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Abstract: A study was realized to assess the effects of historical and projected future climates on the
hygrothermal performance of cross-laminated timber wall assemblies in 12 Canadian cities belonging
to several climate regions and zones and for two cladding and ventilation types. Water ingress in the
wall assembly was supposed to be 1% wind-driven rain (WDR), and the airflow rate in the drainage
cavity was calculated using local climate data. The hygrothermal simulation results showed that
under the assumption of no deficiencies allowing wind-driven rain to enter into the wall (perfect wall),
there is no risk of mold growth in the future for both claddings, either vented or ventilated. Under
the assumption of high moisture loads (1% WDR), the mold growth risk could increase significantly
in all climate regions and cities considered. However, in those cities located in the Cordillera and
Prairie regions, the increase was not found to be problematic as the maximum mold growth remained
under the acceptable level, whereas for cities located in coastal and southeastern regions, the increase
in mold growth risk could be considerable. The impacts of cladding and ventilation types on the
relative performance of the walls varied with city location.

Keywords: cross-laminated timber; wall assembly; climatic regions; climate change; ventilation rate;
mold growth

1. Introduction

Evidence is mounting that the climates of Canada, as for the rest of the world, are
changing and will continue to change significantly into the future [1]. These changes to the
climate will cause more frequent, intense, and extreme climate events such as heat waves,
floods, droughts, wildfires, wind and hailstorms [1], as well as wind-driven rain.

The changes in climate patterns will have significant impacts on building infrastructure
and communities, especially on the durability of building envelope materials, as well as
the comfort and health of building inhabitants [2]. High-rise buildings are exposed to
increased wind and rain loads, given the increase in building height compared with low-
rise constructions. This extends the exposure of the building envelope to more wind loads
and wind-driven rain and may lead to increased moisture accumulation in the building
envelope. This, in turn, could result in a decrease in the service life of wood-based wall and
roof components, inducing the formation of mold and thereby compromising indoor air
quality. It is therefore important to consider the impacts of climate change when designing
the building envelope in general, and in particular, those for use in tall wood buildings, in
order to anticipate their effects and find suitable mitigation solutions.

Experts have since begun to investigate the impacts of climate change on the hy-
grothermal performance of the building envelope, including the durability of assemblies
with respect to the presence of moisture and the risk of mold growth [3–8]. Nijland et al. [3]
evaluated possible risks arising from changes to climate parameters in the future on the
durability of building envelope materials in the Netherlands, using four climate change sce-
narios. They pointed out that the actions of individual climate parameters may strengthen
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each other, such as a higher temperature combined with higher precipitation, or may
result in effects contrary to what might be expected, such as the combination of higher
precipitation combined with only a slight decrease in the number of freeze-thaw cycles.
However, they concluded that damage processes affecting building materials, such as
salt damage, rising dampness, and bio-deterioration, will intensify in the future. Nick
et al. [4] evaluated the climate change on WDR loads and the moisture performance of
walls in Sweden using hygrothermal simulations. The results showed that higher amounts
of moisture might accumulate in the walls in the future. The effects of climate change on
the durability of typical Canadian residential walls retrofitted to PassiveHaus configuration
were evaluated by Sehizadeh and Ge [5]. It was observed that in the future, the risk of frost
damage to bricks would not increase, whereas the mold growth risk would increase. Melin
et al. [6] used a simplified hygrothermal model and WUFI Pro to simulate climate-induced
damage to heritage objects. Both methods showed that the mean relative humidity inside
wood was rather constant, but the minimum and maximum relative humidity varied with
the predicted scenario and the type of building used for the simulation. Hayles et al. [7],
using a stressor-response methodology, showed that there would be a modest decrease in
the service life of materials of the building envelope as a consequence of the rise in and
modification of patterns of precipitations and subsequent moisture intrusion in Wales, UK,
but with significant financial impacts. Vandemeulebroucke et al. [8] reported a non-uniform
change in the risk of degradation of wall components of masonry walls across Europe and
the Mediterranean.

For massive timber buildings, Chang et al. [9,10] reported on a study related to the
impact of climate and material properties on cross-laminated (CLT) wall assemblies in
various climate zones of South Korea. They concluded that to ensure the moisture stability
of the building envelope, it should be designed in consideration of the material (insulation)
properties and the local climate conditions. However, their study was limited to observed
climate and, as such, cannot be used when considering climate changes over a longer
term. Chang et al. [11] evaluated the hygrothermal performance of CLT walls considering
modular construction in future climatic conditions in South Korea. They found that the
risk of mold growth in all regions and for all insulation types considered increased under
climate change. Defo et al. [12] assessed the impacts of global warming on the risk to
mold growth on CLT in wall assemblies of tall wood buildings in five cities across Canada,
assuming a water penetration rate of 1% wind-driven rain. They found that the risk to
mold growth could increase in all the cities studied, but with relative change varying from
city to city depending on their local climates.

All the reported studies suggested that assessments of the effect on wall component
performance when exposed to anticipated climatic loads as may occur in the future can be
established, provided suitable local climate data sets have been developed. The objective
of this study is to extend the study by Defo et al. [12] by considering more cities and
climate regions with the intent of (1) investigating how wall performance might vary by
geographical location and (2) investigating the effects of selected hygrothermal parameters
on the response of wall assemblies.

2. Methods
2.1. Regions and Cities Considered for the Study

Twelve (12) Canadian cities from several climate regions were selected for this study:
Whitehorse, Yukon (YT), Vancouver, British Columbia (BC), Calgary, Alberta (AB), Saska-
toon, Saskatchewan (SK), Winnipeg, Manitoba (MB), Toronto, Ontario (ON), Ottawa, On-
tario (ON), Montreal, Quebec (QC), Moncton, New Brunswick (NB), Charlottetown, Prince
Edward Island (PE), Halifax, Nova Scotia (NS) and St. John’s, Newfoundland and Labrador
(NL). Their location and current climatic design data, as found in the 2020 National Energy
Code for Buildings [13] with respect to the climatic zone and in the 2020 National Building
Code [14] for values of moisture index (MI), heating-degree-days below 18 ◦C (HDD), rain
and driving rain wind pressure (DRWP) are given in Table 1. Climate zones 4, 5, 6, 7A and
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7B correspond to zones with heating degree-days ranging from 2000 to 2999, 3000 to 3999,
4000 to 4999, 5000 to 5999, and 6000 to 6999, respectively. The definition of MI can be found
in [15]. Latitude and longitude indicated for each city are that of the nearby airport station
except in Toronto, where the weather station considered is located in the city center. The
selected cities are located in the far north of Canada (Whitehorse, YT), as well as from the
West to the East coast, and cover a wide range of climate regions, MI and HDD.

Table 1. Geographical location and climate design data for the selected cities.

