3.9. Brick veneer wall configuration (not to scale), monitoring positions (dashed lines in red/black)  

and the five locations of interest due to air leakage: “1” to “5”. 

 

 

4 Table B-2 and comment B-25 of ASHRAE 160. 

1. Gypsum board (12.7 mm) 

2. Polyethylene (6 mil = 0.15 mm) 

3. Stud with mineral wool insulation 

4. OSB (11.1 mm) 

5. Sheathing membrane: 30’ paper 

6. Air layer 

7. Brick 
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Chapter 4. Set up of the model 

4.1. Configuring the air leakage path 

A set of 3 year long simulations using the model in Figure 3.9 was performed varying the air 

permeability of the insulation and the height of the opening; the air permeability of the air in the 

channels at the air entry and at the air exit was adjusted to the same value of the air permeability 

of the insulation for each case. North orientation in Whitehorse was assumed for all cases. 

The target was to obtain air leakage rates in the range of the values suggested by NBC, converted 

to values at 10 Pa. This pressure was used to calibrate the model and find the relation between 

flux, opening height and air permeability. The hourly pressure for each city, however, is given by 

the climate files. Figure 4.1 shows the results for five different values of Kg and 10 different opening 

heights. Based on that, one can create any other relation by adjusting the pressure difference or 

the value of Kg, whichever is more convenient. 

 
Figure 4.1. Flux at the air entry (@10 Pa) for different values of  

a) insulation air permeability (Kg) and b) opening height. 

Table 4.1 shows the values extracted from Figure 4.1; the flux is proportional to the value of Kg for 

a given opening height. This happens because R2 is much bigger than Rü, R1 and R3 (Figure 

2.29) and the permeance is mostly related to R2, which has a linear relation with Kg. This is very 

useful since any desired flux can be obtained by interpolating the values in Table 4.1; moreover, 

the value of Rü has negligible effect over the results, either using =2 or =1000; so, =2 was 

used in all simulations. 

Table 4.1. Flux at the air entry for different values of insulation air permeability (Kg) and opening height  

Kg (s) 

Flux at 10 Pa (g/s.m2) 

Opening height at the bottom plate (mm) 

50 40 30 20 15 10 7.5 5 3 1 

1.0*10-4 1.48 1.72 2.10 2.70 3.30 4.24 4.90 6.11 7.55 10.10 

3.0*10-4 4.45 5.17 6.28 8.30 9.90 12.71 14.90 18.31 22.62 30.23 

5.0*10-4 7.42 8.61 10.46 13.71 16.50 21.17 24.90 30.49 37.64 50.00 

7.5*10-4 11.13 12.92 15.68 20.56 24.78 31.73 37.30 45.67 56.35 - 

1.0*10-3 14.84 17.22 20.90 27.39 33.00 43.26 49.60 - - - 

The value for , the exchange coefficient, was kept constant at its default value of 2.0.  

a) b) 
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Figure 4.2 show the results at 360 h5 in terms of RH and T maps when the geometry was subjected 

to an air leakage rate of 0.05 L/sm2 @ 75 Pa (flux of 8.5 g/s.m2 @10 Pa, according to Eq. 2.3). 

Even though the air leakage rate is the same in both cases, the opening 1x50 cm2 is five times 

wider than 5x10 cm2, which means the same amount of air passes through different volumes (Fig-

ure 2.31) of the insulated cavity at the same time. Therefore, the smaller the volume, the higher 

the effect of the leakage rate. 

 
Figure 4.2. RH and T maps inside the geometry for two different opening heights (1 and 5 cm)  

subjected to the same air leakage rate. 

Varying the air permeability of the insulation could have an impact on buoyancy effect since per-

meable insulations have air-filled porosity. However, buoyancy is only considered if explicitly acti-

vated in the configuration window (Figure 4.3). 

 
Figure 4.3. Simulation settings showing the option to activate buoyancy effect. 

 

5 The value of 360 h was selected because the differences at this time were evident enough to show using colorful maps. 

5 cm 
1 cm 

RH (%) of the geometry at 360 h (P = 10 Pa) T (oC) of the geometry at 360 h (P = 10 Pa) 

5 cm 1 cm 

y 

x 

Air movement due to buoyancy effect needs to 
be explicitly activated. Otherwise, it is not con-
sidered. 
 
All the simulations presented in this text DO 
NOT consider buoyancy effect. 
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With the buoyancy effect disabled, Figure 4.4 shows the maps for RH and T and Figure 4.5 shows 

the profiles for moisture content of OSB (whole layer) and RH of OSB (close to the bottom plate): 

regardless of the Kg, the results are the same. Therefore, no differences in the hygrothermal re-

sults are expected when changing the air permeability of the cavity insulation, which means that 

adjusting this property as a way of getting the desired air flux is doable and has no unintended 

consequences. 

 
 Figure 4.4. RH maps inside the geometry for an opening height of 10 mm for two air permeabilities  

of the cavity insulation: 10-3s and 10-4s. Buoyancy effect is disabled. 

 
Figure 4.5. MC of OSB (whole layer) and RH of OSB (close to the bottom plate) for two air  

permeabilities of the insulation: 10-3s and 10-4s. Buoyancy effect is disabled. 