City (Province) Lat. Long. Time Climate CZ 1 KC 2 HDD 3 RSI 4 MI 5 Rain DRWP 6

(o) (o) Zone Region (m2 K/W) (mm) (Pa, 1/5)

Whitehorse (YT) 60.71 −135.07 −8.0 Cordillera 7B Dfc 6580 5.26 0.50 170 40
Vancouver (BC) 49.19 −123.18 −8.0 Western maritime 4 Csb 2800 3.45 1.20 1070 160

Calgary (AB) 51.11 −114.02 −7.0 Prairie 7A Dfb 5000 4.65 0.40 325 220
Saskatoon (SK) 52.17 −106.70 −6.0 Prairie 7A Dfb 5700 4.65 0.40 265 160
Winnipeg (MB) 49.91 −97.24 −6.0 Prairie 7A Dfb 5670 4.65 0.60 415 180
Toronto (ON) 7 43.63 −79.39 −5.0 Southeastern 5 Dfb 3520 3.77 0.90 720 160
Ottawa (ON) 45.32 −75.67 −5.0 Southeastern 6 Dfb 4500 4.17 0.80 750 160

Montreal (QC) 8 45.47 −73.74 −5.0 Southeastern 6 Dfb 4400 4.17 0.90 760 180
Moncton (NB) 46.11 −64.68 −4.0 Eastern maritime 6 Dfb 4680 4.17 1.00 850 220

Charlottetown (PE) 46.29 −63.12 −4.0 Eastern maritime 6 Dfb 4460 4.17 1.10 900 350
Halifax (NS) 44.88 −63.51 −4.0 Eastern maritime 6 Dfb 4000 4.17 1.50 1350 280

St.-John’s (NL) 47.62 −52.75 −4.0 Eastern maritime 6 Dfb 4800 4.17 1.40 1200 400

1 CZ: climate zone. 2 KC: Köppen climate type (Dfc = Subarctic, Dfb = Warm-summer humid continental,
Csb = warm-summer Mediterranean). 3 HDD: Heating Degree-Days. 4 RSI: thermal resistance (m2 K/W). 5 MI:
moisture index. 6 DRWP: driving rain wind pressure. 7 City center. 8 Dorval airport.

2.2. Building and Wall Configuration

The building considered for this study is a 13-story (~41 m) building that has a flat
roof and is assumed to be located in the city center. Various configurations are proposed
for mass timber walls in heating-dominated climate zones [16–18]. Primarily, the wall
assembly is designed to warrant moisture durability, energy efficiency, fire safety, and noise
control. From exterior to interior, a prevalent massive timber wall assembly encompasses
a(n): cladding, drainage cavity, insulation, an air barrier/water-resistive barrier, and cross-
laminated timber (CLT) panel. The exterior insulation is promoted for the thermal design
approach, although interior insulation can be added to improve energy efficiency. A
gypsum board is added on the interior side for fire safety, but where it is allowed, the CLT
panel can be left exposed. A vapor permeable insulation is favored to permit outward
drying of the CLT in case of incidental water ingress or if initially wetted. The vapor barrier
is not necessary, given that the CLT panel provides enough outward vapor resistance. The
material and thickness of insulation depend on the climate zone in which the building
is located.

Figure 1 shows the configuration of the CLT wall investigated. It is a non-load-bearing
wall composed of, from exterior to interior: (1) 7.9-mm fiber cement board (FCB) or 4-mm
aluminum composite material (ACM) used as cladding, (2) 19-mm wood furring/drainage
cavity, (3) mineral fiber insulation, (4) sheathing membrane (spun bonded polyolefin,
0.15 mm), (5) 3-layer CLT made of spruce, (6) an air cavity (50 mm) and (7) 15.9-mm type
X interior grade gypsum board with latex primer and one coat of latex paint. The ACM
considered in this study is AlucoBond Plus, made by 3A Composites [19], composed of
faced skins made of aluminum and a fire-retardant mineral-filled core.

The insulation thickness varied with the climate zone. For climate zones 4 (Vancouver),
5 (Toronto), 6 (Ottawa, Montreal, Moncton, Charlottetown, Halifax, and St. John’s), and 7A
and 7B (Calgary, Saskatoon, and Winnipeg), the minimum thermal resistance value, RSI, as
recommended by the National Energy Code for Buildings [13], for above-grade opaque
walls is 3.45, 3.77, 4.17, 4.65, and 5.26 (m2 K/W), respectively. To meet this minimum
requirement, a 2.5” (64 mm), 3” (76 mm), 3.5” (89 mm), and 4.5” (114 mm) layer of mineral
fiber was used as insulation for climate zones 4, 5, 6, and 7A and 7B, respectively.
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Figure 1. One dimensional configuration of the cross-laminated timber wall investigated in this study.

Two cladding ventilation designs were analyzed: (1) a vented design (i.e., walls with
an opening at the bottom only); and (2) a ventilated design (i.e., walls with openings at the
bottom and top (100 to 350).

2.3. Material Properties

Most of the material properties were retrieved from the National Research Council hy-
grothermal material properties database [20], with the exception of those for the aluminum
composite material, CLT adhesive layer, and mineral wool insulation. The CLT adhesive
layer (assumed to extend 2 mm deep in the plank) was modeled with the same material
properties as spruce, with the exception that the water vapor permeability and liquid water
diffusivity were decreased by 50%. In fact, previous studies on the characterization of
the hygrothermal properties of CLT have shown that its vapor permeability and moisture
diffusivity are substantially reduced in comparison with solid wood [21]. The properties of
insulation were retrieved from the DELPHIN material properties database, and those for
the aluminum composite material were obtained from the product’s datasheet [19]. Table 2
shows the basic properties of materials used in this study. For ACM and mineral wool,
small values of water absorption coefficient (0.00001) and vapor permeability (1 × 10−18)
were used. The porosity is at saturation, and the density is at a dry state.

2.4. Climate Data

The ensemble climate data encompassed modeled hourly time series of climate vari-
ables useful for undertaking hygrothermal simulations for a reference period spanning
1986–2016 and future periods with projected global warming levels of 2 ◦C and 3.5 ◦C.
The dataset for each time period comprised fifteen hourly realizations (also referred to as
“runs”) that are part of the datasets derived from the large ensemble of climates simulated
by the Canadian Regional Climate Model (CanRCM4)—version 4. Each of the fifteen
hourly runs was initialized under a different set of initial conditions in the Canadian Earth
System Model (CanESM2) under the historical and Representative Concentration Pathway
8.5 (RCP8.5) greenhouse gas emission scenario. The RCP8.5 is a high greenhouse emission
scenario with a radiative forcing of 8.5 W/m2 by the end of the 21st century compared to
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the pre-industrial level and is accepted as an appropriate scenario for business-as-usual
and non-climate policy conditions [22]. Under this condition, a global warming of 2.0 ◦C is
expected to occur between 2034 and 2064, whereas a global warming of 3.5 ◦C is expected
between 2062 and 2092. A comprehensive description of the method used to develop
modeled historical (H) and projected future (F) climate data can be found in [23].

Table 2. Basic properties of materials used.

Component e Density l Porosity EMC (%) Vapor Permeance
(ng/m2sPa) A

Material (mm) (kg/m3) (W/mK) (m3/m3) 50%RH 80%RH 95%RH 10%RH 50%RH 90%RH (kg/m2s0.5)

Cladding
Regular Portland stucco 19 1960 0.407 0.24 3.55 5.27 7.63 30.6 94.7 160.5 0.01230

ACM 4 1900 0.440 - - - - - - - -
Fibre cement 7.9 1380 0.250 0.48 5.30 12.00 24.00 26.6 206.3 1899 0.02500
Rainscreen

Air 19 1.204 0.026 1.00 - - - 10,000 10,000 10,000 -
Insulation

Mineral wool 64 37 0.032 0.92 0.003 0.007 0.008 2047 2047 2047 -
76 37 0.032 0.92 0.003 0.007 0.008 1724 1724 1724 -
89 37 0.032 0.92 0.003 0.007 0.008 1472 1472 1472 -

114 37 0.032 0.92 0.003 0.007 0.008 1149 1149 1149 -
WRB
SBPO 0.15 464 0.248 0.01 0.01 0.05 0.1 4080 4080 4080 0.00031
CLT 105

Spruce 35 400 0.094 0.75 11.0 21.0 27.0 10.8 89.4 842.9 0.00220
Glue line 4 400 0.094 0.75 11.0 21.0 27.0 47.1 391.3 3688 0.00220

Service cavity
Air 50 1.204 0.278 1.00 - - - 10,000 3800 10,000 -

Interior sheathing
Gypsum 15.9 700 0.160 0.4 9.0 10.7 13.0 85.5 319.2 1302 0.00190

e: thickness (mm); λ: thermal conductivity at dry state; EMC: equilibrium moisture content; ACM: aluminium
composite material; WRB: weather resistive barrier; -: no data; SBPO: Spun bonded polyolefin.

A preliminary analysis showed that the responses of the building envelope obtained
from hygrothermal simulations for the future period that corresponded to a global warming
of 2.0 ◦C were, in general, positioned between the historical and future periods correspond-
ing to 3.5 ◦C global warming. As such, only the 31-year historical (H: 1986–2016) and
future period corresponding to global warming of 3.5 ◦C (F: 2062–2092) were considered
for evaluating the effects of climate changes on tall wood building wall assemblies.

The variability amongst the different runs of the H and F periods is shown in Figure 2
for the yearly average temperature, relative humidity (RH), wind speed, and yearly sum of
horizontal rain in the city of Vancouver. The box shows the minimum (Q1 − 1.5 × IQR), the
25th percentile (Q1), the median, the 75th percentile (Q3), the maximum (Q3 + 1.5 × IQR),
and the outliers (diamond), where IQR is the interquartile range. There are differences
amongst the 15 runs of each time period, which illustrate the uncertainty in the climate
data due to different sets of initial conditions.

Figure 3 presents the distribution of the 15 runs mean values of the yearly means or
sums of climate variables for both H and F periods in the 12 cities considered: Whitehorse
(WHE), Vancouver (VAN), Calgary (CAL), Saskatoon (SKT), Winnipeg (WNG), Toronto
(TOR), Ottawa (OTT), Montreal (MTL), Moncton (MTN), Charlottetown (CTN), Halifax
(HFX), and St. John’s (STJ). It can be noticed that: in all cities considered, the annual
average temperature and partial vapor pressure will increase significantly between the
two timelines; global solar radiation will either slightly decrease (Whitehorse, Calgary,
Winnipeg, Saskatoon, Ottawa, and Moncton) or remain unchanged (Montreal and Halifax)
or slightly increase (Vancouver, Toronto, Charlottetown and St. John’s); values for annual
relative humidity and horizontal rain will moderately increase in all the cities; and average
yearly wind speed will diminish for all the cities but for Whitehorse, where it will slightly
increase in the future. It can also be seen in Figure 3 that for both H and F timelines, the
city of Vancouver on the west coast is the warmest; the highest relative humidity values
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are found in the cities on the east coast (Moncton, Charlottetown, Halifax, and St. John’s)
whereas Vancouver is amongst the cities having the lowest yearly average RH values. The
yearly average rainfall is relatively greater for cities in coastal areas as compared to those
located in the interior of the country. Vancouver has the lowest yearly average wind speed,
whereas cities located on the east coast have the highest wind speed.
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Figure 2. Boxplots of the annual average temperature (a), relative humidity (b) and wind speed (d),
and annual sum of horizontal rain (c) for the 15 runs of historical (H) and future (F) time-periods in
the city of Vancouver.

Wind-driven rain (WDR) was calculated using the ASHRAE’s model [24], assuming
rain exposure and deposition factors of 1.5 and 1.0, respectively, as the building under
consideration has a height greater than 20 m and is assumed to be located in the city center.
This approach is very conservative, as it has been shown that the ASHRAE model tends to
overestimate the WDR [25]. Results are shown in Figure 4 and summarized in Table 3 for
the annual sum of WDR calculated for the orientation with the highest WDR load. It can be
seen that there is a tendency toward increasing wind-driven rain in the future in all cities,
the relative change being a function of the location.

2.5. Hygrothermal Simulations Setting

A set of simulations was performed to address the objectives of this work. To permit
capturing the uncertainties related to the variability in the modeled climate data, simula-
tions were realized for all 15 runs of each time period (i.e., historical and future projected
climate). Two scenarios were considered: a scenario assuming a perfect wall with no
deficiency in the cladding that might allow wind-driven rain to penetrate into the structure,
and a scenario assuming that there are deficiencies in the cladding that allow rainwater
to penetrate deeper into the wall beyond the insulation layer. This scenario may exist due
to poor workmanship or due to the aging of the components during service life coupled
with a poor maintenance plan. The building was assumed to be airtight so that the risk
of condensation due to air exfiltration was thus minimal. Regardless, the insulation is
located on the outer side of the CLT panel, which keeps it warm and minimizes the risk
of condensation due to air leakage. In this section, the parameters used for simulations
are described.
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Figure 3. Boxplots of the run means of the yearly mean values of temperature (a), relative humidity (c),
wind speed (d), and partial vapor pressure (f), and yearly sums of horizontal rain (e) and global
radiation (b) for historical (H) and future (F) time-periods in the 12 cities studied. For each city, the
left and right boxes are H and F, respectively.
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future (F) time-periods in the 12 cities studied.
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Table 3. Summary statistics and projected change in annual sum of wind-driven rain (ton/m2).