RH (%) of the geometry at 360 h 

Kg = 1.0e-3 s Kg = 1.0e-4 s 

T (oC) of the geometry at 360 h  

Kg = 1.0e-3 s Kg = 1.0e-4 s 
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Lastly, Figure 4.6 and Figure 4.7 emphasize the importance of defining how the air openings are 

modeled and their influence on the hygrothermal results. Figure 4.6 shows that the effects of air 

leakage are concentrated at the same level of the openings, which agrees with the results shown 

in Figure 2.17. Also, for the same opening size and position, the hygrothermal results vary if the 

airflow changes from horizontal to vertical. The maps of RH (Figure 4.6a,b) are slightly different 

and may not be so obvious, but the profiles of RH and MC over one year (Figure 4.7) make this 

difference clearer. The horizontal opening, whose flow is oriented towards OSB, shows greater 

RH and MC during the cold season. 

 
Figure 4.6. RH maps inside the geometry for three cases: a) one horizontal opening;  

b) one vertical opening; c) two horizontal openings. 

 
Figure 4.7. MC of OSB (whole layer) and RH of OSB (close to the bottom plate) for two cases:  

one horizontal opening at the bottom and one vertical opening at the bottom. 

RH (%) of the geometry at 360 h (P = 10 Pa) 
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4.2. Impact of the mesh size 

After establishing the relation among air flux, opening height and pressure difference, a 5 mm high 

continuous horizontal opening was assumed at the bottom of the assembly. Position “1” (Figure 

3.9) was selected to assess the hygrothermal results and a set of simulations was performed for 

the sensitivity analysis. An air leakage rate of 0.10 L/s.m2 at 75 Pa was adopted, which represents 

an air flux of: 

As a way of deciding the best grid to use, the set of simulations used five SGT: 0.25 mm, 0.5 mm, 

1.00 mm, 2.00 mm, and 3.00 mm. Starting from each of these SGT, three STR were used to gen-

erate the final mesh: 1.5, 2.0 and 3.0. The combination of these two variables will be shown using 

the following format: [SGT; STR]. For example [0.25; 1.5], [1.0; 3.0], [2.0; 2.0] and so on.  

The city of Whitehorse (HDD = 6580, climate zone 7B) was selected because it is very cold and 

prone to problems with moisture accumulation due to air leakage. Brick cladding was selected 

because it is thicker than stucco and, thereafter, it is a better option for analyzing the discretization. 

All the cases were simulated with two pressure differences: constant at 10 Pa and with the values 

from the climate file (Figure 4.8). 

 
Figure 4.8. Profile of the pressure difference when compared to 10 Pa. 

Figure 4.9 shows the final grid for an SGT of 0.25 mm when the discretization is done considering 

three STR: 1.5, 2.0 and 3.0; while the finest grid has 6468 cells, the coarse one has only 2772. 

The shaded region was not modified so that the outputs at position “1” were extracted from the 

same physical portion of the assembly, regardless of the mesh. 

𝑭𝒍𝒖𝒙𝟓𝒎𝒎𝒙𝟏𝒎 =
𝟎. 𝟏𝟎

𝑳
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𝟎. 𝟎𝟎𝟓𝒎 ∗ 𝟏𝒎
∗ 𝟎. 𝟑 = 𝟏𝟒. 𝟒

𝑳
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𝒈
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 (𝒂𝒕 𝟏𝟎𝑷𝒂) Eq. 4.1 
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Figure 4.9. Final discretization and number of cells for SGT of 0.25 mm and STR of a) 1.5; b) 2.0 and c) 3.0.  

Grid inside the shaded region kept constant for the three cases. 

Table 4.2 and Figure 4.10 show some relevant data about each case: SGT, STR, number of cells 

and simulation time6. Regardless of the pressure difference, constant at 10 Pa and from the cli-

mate files (Figure 4.8), the simulation time is similar. 

Table 4.2. Time required (average per year) to run the simulations in Whitehorse with brick cladding  
with two pressure differences: constant at 10 Pa and from the climate files. 

SGT 
(mm) 

STR Cells 
Time (h) SGT 

(mm) 
STR Cells 

Time (h) 

P = 10 Pa P = datafile P = 10 Pa P = datafile 

0.25 1.5 6468 23.3 24.2 2.00 1.5 2520 5.0 5.4 

0.25 2.0 3672 8.7 9.0 2.00 2.0 2142 3.8 4.1 

0.25 3.0 2772 5.9 6.5 2.00 3.0 1564 2.3 2.4 

0.50 1.5 4941 12.9 13.8 3.00 1.5 2548 4.1 4.4 

0.50 2.0 3300 7.0 7.2 3.00 2.0 1927 2.7 2.8 

0.50 3.0 2352 4.0 3.9 3.00 3.0 1720 2.4 2.1 

1.00 1.5 4389 8.5 11.9      

1.00 2.0 2726 4.4 5.8      

1.00 3.0 2132 3.0 3.2      

 

Figure 4.10a shows the simulation times are proportional to the total number of cells. Figure 4.10b 

shows the simulation time for each SGT when varying the STR: the variation is similar for each 

SGT and the time is lower for greater STR since the total number of cells is lower. During the 

discretization, care was taken to keep the flux in the range of 17±0.5 g/s.m2 because this has a 

significant impact on the hygrothermal results. 

 

6 Simulation time is deeply related to the computer used but the proportion among them should be similar. These values were ob-
tained using a Laptop Dell Inspiron, 8Gb RAM, CPU Intel i7 @ 2.2Mhz (8 cores), running Windows 10. 

a) 6468 cells b) 3672 cells c) 2772 cells 
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  Figure 4.10. a) simulation time (average per year) as a function of number of cells and SGT;  

b) number of cells, simulation time and flux as a function of SGT and STR. 

4.2.1. Accuracy 

Figure 4.11a,b show the RH profile for variable SGT and two STR: 1.5 and 3.0. There is almost 

no difference between the profiles, which means using a STR of 1.5 or 3.0 leads to basically the 

same results. 

 
Figure 4.11. RH of OSB (at pos. 1) as a function of variable SGT and a) STR = 1.5; b) STR = 3.0. 

Figure 4.12a,b show the RH profile for variable STR and two SGT: 0.25 mm and 3.0 mm. The first 

case is more sensitive to the variations of RH because the volume of material to reach equilibrium 

with the surrounding air is smaller and, therefore, it responds faster to the variations of RH. In both 

cases, though, the shape of the curve is the same. 

 

a) b) 

a) b) 
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Figure 4.12. RH of OSB (at pos. 1) as a function of variable STR and a) SGT = 0.25; b) SGT = 3.0. 

The hourly values of RH and MC profiles with SGT of 0,5; 1.0; 2.0 and 3.0 were compared to the 

outputs from the finest grid ([0.25; 1.5]) using the root mean square error evaluation (RMSE). 

Figure 4.13 exposes the comparisons: for a surface grid thickness of 3.00 mm, the RMSE of RH 

is 1.20%, 1.26% and 1.23% for STR of 1.5, 2.0 and 3.0 respectively (Figure 4.13a). When analyz-

ing MC, these values are 0.95%, 0.97% and 1.00% (Figure 4.13b). Comparisons of the T profiles 

were intentionally omitted because the variation is minor (below 0.3oC). 

 
Figure 4.13. RMSE for a) RH and b) MC of OSB (at 1) when comparing to an SGT of 0.25mm. 

All cases show that the coarser the SGT, the bigger the error and one must decide the highest 

tolerable value according to the situation being analyzed. Regarding simulation time, it varies from 

2.3 h ([2.0; 3.0]) to 23.3 h ([0.25; 1.5]), which makes an SGT of 0.25 mm prohibitive.  

Assuming a maximum RSME of 1% for RH and MC, only the case with SGT of 3 mm does not 

meet this criterion; if the threshold is raised to 1.5%, any option is acceptable. So, the option [2.0; 

3.0] would be the best one because its simulation time is similar to [3.0, 3.0] but its results are 

more accurate in terms of RH. 

Figure 4.14 shows the mould index profiles for all the combinations of SGT and STR: the variations 

in RH and T were not enough to introduce any significant difference in the mould index. However, 

it is important to emphasize that variations in the air flux greater than 5% may impact the results 

and compromise the accuracy. 

b) a) 

a) b) 
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Figure 4.14. Mould index profiles for all the combinations of SGT and STR. 

4.2.2. Convergence 

To analyze the convergence of the model, RH and MC values from SGT of 0.5, 1.0, 2.0 and 3.0 

were compared to the finest mesh by subtracting their values using STR of 1.5 (after subtraction, 

absolute values were taken to build the chart). Figure 4.15a,b show the results for RH and MC 

respectively for six positions in time taken from the profile in Figure 4.11a. As the SGT varies from 

3.0 to 0.5 mm, RH and MC tend to converge to the values from the finest mesh. RH values in the 

range 20,000 h to 24,000 h fluctuate between 70 and 98% (Figure 4.11a), but the difference be-

tween [3.0; 1.5] and [0.25; 1.5] is only 1.0% at 22,000 h and 2.6% at 22,800 h (Figure 4.15a).  

For the range 17,000 h to 21,000 h, Figure 4.11a shows that the differences in RH are much lower, 

almost negligible. This fact has important consequences when evaluating the mould index, since 

the VTT model considers mould growth only when RH is higher than 80%. If the RH values are 

similar regardless of the surface grid thickness, mould index will also be similar (Figure 4.14) since 

T is the same in all cases. 

Figure 4.15b shows the differences when analyzing MC: the observations are the same as the 

ones for RH, but the absolute values are smaller: 0.25% at 22,000 h and 0,5% at 22,800 h. Con-

sidering all this and the simulation time, the option [2.0; 3.0] was taken as the selected grid. 

 
Figure 4.15. Differences in a) RH and b) MC of OSB (at 1) as a function of SGT  

at different times for STR = 1.5. 

a) b) 

2.6% 

1.0% 
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Accuracy and convergence were also analyzed in Toronto with brick cladding, Whitehorse with 

stucco cladding and Whitehorse with vinyl cladding; the results can be found in Appendix A. 

4.3. Manual optimization 

When the mesh is created, it is normal to start with an SGT (for instance 1 mm) and the simulation 

tool automatically creates the grid using a given STR. However, the thickness of any individual 

row/column can be modified manually, rows can be merged and so on. This is what is meant by 

“manual optimization" and it requires a good understanding of how the tool works and the conse-

quences of these specific adjustments. 