Historical Future % Change
Region City Min Median Max Min Median Max Min Median Max

Cordillera WHE 0.14 0.16 0.19 0.23 0.27 0.31 61.4 67.2 57.8
Western maritime VAN 1.31 1.33 1.38 1.26 1.36 1.51 −3.8 1.7 9.4

Prairie CAL 0.32 0.36 0.44 0.34 0.44 0.56 7.2 21.6 29.4
Prairie SKT 0.24 0.29 0.32 0.25 0.32 0.41 2.0 10.1 28.4
Prairie WNG 0.27 0.33 0.36 0.29 0.37 0.44 8.6 11.6 21.0

Southeastern TOR 0.47 0.53 0.56 0.50 0.56 0.65 5.0 5.3 16.1
Southeastern OTT 0.44 0.46 0.48 0.50 0.53 0.59 13.3 15.8 20.9
Southeastern MTL 0.45 0.50 0.57 0.54 0.62 0.67 18.7 23.0 17.5

Eastern maritime MTN 0.63 0.67 0.70 0.75 0.80 0.90 19.1 18.9 28.6
Eastern maritime CTN 0.70 0.76 0.85 0.83 0.90 0.97 18.1 19.2 15.0
Eastern maritime HFX 1.34 1.41 1.53 1.34 1.44 1.62 0.4 2.6 6.0
Eastern maritime STJ 1.50 1.66 1.77 1.54 1.70 1.93 2.1 2.6 9.0

2.5.1. Simulation Tool

DELPHIN, CHAMPS-BES (Coupled Heat, Air, Moisture, Pollutant Simulation for
Building Envelope Systems) developed and maintained by the Institute for Building Cli-
matology, Faculty of Architecture, Technical University of Dresden, Germany, v5.9.6, was
selected as the tool used for hygrothermal simulations in this study. A relevant feature of
DELPHIN resides in its ability to handle WDR deposition and shortwave and long-wave
radiation as part of its boundary conditions, as well as heat and moisture sources and air
leakage. Its reliability has been successfully verified with HAMSTAD Benchmarks 1–5 [26]
and with experimental data [27–30]. Details of the equations of the model can be found in
references [31–34].

2.5.2. Wall Geometry, Discretization, and Solver Parameters

The simulations were realized in a one-dimensional (1-D) configuration on a portion
of the vertical cross-section of the opaque wall that passes through the center of the air
cavity, i.e., not including the furring, as shown in Figure 5. The heat and mass movements
are supposed to be unidirectional in that position in the wall and can be represented by a
1-D model configuration. The use of this 1-D hygrothermal simulation model was deemed
acceptable to seize the relative effects of climate change on the moisture performance of the
massive timber walls.

Forests 2023, 14, x FOR PEER REVIEW 9 of 22 
 

 

 

Figure 5. One-dimensional geometry of CLT wall assembly showing the location where the mois-

ture source was applied (outer grid of weather-resistive barrier—WRB), the critical position for per-

formance evaluation (outer grid of CLT panel), and the meshing. Different layers are colored for 

clarity. Grids are not to scale. 

For spatial discretization, apart from the weather-resistive barrier (WRB), the thick-

ness of the first and last element was set to 0.5 mm, then an expansion factor of 125% was 

used to generate the grids. For the WRB, 3 grids of equal size were used. 

For simulations, the standard solver of DELPHIN was used with the following pa-

rameters. The initial time step and the smallest time step permitted were set to 0.01 s and 

10−5 s, respectively. The maximum time step was fixed to 1 h, corresponding to the time 

step in the climate data. Internally, the solver uses adaptive time steps, depending on the 

rate of convergence of the solution. The maximum method order, relative tolerance, and 

absolute tolerance (error level for which the iteration stops) were set to 5, 10−6, and 10−7, 

respectively, and were selected based on a compromise between the accuracy of the solu-

tion and need to minimize simulation time after preliminary evaluations. 

2.5.3. Moisture Reference Years and Initial Conditions 

Ideally, hygrothermal simulations should have been performed on the 31-year series 

of each climate realization. However, this method would have been unpractical for a 

large-scale study such as this as it would have required longer overall computational sim-

ulation time, owing to (1) the number of realizations of climate data per timeline (15); and 

(2) the large number of cases to be analyzed (12 cities and two wall assemblies per city). 

The common method for evaluating the hygrothermal performance of a wall is to rely on 

Moisture Reference Year(s) (MRYs) [15,35–38]. The MRYs were chosen using the moisture 

index (MI) approach developed by [15]. 

To evaluate the effect of climate change, which consists of comparing wall hygrother-

mal performance in the future period to that of historical, the approach used to define the 

moisture reference years (MRYs) for a 31-year series of data was to select one representa-

tive year from each realization of the historical (1986–2016) and future (2062–2092) climate 

data. This representative year, the test year, was within the 31-year series with a 90-per-

centile value for MI. The test year was repeated three times. The first two repeats were 

considered to be conditioning years, and the last repeat was used as the evaluation year. 

This approach was assumed sufficient to seize the relative response of climate change on 

the risk to mold growth of wall assemblies between H and F periods.  

The initial conditions for each element of the wall assembly were arbitrarily set to an 

RH of 80% and a temperature of 15 °C. Preliminary studies showed that the effects of the 

initial relative humidity and temperature conditions on the hygrothermal responses are 

limited to one to two years of simulation depending on the initial conditions, the climate 

Figure 5. One-dimensional geometry of CLT wall assembly showing the location where the moisture
source was applied (outer grid of weather-resistive barrier—WRB), the critical position for perfor-
mance evaluation (outer grid of CLT panel), and the meshing. Different layers are colored for clarity.
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For spatial discretization, apart from the weather-resistive barrier (WRB), the thickness
of the first and last element was set to 0.5 mm, then an expansion factor of 125% was used
to generate the grids. For the WRB, 3 grids of equal size were used.

For simulations, the standard solver of DELPHIN was used with the following pa-
rameters. The initial time step and the smallest time step permitted were set to 0.01 s and
10−5 s, respectively. The maximum time step was fixed to 1 h, corresponding to the time
step in the climate data. Internally, the solver uses adaptive time steps, depending on
the rate of convergence of the solution. The maximum method order, relative tolerance,
and absolute tolerance (error level for which the iteration stops) were set to 5, 10−6, and
10−7, respectively, and were selected based on a compromise between the accuracy of the
solution and need to minimize simulation time after preliminary evaluations.

2.5.3. Moisture Reference Years and Initial Conditions

Ideally, hygrothermal simulations should have been performed on the 31-year series
of each climate realization. However, this method would have been unpractical for a
large-scale study such as this as it would have required longer overall computational
simulation time, owing to (1) the number of realizations of climate data per timeline (15);
and (2) the large number of cases to be analyzed (12 cities and two wall assemblies per city).
The common method for evaluating the hygrothermal performance of a wall is to rely on
Moisture Reference Year(s) (MRYs) [15,35–38]. The MRYs were chosen using the moisture
index (MI) approach developed by [15].

To evaluate the effect of climate change, which consists of comparing wall hygrother-
mal performance in the future period to that of historical, the approach used to define the
moisture reference years (MRYs) for a 31-year series of data was to select one representative
year from each realization of the historical (1986–2016) and future (2062–2092) climate data.
This representative year, the test year, was within the 31-year series with a 90-percentile
value for MI. The test year was repeated three times. The first two repeats were considered
to be conditioning years, and the last repeat was used as the evaluation year. This approach
was assumed sufficient to seize the relative response of climate change on the risk to mold
growth of wall assemblies between H and F periods.