Once the selected grid has been defined, there still are some adjustments that can be made with-

out compromising the accuracy of the results: firstly, the size of the cells far away from position 

“1” (for instance, the top plate is far from the bottom part of OSB) do not play a significant role on 

the outputs of that specific region; secondly, some cells in the middle of a component can be made 

bigger by using bigger STR. In both cases the goal is the same: reduce the number of cells in the 

grid. 

Checking where the biggest gradients inside the whole geometry are helps when deciding what 

to do and where, since a fine mesh should be maintained at those positions. Figure 4.16 and 

Figure 4.17 show the RH field for two STR: 1.5 and 3.0. Apart from the number of cells, both fields 

are similar, and the biggest gradients are localized at: drainage cavity, OSB, brick cladding, and 

top and bottom plates. 

In Figure 4.17, two columns in the middle of the brick layer were combined into one and two 

columns in the middle of the air layer were also combined into one, reducing the number of col-

umns from 8 to 7 and from 6 to 5 respectively. The total number of cells varied from 1564 to 1496 

(Figure 4.18). This task is done manually and generates a new optimized mesh. When downsizing 

even more other parts of the grid, it either introduces undesirable differences in the air flux, com-

promises the accuracy of the results (mainly RH and MC) or both. 
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Figure 4.16. RH field of the assembly for [2.0; 1.5]. 

 
Figure 4.17. RH field of the assembly for [2.0; 3.0], the selected grid. 

 
Figure 4.18. Number of cells for the a) selected grid and b) optimized grid. 
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Figure 4.19 shows RH and MC profiles for both meshes: the differences between the reference 

and the optimized mesh are negligible.  

However, in this case the manual optimization was not able to reduce the simulation time because 

the number of cells is similar in the selected and optimized meshes. In any case, from the fine 

mesh [0.25; 1.5] to the selected mesh [2.00; 3.0], the simulation time was reduced from roughly 

23h to 2.3h, which means getting the same results in only 10% of the time. 

 
Figure 4.19. a) RH and b) MC of selected [2.00; 3.0] and optimized meshes [2.00; 3.0 optimized].  

4.3.1. Simplification 

If the outputs from any other region apart from position “1” are not necessary, the grid can be 

further optimized. This step includes its “deformation”, keeping the focus only on the region of 

interest and making all the rest very coarse. Figure 4.20 and Figure 4.21 show this case: position 

“1” at the bottom part of OSB is 200 mm long in both selected and simplified meshes, even though 

it is 4 mm lower in the coarse mesh when comparing to the selected mesh. 

Because of the considerable modification in the grid, the air permeability of the insulation had to 

be adjusted so that the airflow was the same in both cases: from 2.8*10-4 s in the selected grid, 

the air permeability of the insulation becomes 1.7*10-4 s in the simplified 2D (s2D). 

Figure 4.22 shows a comparison of mould profiles from all the combinations of SGT and STR and 

from the simplified mesh: they all follow the same trend, although in Whitehorse with brick cladding 

there is a slightly higher deviation when using s2D. The most important factor, however, is the 

simulation time: while the selected grid took 2.3 h to complete, the simplified mesh took only 

35 min. This means roughly 2% of the time required by the finest grid ([0.25; 1.5]) or 25% of the 

time for the selected grid ([2.0; 3.0]). 

a) Relative humidity a) Moisture content 



 

Chapter 4. Setting up the model 

66 

 

 
Figure 4.20. The selected mesh (a) was “deformed” to create the simplified mesh (s2D).  

Number of cells and distances are emphasized. 

 
Figure 4.21. The selected mesh (a) was “deformed” to create the simplified mesh (s2D).  

Relative sizes of the cells are emphasized. 

 
Figure 4.22. Mould index profiles for all the combinations of SGT and STR compared to the  

simplified grid (s2D) for a) brick and b) vinyl. 
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Chapter 5. Model application and simulation results 

Hygrothermal simulations using the grid in Figure 4.18a were run for three cities across Canada: 

Whitehorse, Vancouver, and Ottawa. The assemblies were subjected to air leakage rates of 0.10 

and 0.20 L/sm2 at 75 Pa and brick (Bri) and stucco (Stu) claddings were considered under histor-

ical and future periods; Table 5.1 shows the configuration details for each city: insulation thickness, 

cladding type and thickness, drainage cavity and ACH. 

Table 5.1. Main details of the brick and stucco assemblies for the three selected cities. 

City 
Insulation thickness 

(mm) 

Cladding Drainage 
cavity (mm) 

ACH (/h) 
Type Thickness (mm) 

Whitehorse 184 
Brick 90 25 5, 10 

Stucco 19 1.5 0, 2 

Vancouver 140 
Brick 90 25 5, 10 

Stucco 19 10 5, 10, 50, 100* 

Ottawa 140 
Brick 90 25 5, 10 

Stucco 19 1.5 0, 2 

* Vancouver has a 10 mm thick drainage cavity behind the stucco cladding. The ACH of 5 and 10 were simulated as the vented 
option (openings at the bottom only) and the ACH of 50 and 100 were simulated as the ventilated option (openings at bottom and 
top). 

 

MoI is used as a performance indicator for the five positions inside the assembly. Figure 5.1 shows 

how the data is presented: it is organized in colors and each color is associated to a specific 

position in the assembly; also, the leftmost box plot is related to position 1 and the rightmost is 

related to position 5. 