The initial conditions for each element of the wall assembly were arbitrarily set to an
RH of 80% and a temperature of 15 ◦C. Preliminary studies showed that the effects of the
initial relative humidity and temperature conditions on the hygrothermal responses are
limited to one to two years of simulation depending on the initial conditions, the climate
data, and whether or not the moisture source is considered; thus, the utilization of the
two first repetitions of the test year to condition the wall and to relieve the effects of the
initial conditions.

2.5.4. Wall Orientation

Hygrothermal simulations are costly in terms of computational time. Therefore, to
save the time required for simulations, the common practice is to select the orientation
which is likely to cause the most significant moisture issues. There are several performance
attributes that can be used to evaluate the hygrothermal performance of walls [39]: frost
damage of masonry, corrosion of metallic components, mold growth on the surface of
materials, degradation of bio-based components due to decay fungi, and other degradation
actions. In most cases, the accumulation of moisture within the wall is the primary cause
of the degradation of wall components. As such, it is suggested that the wall orientation
that receives the greatest quantity of WDR or the least solar radiation, or both, be used [24].
In this study, the wall orientation was chosen in each case as the orientation in which the
rainfall deposition from WDR was the greatest for the test year. It was chosen using the
wind-driven rain rose. Figure 6 summarizes the results obtained with respect to the range
of wall orientation for the different locations across Canada as were studied. There is a
large variability in wall orientations for the 15 realizations of the climate data set, with
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the exception of Whitehorse historical, Vancouver, Halifax, and St. John’s for both H and
F periods.
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Figure 6. Boxplots of wall orientation for historical (H) and future periods (F). Each box shows
the variation of wall orientations obtained with the test year for the 15 climate realizations in each
time period.

2.5.5. Air Change Rate

The air was supposed to remain still in the service cavity between the drywall and
the CLT panel, but air movement in the drainage cavity, either vented or ventilated, was
expected. For this study, the source/sink approach to implement the cladding ventilation
was used, which considers the cladding ventilation as a heat and moisture source. This
requires knowledge of drainage cavity depth and air changes per hour. The challenge is
then to determine the values for air changes per hour (ACH) to use in the simulations.

To determine the cladding ventilation rate for hygrothermal simulation, a theoretical
calculation was implemented for walls having a clear drainage cavity and continuous slot
openings. Details of the calculation procedure, based on the approach used by [40,41], can
be found in [42]. The findings for each wall system considered in this study are summarized
in Figure 7 for the median of the hourly values calculated for the test year of each climate
realization. In general: (1) ACH varies with the city in the same manner as wind speed
(Figure 3); (2) vented walls experience low ventilation rate (40 to 90) as compared to
ventilated walls (100 to 350); (3) As for wind speed, there is a trend of decreasing ACH in
the future. For undertaking simulations, the median value of the calculated hourly ACH
was used in each case. In fact, [41] showed that using hourly values or annual average
values leads to similar responses. This was also verified by the results obtained in the
preliminary study.

2.5.6. Moisture Source

The moisture source was determined, assuming water entry beyond the cladding
would find its way to the surface of the sheathing membrane. With no information about
the amount of water that can penetrate the massive timber wall structure, the water entry
rate was set to 1% WDR, as suggested by the 2016 ASHRAE Standard 160 [24]. It was
deposited to the exterior surface of the sheathing membrane, as indicated in Figure 5.

The assumed worst-case water entry value of 1% WDR, applied on the exterior surface
of the sheathing membrane, may be too high for this type of wall given the presence of
the 19-mm drainage cavity, the poor liquid conductivity of the insulation used and the
long path the water would need to cover to reach the sheathing membrane. However,
it remains likely to occur if there are deficiencies around doors and windows, at joints
between components, or water leaks from the roofing system. Moreover, tall buildings are
subjected to high winds.
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future periods (F): (a) FCB, vented; (b) FCB ventilated; (c) ACM vented and (d) ACM ventilated. Each
box shows the variation of ACH values obtained with the test year for the 15 climate realizations in
each time period.

2.5.7. Boundary Conditions

The 1-D simulation problem being considered requires a definition of the indoor and
outdoor boundary conditions. The external boundary conditions are applied to the exterior
surface of the cladding. The exterior conditions consist of the climate loads for a given
location, which includes the following outdoor climate variables: wind speed and direction,
WDR, temperature, RH, solar shortwave radiation (direct and diffuse) normal to the wall,
sky long wave emission or atmospheric counter radiation, ground long wave emission.

Climate data and the approach to determining the WDR are described in Section 2.4.
Direct and diffuse solar shortwave radiations were provided directly to DELPHIN, with
the information required to calculate the normal components, i.e., wall orientation, geo-
graphical location (latitude and longitude), and time zone. The sky and ground long-wave
emissions were explicitly computed and provided to DELPHIN, considering long-wave
emissivity of 0.9 for the exterior cladding surface and the surrounding ground and 1.0
for the sky. The ground surface temperature and albedo were set to the air temperature
and 0.2, respectively. The shortwave absorption coefficient of the cladding was set to 0.35,
assuming a white-colored surface [43]. The outdoor convective heat transfer coefficient
was calculated using Equation (1) [44]:

αc = 4 + 4V (1)

where αc is the outdoor convective heat transfer coefficient (W/m2 K), and V is the wind
speed corrected for the height of the building (m/s). The outdoor convective vapor transfer
coefficient was calculated using the outdoor convective heat transfer coefficient and the
Lewis number [45]. At normal pressure, the Lewis number, which is the ratio of thermal
diffusion to mass diffusivity, is equal to 6.1 × 10−9.

The indoor boundary conditions were selected as constants and set to 21 ◦C for
temperature and 50% for relative humidity. Referring to ISO 6946 Standard [44], the indoor
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convective heat transfer coefficient was set to 2.5 W/m2 K, whereas the indoor radiative
heat transfer coefficient was set to 5.5 W/m2 K. The indoor vapor transfer coefficient was
calculated using the convective indoor heat transfer coefficient and the Lewis number [45].
Given a convective heat transfer coefficient of 2.5, the indoor vapor transfer coefficient was
determined to be 1.53 × 10−8 s/m.

2.6. Performance Evaluation

Under favorable conditions of temperature and RH, mold fungi can grow on building
material surfaces, and this is much regarded as problematic considering the potential risk
to indoor air quality [46]. The development of mold models for evaluating the moisture
durability of building materials has been ongoing for a number of decades. In particular, the
works of [47,48] at the Technical Research Centre (VTT) of Finland have driven the devel-
opment of an empirical model for mold growth [49,50] that is largely used in hygrothermal
simulation tools for evaluating the durability of wood-based building materials. The use of
this mold growth model (VTT mold model) is recommended in ASHRAE Standard 160 [24]
for the evaluation of moisture performance. The mold growth index (MoI) was therefore
chosen as the performance attribute to be used to assess the effects of climate change on the
moisture performance of the tall wood building envelope considered in this study. While
the mold growth risk provided by the model may not reflect reality, it at least permits a
comparison of different scenarios.