 
Figure 5.1. Standard representation of the results and the corresponding monitoring positions. 

Mould index values explored in this study are always relative, i.e., they are used to compare one 

situation to another. To have more reliable absolute values for RH and T (where the mould index 

comes from), experimental work must be performed to benchmark the model. 
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5.1. Inner surface of OSB 

For all positions (1 to 5) and cases (air leakage rate, ACH, WDR, and climate period), the average 

mould index of the third year was calculated for each of the 15 Runs (Figure 5.2 and Figure 5.3). 

Each boxplot shows the distribution of the 15 values together. After that, Table 5.2 shows a qual-

itative trend of the mould index when one variable is changing and the others are kept constant. 

 
Figure 5.2. Average MoI distribution for the 3rd year at the inner surface of OSB for the three cities,  

15 runs, brick cladding, historical (H) and future (F7) periods. 
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Figure 5.3. Average MoI distribution for the 3rd year at the inner surface of OSB for the three cities,  

15 runs, stucco cladding, historical (H) and future (F7) periods. 

Table 5.2. General trend of the mould index at the inner surface of OSB as a function of the changing factor. 

Clad City 
Changing Factor 

0.10 → 0.20 Low ACH → high ACH No WDR → WDR H → F7 Brick → Stucco 

Brick 

Whe     Almost no difference     

Van             

Ott            

Stucco 

Whe        

- Van         

Ott          

Slight increase/decrease ( , ):  variation in the mould index up to 0.5 (greatest variation among the 5 positions) 

Increase/decrease ( , ):   variation in the mould index up to 2.0 (greatest variation among the 5 positions) 

Strong increase/decrease ( , ): variation in the mould index greater than 2.0 (greatest variation among the 5 positions) 
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5.1.1. Influence of the cladding 

Figure 5.4 shows RH and T maps of the assembly for Whitehorse in December. With brick clad-

ding, the temperature of the OSB layer remains higher than with stucco cladding, which means 

lower RH and lower moisture accumulation during the cold season. As this situation is similar in 

Vancouver and Ottawa, the charts for these two cities are not shown.  

 
Figure 5.4. RH and T maps inside the assembly for Whitehorse in December, brick, and stucco cladding. 

When the warm season comes, the higher moisture accumulation with stucco cladding provides 

high RH levels for longer, meaning good conditions for mould growth, but the magnitude of the 

differences varies according to the city. For instance, all cases in Whitehorse with brick cladding 

already had MoI > 3.0 at the bottom of the assembly (Figure 5.2a,b); with stucco, not only those 

values got worse but also the top part of the assembly became problematic (Figure 5.3b). Van-

couver (Figure 5.2c,d) and Ottawa (Figure 5.2e,f) with brick cladding did not have many cases 

with MoI > 3, but with stucco MoI is greater than 4.0 in all cases.  

5.1.2. Influence of the WDR 

The cumulative values of WDR in the historical period are 10, 180 and 80 L/m2 per year in White-

horse, Vancouver, and Ottawa respectively (Figure 3.6). Because of its low value, the influence of 

WDR over the mould growth in Whitehorse is negligible (around 0.1) for both stucco and brick 

cladding. 

With brick cladding, MoI in Vancouver jumps from below 1.0 to almost 3.0 when WDR is present 

and air leakage rate is 0.10 L/sm2 (Figure 5.2c); similar behavior happens with air leakage rate of 
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0.20 L/sm2 (Figure 5.2d). Ottawa is colder than Vancouver and more susceptible to moisture ac-

cumulation due to air leakage, which explains its higher MoI even when WDR is not present. With 

WDR, MoI increases but not as much as it does in Vancouver. 

With stucco cladding, the trend is the same but more severe: in Vancouver the mould index jumps 

from below 1.0 to around 4.0 for both air leakage rates (Figure 5.3c,d). In Ottawa (Figure 5.3e,f) 

the values of MoI with WDR are similar but a little higher than in Vancouver even though Ottawa 

shows less than 50% of the WDR. This may be explained by the fact that Vancouver with stucco 

cladding has a drainage cavity of 10 mm and ACH 5 and 10, while Ottawa has a drainage cavity 

of only 1.5 mm and ACH 0 and 2; the ventilation effect in Vancouver is much higher than in Ottawa, 

which reduces the moisture accumulation due to WDR. 

5.1.3. Influence of the air leakage rate 

Increasing the air leakage rate from 0.10 to 0.20 L/sm2 resulted in a higher mould index in all 

cases, whether with brick or stucco cladding. However, with brick cladding position “1” has lower 

mould index with higher leakage rate (Figure 5.2b,d,f) because this position receives the highest 

heat load from the indoor air among all the five, which increases its T and, therefore, decreases 

its RH and mould index. This behavior is not found with stucco (Figure 5.3b,d,f) and this may be 

explained by the fact that stucco is much colder than brick and the heat load from the air leakage 

is not enough to warm up position “1” and induce lower levels of RH. So, stucco cladding with 

higher air leakage rate resulted in higher MoI in all cases and all positions. 

5.1.4. Influence of the ACH 

Most of the time, higher values of ACH mean lower moisture accumulation because the excess is 

taken away by ventilation, whose effect is higher in a 25 mm deep cavity with ACH 10 (brick clad-

ding) than in a 1.5 mm deep cavity with ACH 2 (stucco cladding). However, the drainage cavity is 

in contact with the outer surface of OSB and air leakage brings moisture to its inner surface. This 

means the ventilation has a limited influence over the inner part of OSB and the reduction of RH 

levels is low when compared to the outer surface (section 5.2). 

Even being low, the effect of ventilation can be seen in all cities with brick (Figure 5.2), mostly on 

positions “3” to “5”: as they are far from the air entry, they are less susceptible to the effect of air 

leakage but more susceptible to the effect of ventilation when compared to positions “1” and “2”. 

With stucco cladding (Figure 5.3), the ventilation is lower and so is its effect. Among the three 

cities, Vancouver (Figure 5.3c,d) shows a greater reduction in mould index than Whitehorse (Fig-

ure 5.3a,b) and Ottawa (Figure 5.3e,f) when the ACH increases; this may be explained by the 

higher ventilation effect due to its 10 mm deep drainage cavity. 

5.1.5. Influence of the future climate 

Warmer temperatures in the future are likely to lower RH levels, leading to lower MoI. This effect 

can be seen in all cities and both claddings, but it is more pronounced with brick than with stucco. 

This is explained by the ventilated cavity behind the brick layer, which has a greater potential to 

take the excess moisture away than the air layer behind the stucco. 
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With brick cladding, Whitehorse (Figure 5.2a,b) shows a reduction in the MoI smaller than 0.5 for 

both air leakage rates; this may be explained by the fact that, even with the increase in the tem-

perature, it still remains a very cold city (Figure 3.5) susceptible to moisture accumulation during 

many months of the year. Vancouver and Ottawa show greater variations when compared to 

Whitehorse and the reduction in the MoI is around 1.0. These two cities have lower MoI than 

Whitehorse and a further increase of the temperature in the future makes a bigger difference 

regarding moisture accumulation. 

For stucco cladding (Figure 5.3) the explanations are similar, but the differences between histori-

cal and future periods are smaller than with brick. This may be explained by the lower ventilation 

rate of stucco cladding, which is not as effective on removing excess moisture as it is with brick 

cladding. For the three cities, the MoI reduction in the future at the bottom part of OSB is roughly 

0.3. 
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5.2. Outer surface of OSB 

For all positions (1 to 5) and cases (air leakage rate, ACH, WDR, and climate period), the average 

mould index of the third year was calculated for each of the 15 Runs (Figure 5.5 and Figure 5.6). 

Each boxplot shows the distribution of the 15 values together. After that, Table 5.3 shows a qual-

itative trend of the mould index when one variable is changing and the others are kept constant. 

 
Figure 5.5. Average MoI distribution for the 3rd year at the outer surface of OSB for the three cities,  

15 runs, brick cladding, historical (H) and future (F7) periods. 
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Figure 5.6. Average MoI index distribution for the 3rd year at the outer surface of OSB for the three cities,  

15 runs, stucco cladding, historical (H) and future (F7) periods. 

Table 5.3. General trend of the mould index at the outer surface of OSB as a function of the changing factor. 

Clad City 
Changing Factor 

0.10 → 0.20 Low ACH → high ACH No WDR → WDR H → F7 Brick → Stucco 

Brick 

Whe 
Almost no 

change 

- Almost no change Almost no change   

Van            

Ott            

Stucco 

Whe      

- Van         

Ott         

Slight increase/decrease ( , ):  variation in the mould index up to 0.5 (greatest variation among the 5 positions) 

Increase/decrease ( , ):   variation in the mould index up to 2.0 (greatest variation among the 5 positions) 

Strong increase/decrease ( , ): variation in the mould index greater than 2.0 (greatest variation among the 5 positions) 
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The outer part of OSB is less affected by the air leakage rate and the major factor which drives 

the mould index is WDR. With WDR, Vancouver and Ottawa with brick cladding show mould index 

that increases from zero to roughly 3 because of the WDR (Figure 5.5c,d,e,f); in Whitehorse (Fig-

ure 5.5a,b), due to the low value of WDR, MoI is zero in all situations. With stucco cladding, MoI 

in Vancouver and Ottawa jump from roughly 1 to 4 or above (Figure 5.6c,d,e,f); Whitehorse, be-

cause of the low values of WDR, shows lower increase, about 0.5. 

Without WDR, the three cities with brick cladding show no mould growth for both air leakage rates 

(Figure 5.5); this means the moisture load coming from the warm indoor air has negligible effect 

on the MoI of the outer surface of OSB. With stucco cladding (Figure 5.6), MoI with leakage rate 

of 0.2 L/sm2 is only a little higher than with the lower air leakage rate; in Whitehorse (Figure 

5.6a,b), for instance, MoI increases about 0.5 when moving from 0.10 to 0.20 L/sm2. 

When analyzing the Future period with brick cladding, Vancouver (Figure 5.5c,d) tends to show a 

slightly higher MoI than the Historical period. In Ottawa (Figure 5.5e,f), the trend is the opposite 

and there is a reduction in the MoI. This may be explained by the fact that Vancouver is a wet city 

with mild temperatures and a warmer future poses better condition for mould growth; in Ottawa, 

with less than half of the WDR in Vancouver, the warmer temperature in the future increases the 

ability of the drainage cavity to get rid of the accumulated moisture due to WDR.  