The CLT panel is the critical component of the CLT wall assembly in regard to moisture
durability. Its outer layer, in contact with the sheathing membrane, is more prone to
moisture uptake and, under favorable conditions, can give rise to the risk of the formation
of mold or decay. This location (0.5-mm), shown in Figure 5, was selected as the critical
location from which to compare mold development as predicted using historical and future
climate data. As the CLT was supposed to be made of spruce wood, the options selected
for computing the mold growth index using ASHRAE’s implementation were: “Sensitive”
for material with a mold growth decline factor of 0.3.

ASHRAE Standard 160 [24] recommends an MoI below 3.0 to avoid visible mold
growth with no indication of the duration of time when the MoI is greater than 3.0. This is
intended as the criterion for acceptable performance to a maximum mold growth index
of 3.0. Using this criterion may lead to a false conclusion regarding the performance if
there is no indication of the duration of the time for which the maximum value of MoI is
greater than 3.0. For example, there may be a scenario where a maximum value greater than
3.0 occurs during a limited time period, i.e., for a few hours or days, in which case the health
risk is minimal, and another scenario where a maximum value greater than 3.0 occurs over
a long period of time and poses a potential health issue for building occupants. Given
this limitation in using the maximum value of MoI, the mean value was selected with the
criterion of failure set to a mean value greater than 1.0.

3. Results and Discussion
3.1. Mold Growth Index

Figure 8 shows, for illustration purposes, an example of mold growth profiles obtained
for the 15 runs of historical and future periods in Vancouver for the two types of cladding
evaluated and for the case with a moisture source. It shows the variability among different
runs within each time period, with greater variability for the future period due to greater
uncertainties in climate data.

From the mold growth profiles, the mean value for the last repetition of the test year of
each run was determined. The results for the two types of wall assembly under historical
(H) and future (F) periods are shown in Figure 9 for the cases with and without moisture
source and for vented and ventilated claddings.
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Figure 8. Examples of mold growth index profiles obtained for the vented design over the three
repetitions of the test year for fiber cement board (FCB) and aluminum composite material (ACM)
claddings when a moisture source (MS) of 1% was considered: (a) FCB, Vancouver; (b) FCB, Montreal;
(c) FCB, Halifax; (d) ACM, Vancouver; (e) ACM, Montreal; (f) ACM, Halifax. The black and red lines
represent the average of the 15 realizations of historical and future periods, respectively, whereas the
area represents +/− 1 standard deviation. Hourly values were daily averaged.

When the wall is considered perfect, i.e., with no deficiencies in the building envelope
that may allow incidental water to infiltrate deeper into the structure, the risk of mold
growth is minimal under both historical and future periods for the two claddings and for
the vented and ventilated designs. Fiber cement board shows some signs of mold growth
in the future in the southeastern and east maritime regions, but their values remain less
than one for almost all the climate realizations. Given that the effects of climate change
are limited for the wall with no deficiencies, the remaining analysis will be focused on the
scenario where a water penetration rate equal to 1%WDR is assumed.

3.2. Effects of Climate Change on Mold Growth Risk

The statistics (minimum, median, and maximum) of mold growth index obtained
for FCB and ACM claddings under historical and future periods and for the scenario
considering a moisture source of 1%WDR are shown in Tables 4 and 5, respectively. Also
shown in Tables 4 and 5 are the projected changes in the mold growth index and the results
of the Student t-test performed to compare the means of the historical and future periods’
values. Before performing the t-test, the data were transformed using Yeo-Johnson power
transformation [51] implemented in the Scikit-learn package [52] of Python [53] to make the
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data more Gaussian-like. As well, to account for the unequal variances in the H and F data,
Welch’s unequal variance t-test [54] was used. All the tests were realized using the SciPy
package [55] of Python. Overall, the means of the 15 climate realizations under the H and F
periods are significantly different in all cities (p < 0.05). However, the relative changes in
mold growth index vary with climate region, among the cities in the same region, and with
the cladding type and ventilation design.
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in the future in the southeastern and east maritime regions, but their values remain less 

than one for almost all the climate realizations. Given that the effects of climate change 

are limited for the wall with no deficiencies, the remaining analysis will be focused on the 

scenario where a water penetration rate equal to 1%WDR is assumed. 

Figure 9. Boxplots of the mean values of mold growth indices on the outer surface of CLT panel
obtained for fiber cement (FCB: (a,b,e,f)) and aluminum composite material (ACM: (c,d,g,h)) walls
under historical (H) and future (F) periods, for vented (a–d) and ventilated (e–h) cladding and for the
case with (b,d,f,h) and without (a,c,e,g) moisture source (MS).
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Table 4. Summary statistics and projected changes in mold growth index in the case of fiber cement
cladding with a moisture source of 1%.

H: 1986–2016 F: 2062–2092 F–H 3 t-Test
Climate
Region City Min P50 1 Max Runs > 1 2 Min P50 Max Runs > 1 Min P50 Max Runs > 1 t-Value p-Value

Fibre cement cladding, vented, MS = 1%
Cordillera WHE 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 −2.640 0.019
Western
maritime VAN 0.0 0.3 1.3 2 0.0 1.2 3.3 8 0.0 0.9 1.9 6 −3.310 0.004

Prairie CAL 0.0 0.0 0.0 0 0.0 0.0 0.1 0 0.0 0.0 0.1 0 −3.629 0.002
Prairie SKT 0.0 0.0 0.0 0 0.0 0.0 0.3 0 0.0 0.0 0.3 0 −3.677 0.002
Prairie WNG 0.0 0.0 0.0 0 0.0 0.1 1.1 1 0.0 0.1 1.1 1 −5.041 0.000

Southeastern TOR 0.0 0.0 0.1 0 0.1 0.5 1.7 6 0.1 0.5 1.7 6 −7.101 0.000
Southeastern OTT 0.0 0.0 0.3 0 0.4 1.5 3.5 11 0.4 1.4 3.2 11 −8.640 0.000
Southeastern MTL 0.0 0.0 0.3 0 0.5 3.0 4.2 12 0.5 3.0 3.8 12 −7.027 0.000

Eastern
maritime MTN 0.0 0.0 0.3 0 0.2 0.8 3.7 7 0.2 0.8 3.4 7 −8.881 0.000

Eastern
maritime CTN 0.0 0.0 0.1 0 0.0 0.3 1.9 3 0.0 0.3 1.8 3 −7.093 0.000

Eastern
maritime HFX 0.0 0.2 1.6 1 1.6 3.0 4.2 15 1.6 2.9 2.6 14 −13.109 0.000

Eastern
maritime STJ 0.0 0.0 0.4 0 0.0 0.3 1.8 3 0.0 0.2 1.4 3 −4.541 0.000

Fibre cement cladding, ventilated, MS = 1%
Cordillera WHE 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 −2.528 0.023
Western
maritime VAN 0.0 0.2 0.9 0 0.0 0.7 2.4 3 0.0 0.5 1.5 3 −3.444 0.003