With stucco cladding, Vancouver (Figure 5.6c,d) shows a slightly higher MoI in the future as it 

does with brick cladding, and for the same reason. In Ottawa, the MoI in the future are lower than 

in historical and this may be explained by the fact that higher temperatures induce less moisture 

accumulation in the stucco layer since the yearly WDR is similar in both periods. In Whitehorse 

(Figure 5.6a,b), MoI in historical and future periods are similar, with some cases showing slightly 

higher values for position 2. Yearly WDR in Whitehorse changes from 10 in historical to almost 

20 L/m2 in the Future period and, even though those values are low, the increase of about 100% 

may explain higher MoI. 

When the ACH varies from 5 to 10 with brick cladding, there is a reduction in the MoI for both 

cities, but Vancouver (Figure 5.5c,d) is less sensitive than Ottawa (Figure 5.5e,f): while in Van-

couver the reduction in the MoI is around 1.0, in Ottawa it is around 1.5. This may be explained 

by the fact that the accumulated WDR in Vancouver and Ottawa is 180 and 80 L/m2 per year 

respectively, which means the same increase in ACH is more effective on reducing the RH levels 

where the accumulated moisture in the drainage cavity is lower (Ottawa). With stucco cladding 

(Figure 5.6), the ACH varies from zero to 2 in Whitehorse and Ottawa (direct applied) and from 5 

to 10 in Vancouver (with drainage cavity), but these variations were not enough to reduce the MoI 

in a significant way. In Vancouver (Figure 5.6c,d) with no WDR, there is a slight reduction in the 

MoI of about 0.2 when ACH varies from 5 to 10. Stucco cladding has a thinner drainage cavity 

than brick and this leads to lower ventilation rates and, therefore, lower effectivity when removing 

accumulated moisture. 

As a way of analyzing the influence of the ACH over the inner and outer surface of OSB, Figure 

5.7 shows the mould distribution at position “1” in Vancouver with stucco cladding for four ACH 

values: 100, 50, 10 and 5. While ACH 5 and 10 show similar mould index, ACH 50 and 100 make 

evident how important the ventilation rate is to take the excess moisture away and reduce mould 



 

Chapter 5. Model application and simulation results 

76 

 

growth. At the outer surface, mould index drops from 4.0 with ACH 5 to 1.5 with ACH 100 in the 

historical period. At the inner surface, mould index is very similar for all the ACH values because 

the most important source of moisture is the air leakage. 

The mould index for stucco cladding with ACH 100 at position 2 is around 1.5 (Figure 5.7); how-

ever, in Figure 5.5d (brick cladding with WDR) the mould index is 2.5 for ACH 5 and 1.8 with ACH 

10. This emphasizes the importance of ventilation to reduce mould index and improve hygrother-

mal performance: a well-ventilated stucco cladding can have a better performance than a poor 

ventilated brick cladding, when analyzing the outer surface. 

 
Figure 5.7. Average mould index distribution (at “2”) for the third year in Vancouver with WDR,  

ACH 100, 50, 10 and 5, 15 runs, inner and outer surface of OSB, stucco cladding. 
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Chapter 6. Conclusions and future work 

Air leakage is an important factor when assessing the hygrothermal performance of wall assem-

blies. At the same time, it is related to so many different variables and conditions that is impossible 

to build samples in the lab to figure out the importance of each of them. For that reason, compu-

tational models are used to perform the analysis, which introduce even more variables and sim-

plifications. This thesis investigated the influence of different air leakage paths and air leakage 

rates on the hygrothermal performance of wood-frame walls. To accomplish that, the steps needed 

to build the smallest 2D grid were explained, convergence and accuracy of the results were eval-

uated, and the functional relations between air leakage rate and air permeability of the insulation 

were clarified. At last, the effect of two air leakage rates (0.10 and 0.20 L/sm2) was assessed in 

Whitehorse, Vancouver, and Ottawa, with brick and stucco claddings, under historical and future 

periods. 

Due to the complexity of the problem, conclusions are presented in three parts: 1) air leakage; 2) 

hygrothermal modelling; 3) results.  

6.1. Air leakage 

Both air leakage rate and path play a significant role on the hygrothermal performance and they 

must be analyzed at the same time, since the same air leakage rate through different paths pro-

duce different outputs. The main findings are summarized as follows: 

• Even low rates of air leakage can introduce a considerably higher amount of moisture into the as-

sembly than diffusion alone. Therefore, vapor barriers are useless if the air barrier system is com-

promised. On the other side, compromised vapor barriers may not introduce risk of moisture accu-

mulation provided that the air barrier is functional and there is no forced convection. 

• Since it is impossible to build flawless assemblies, their design must be robust enough to sustain air 

leakage rates that are likely to happen. 

• Three are the main factors related to air leakage: rate, path, and properties (RH, T) of the indoor air. 

• While short air leakage paths are usually related to energy loss and the risk of condensation is low, 

long air leakage paths tend to induce higher risks of condensation and the energy loss is less im-

portant. 

• While low air leakage rates may pose a risk for concentrated paths, high rates can be tolerated if 

the exfiltration is diffused. 

• For the same exfiltration path, the higher the RH of the indoor air, the lower is the allowable leakage 

rate, considering the same indoor T. 