Prairie CAL 0.0 0.0 0.0 0 0.0 0.0 0.1 0 0.0 0.0 0.0 0 −2.567 0.018
Prairie WNG 0.0 0.0 0.0 0 0.0 0.0 0.1 0 0.0 0.0 0.1 0 −3.596 0.003
Prairie SKT 0.0 0.0 0.0 0 0.0 0.0 0.5 0 0.0 0.0 0.5 0 −3.947 0.001

Southeastern TOR 0.0 0.0 0.0 0 0.0 0.3 1.2 2 0.0 0.3 1.2 2 −6.290 0.000
Southeastern OTT 0.0 0.0 0.2 0 0.1 0.6 2.4 6 0.1 0.6 2.3 6 −7.329 0.000
Southeastern MTL 0.0 0.0 0.2 0 0.2 1.8 4.0 10 0.2 1.8 3.8 10 −6.368 0.000

Eastern
maritime MTN 0.0 0.0 0.2 0 0.1 0.6 3.0 4 0.1 0.6 2.8 4 −8.034 0.000

Eastern
maritime CTN 0.0 0.0 0.1 0 0.0 0.2 1.4 2 0.0 0.2 1.3 2 −6.428 0.000

Eastern
maritime HFX 0.0 0.1 1.2 1 1.1 2.5 4.1 15 1.1 2.4 2.9 14 −13.836 0.000

Eastern
maritime STJ 0.0 0.0 0.2 0 0.0 0.2 1.4 3 0.0 0.1 1.1 3 −4.134 0.001

1: Number of climate realizations having average moisture index greater than 1; 2: Median value; 3: Absolute
difference between future and historical values. Values in bold are those for which the change between future and
historical periods is problematic.

In Cordillera (Whitehorse) and Prairie (Calgary, Winnipeg, and Saskatoon) regions,
the increase in the mold growth index in the future for the two claddings and ventilation
designs, although statistically significant, is not enough to change the risk to an unaccept-
able level. In fact, with the exception of one run having a mean value of 1.1 in the future
in Winnipeg in the case of FCB with a vented cavity, all the run mean values in the future
remain below 1.0. These two regions have the lowest values of WDR and vapor pressure,
and their increase in the future would not be enough to change the mold growth risk level
as observed in the historical period.

In Vancouver (western maritime), the risk level could significantly increase for FCB
and ACM in the future. The increase in the risk depends on the cladding type and the
ventilation rate. For the vented cavity, the increase in the median and maximum values
is 0.9 and 1.9 for FCB, respectively, whereas it is 1.3 and 1.8 for ACM, respectively. At the
same time, the number of runs with mean MoI > 1 increases by 6 and 2 for FCB and ACM,
respectively (Tables 4 and 5). Therefore, it can be concluded that, compared to the baseline
period, the increase in mean MoI for the vented FCB is less than that for the vented ACM,
even if the increase in the number of runs having MoI > 1 is higher for FCB than ACM. It
should be noted that the absolute values of mean MoI are higher for ACM than for FCB.
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This can be attributed to the impermeability to vapor and water of ACM: it can dry only
via ventilation openings.

Table 5. Summary statistics and projected changes in mold growth index in the case of aluminum
composite cladding with a moisture source of 1%.

H: 1986–2016 F: 2062–2092 F–H 3 t-Test
Climate
Region City Min P50 1 Max Runs > 1 2 Min P50 Max Runs > 1 Min P50 Max Runs > 1 t-Value p-Value

Aluminum composite material cladding, vented, MS = 1%
Cordillera WHE 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 −2.478 0.025
Western
maritime VAN 0.1 1.2 2.5 9 0.1 2.5 4.3 11 0.1 1.3 1.8 2 −3.530 0.002

Prairie CAL 0.0 0.0 0.1 0 0.0 0.0 0.2 0 0.0 0.0 0.1 0 −1.464 0.156
Prairie SKT 0.0 0.0 0.0 0 0.0 0.0 0.1 0 0.0 0.0 0.1 0 −3.542 0.003
Prairie WNG 0.0 0.0 0.0 0 0.0 0.0 0.4 0 0.0 0.0 0.4 0 −3.255 0.006

Southeastern TOR 0.0 0.0 0.1 0 0.0 0.2 0.8 0 0.0 0.2 0.8 0 −4.968 0.000
Southeastern OTT 0.0 0.0 0.1 0 0.0 0.3 1.5 1 0.0 0.3 1.4 1 −5.787 0.000
Southeastern MTL 0.0 0.0 0.1 0 0.0 0.8 3.7 6 0.0 0.8 3.6 6 −5.683 0.000

Eastern
maritime MTN 0.0 0.0 0.1 0 0.0 0.5 2.4 3 0.0 0.5 2.3 3 −6.747 0.000

Eastern
maritime CTN 0.0 0.0 0.1 0 0.0 0.1 1.3 1 0.0 0.1 1.2 1 −4.644 0.000

Eastern
maritime HFX 0.0 0.1 1.6 1 1.0 2.4 4.1 14 1.0 2.3 2.5 13 −12.414 0.000

Eastern
maritime STJ 0.0 0.0 0.8 0 0.0 0.2 1.8 5 0.0 0.1 1.0 5 −3.563 0.003

Aluminum composite material cladding, ventilated, MS = 1%
Cordillera WHE 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 −2.384 0.030
Western
maritime VAN 0.0 0.1 0.6 0 0.0 0.4 1.7 2 0.0 0.3 1.1 2 −3.177 0.005

Prairie CAL 0.0 0.0 0.0 0 0.0 0.0 0.1 0 0.0 0.0 0.0 0 −1.643 0.113
Prairie WNG 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 −3.478 0.003
Prairie SKT 0.0 0.0 0.0 0 0.0 0.0 0.4 0 0.0 0.0 0.3 0 −3.264 0.006

Southeastern TOR 0.0 0.0 0.0 0 0.0 0.1 0.7 0 0.0 0.1 0.7 0 −5.506 0.000
Southeastern OTT 0.0 0.0 0.0 0 0.0 0.3 1.1 1 0.0 0.3 1.1 1 −5.812 0.000
Southeastern MTL 0.0 0.0 0.0 0 0.0 0.6 3.3 5 0.0 0.6 3.3 5 −5.698 0.000

Eastern
maritime MTN 0.0 0.0 0.1 0 0.1 0.4 2.1 3 0.1 0.4 2.1 3 −7.051 0.000

Eastern
maritime CTN 0.0 0.0 0.1 0 0.0 0.1 0.9 0 0.0 0.1 0.8 0 −5.121 0.000

Eastern
maritime HFX 0.0 0.0 0.9 0 0.8 1.8 4.0 10 0.8 1.8 3.1 10 −14.104 0.000

Eastern
maritime STJ 0.0 0.0 0.2 0.0 0.0 0.1 1.0 0 0.0 0.1 0.8 0 −3.708 0.002

1: Number of climate realizations having average moisture index greater than 1; 2: Median value; 3: Absolute
difference between future and historical values. Values in bold are those for which the change between future and
historical periods is problematic.