• For the same exfiltration rate, path, and RH of the indoor air, it is likely that the colder the city the 

higher the accumulated moisture during the cold season. 

• Depending on the city and the adopted air leakage rate, its effect can be even worse than the im-

pact of WDR because there is no ventilation inside the insulated cavity which can dissipate accu-

mulated moisture. 

6.2. Hygrothermal modelling 

Since time and computational resources are limited in any project, generating a computational 

model which runs as fast as possible is a must and the success of this task begins when creating 

the mesh. So, during the discretization process, the major details to consider are:  
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• When discretizing the geometry to build the computational model, a thorough sensitivity analysis 

can help to select the best option in terms of simulation time and accuracy: reliable results can be 

obtained from many different options, but the best one can reduce time demand by 90% or more. 

• Automatic discretization is the first try when creating the grid; however, stretch factors which work 

well for thick layers are not the best option when dealing with thin layers and manual intervention 

may be necessary. 

• Different grids may output different air flows for the same pressure difference, which means the flux 

through the air entry must be monitored while the sensitivity analysis is performed. 

• After selecting the best grid, the air permeability of the insulation may need to be adjusted so that 

the required air leakage rate matches with the solver output. 

• The air permeability of the insulation was assumed to be the same for both x and y axis. However, 

due to the orientation of the fibers, it is likely that the air permeability is higher in the vertical than in 

the horizontal direction. This may cause a different distribution of the air flow and change the re-

sults. 

• The air leakage path needs to be selected considering the likelihood of flaws of the assembly, for 

instance a single hole or a continuous slot. Different paths may output different results. 

• After selecting the air leakage path, it is a crucial task to determine the relation between air leakage 

rate and flux according to the geometry of the air entry and the pressure difference. 

• The same airflow through air entries of different heights may change the hygrothermal response of 

the assembly. 

6.3. Simulation results 

Mould growth is a complex mechanism related to the hourly values of temperature and relative 

humidity and the computational model has some simplifications and assumptions, as explained in 

section 3.5; also, the following comments are based on the hygrothermal results from three cities 

across Canada (Whitehorse, Vancouver, and Ottawa). They represent the main findings, are lim-

ited to the scope of this research, and cannot be extrapolated or generalized: 

• Inner surface: in Whitehorse, which is very cold and WDR is low, air leakage is the major factor 

which drives moisture accumulation and WDR has a minor influence. In Ottawa, air leakage also 

plays an important role, but the higher value of WDR has a more pronounced effect when com-

pared to Whitehorse. With the mild climate in Vancouver, higher values of WDR increase the mois-

ture content of the whole OSB and have a dominant contribution to mould growth. 

• Outer surface: for the three cities WDR is the major factor for mould growth, and the effect of air 

leakage is of minor importance. 

• Higher values of ACH tend to reduce MoI at the outer surface of OSB because moisture accumula-

tion from WDR is taken away more quickly. At the inner surface, however, the ACH value is less 

important when compared to the air leakage rate. 

• At the inner surface, higher air leakage rates may warm up the bottom part of OSB and the critical 

position changes to a higher level inside the insulated cavity. This effect was observed for the three 

cities with brick cladding. 

• At the inner surface and for the same air leakage rate, stucco cladding shows worse behaviour than 

brick because the temperature of the OSB layer is lower and this induces higher levels of moisture 

accumulation during the cold season. 
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• At the outer surface, stucco cladding shows worse behaviour than brick because the thinner drain-

age cavity with very low ACH is less effective on removing the moisture due to WDR. In Vancouver, 

however, with a drainage cavity of 10 mm and ACH of 100, stucco cladding shows a better perfor-

mance when compared to low ACH values, which confirms the importance of cavity ventilation to 

reduce accumulated moisture and MoI. 

• With a warmer future scenario, cold cities tend to accumulate less moisture during the cold season 

and MoI tends to be reduced. In already warm and wet cities, the higher temperatures in the future 

might increase the likelihood of mould growth. 

6.4. Future work 

Air leakage simulation is related to several different assumptions, either related to leakage rate, 

leakage path or material properties, and they always output theoretical results which can be used 

to analyze the relative difference among multiple scenarios. However, the practitioners need a 

tool that can be used to give results as close as possible to the hygrothermal behavior of an 

assembly incorporated to a real building, so that they can design with greater confidence when 

targeting long-term performance. 

To accomplish that, any computational model should be benchmarked with experimental results. 

For instance, the way of implementing air leakage in this thesis considers air permeable insulation 

and pressure-driven air flow, which makes physical sense; five positions inside the assemblies 

were assessed and the further the position is from the air entry, the lower the risk of mould growth, 

which also makes physical sense. However, experimental results of RH and T can be obtained 

from a wood frame assembly with different claddings when subjected to controlled indoor and 

outdoor conditions. With those results, the computational model can be adjusted to render more 

accurate outputs, which can be used to predict the hygrothermal performance in a more reliable 

way, increasing the robustness of the design. 
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Appendix A 

RMSE for RH and MC in Whitehorse with stucco cladding 

 

 

RMSE for RH and MC in Whitehorse with vinyl cladding 

 

 

RMSE for RH and MC in Toronto with brick cladding 
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Mould index for different cities and claddings, North orientation 
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