For the ventilated cavity in Vancouver, the increase in the median and maximum
values are, respectively, 0.5 and 1.5 for FCB and 0.3 and 1.1 for ACM. Tables 4 and 5 also
show that the increase in the number of runs with mean MoI > 1 is 3 and 2 for FCB and
ACM, respectively. As such, the effect of climate change is attenuated by the increased
ventilation in this region for both walls, although the relative increase in the mold growth
index is less for ACM than for FCB.

As shown in Figure 9, Tables 4 and 5, there is a great difference in the moisture
response of the two claddings to climate change among the cities in the southeastern region
(Toronto, Ottawa, and Montreal). For the vented cavity, the median and maximum values
of MoI increase by 0.5 and 1.7, 1.4 and 3.2, and 3.0 and 3.8 for FCB in Toronto, Ottawa,
and Montreal, respectively, whereas they increase by 0.2 and 0.8, 0.3 and 1.4, and 0.8 and
3.6 for ACM in the same cities, respectively. The increase in the number of runs having
a mean MoI > 1 is 6, 11, and 12 for FCB and 0, 1, and 6 for ACM in these three cities,
respectively. Toronto, Ottawa, and Montreal all belong to the same climate region but to
different climate zones: Toronto is in climate zone 5 with a current design MI equal to 0.90,
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while Ottawa and Montreal belong to climate zone 6 with a current design MI of 0.80 and
0.90, respectively. They have an almost similar amount of annual WDR (Figure 4). The
difference in the moisture response between Toronto and that of Ottawa and Montreal may
be attributed to the difference in the insulation thickness (vapor permeance). The thickness
of insulation considered in this study was 74 mm in Toronto and 89 mm in Ottawa and
Montreal, based on the National Model Code requirements for each climate zone.

Additionally, in this region, the effect of climate change on the vented cavity scenario
is more pronounced for ACM than for FCB. For the ventilated cavity, the increase in the
number of runs having a mean MoI greater than 1 is 2, 6, and 10 for FCB and 0, 1, and 5
for ACM. As such, the ventilation has less effect in reducing the risk to mold growth in
Montreal than in Toronto and Ottawa for FCB, perhaps due to the relatively high increase
in WDR in Montreal (Table 3). Overall, the increase in mold growth index in this region,
especially for FCB cladding, could be problematic in the future.

In eastern maritime, there are two distinct groups of cities that behave differently:
group 1, composed of Moncton, Charlottetown, and St. John’s, and group 2, composed of
Halifax. In group 1, for the vented cavity scenario, the maximum increase in mean MoI is
found in Moncton. In this city, the relative increase in the median and maximum values of
the mean MoI is for FCB 0.8 and 3.4, respectively, and for ACM 0.5 and 2.3, respectively. In
terms of the increase in the number of runs having a mean MoI > 1, the relative increase in
the mean MoI in Charlottetown for FCB and ACM, in St. John’s for FCB, and in Moncton
for ACM is not of big concern given the limited number of climate realizations having
the mean MoI greater than 1 (less than 20%). On the contrary, the relative increase may
be problematic in Moncton for FCB and in St. John’s for ACM, where the increase in the
number of runs having a mean MoI > 1 is 47% and 33%, respectively.

For ventilated cavity in group 1, the effect of climate change is less pronounced. Here
too, the largest increase is found in the city of Moncton, which is for FCB 0.6, 2.8, and 4 for
the median, maximum MoI, and the number of runs having MoI > 1, respectively, and for
ACM, 0.4, 2.1 and 3, respectively. As such, similar to cities in the southeastern region, the
ACM cladding performs better than FCB cladding. It is difficult to explain the different
behavior of the wall in Moncton and Charlottetown. Moncton has less annual WDR than
Charlottetown (Figure 4). As such, one would have expected a better performance in
Moncton than in Charlottetown. It is likely that the higher relative humidity (higher vapor
pressure) in Moncton limits the drying capability of air entering the cavity via the vent
openings. As for the difference between Moncton and St. John’s, the high wind speed and,
therefore, higher ACH in St. John’s could explain the better performance in St. John’s,
despite its higher levels of WDR and relative humidity.

Halifax has a singular behavior. It is the city with walls most at risk in this eastern
maritime. In fact, for the vented wall, the increase in the median, maximum, and the
number of runs having MoI > 1 for FCB is 2.9, 2.6, and 14, respectively, and for ACM,
2.3, 2.5, and 13, respectively. The ventilation seems to have less effect as the increase in
the median, maximum, and the number of runs having MoI > 1 is similar to those of the
wall with a vented cavity. The limited effect of ventilation in Halifax suggests that in this
city, other measures than ventilation to mitigate the effect of climate change should be
considered (i.e., measures that limit the amount of WDR impinging on the wall).

WDR is slightly less in Halifax than in St. John’s and is almost at the same level as in
Vancouver (Figure 4). The difference between Halifax and Vancouver can be attributed to
the lower level of relative humidity (higher drying capacity of the air) coupled with low
insulation thickness in Vancouver. St. John’s has higher relative humidity and wind speed
(Figure 3) and WDR (Figure 4) values. On the opposite, Halifax has a higher temperature,
outdoor vapor pressure, and global radiation (Figure 3). The complex interaction between
these climate variables and the wall makes it quite difficult to find the explanation for the
significant difference in moisture response between Halifax and St. John’s. However, it
is likely that the higher outdoor vapor pressure might have contributed to maintaining
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higher relative humidity in the wall and that the higher temperature might have promoted
mold growth development in Halifax.

The findings in this study are consistent with those reported in the literature in
regard to the effects of climate change on the moisture performance of the building
envelope [4,8,11]. The risk of moisture accumulation in the wall and mold growth could
increase in the future; however, as might be expected, there are considerable differences in
the results induced, on one side, by the local climate and its uncertainties, and on another
side by the configuration of the wall assemblies, their components, and properties. The
individual and combined effects of climate variables and their complex interactions with
building envelope require the assessment of each specific case to avoid generalization.

4. Conclusions

This study investigated the effects of climate change on the moisture performance
of cross-laminated timber (CLT) wall assemblies used in tall wood buildings in several
regions across Canada using hygrothermal simulations. For the building, wall assemblies,
and simulation parameters considered, several conclusions can be drawn.

CLT wall assemblies with either a vented or ventilated cavity, but no deficiencies (i.e.,
perfect wall), seemed to be resilient to climate change as the risk of mold growth in both
the historical and the future was nil or negligible.

For those building enclosures having deficiencies that allow rainwater to penetrate into
the structure, the mold growth risk could increase significantly in all climatic regions and
cities considered. However, in the cities located in the Cordillera and Prairie regions, the
increase may not be problematic as mold growth was generally less than an unacceptable
level of growth. For cities located in the coastal and southeastern regions, the increase
in mold growth risk may be considerable. For walls with a vented drainage cavity, the
relative change in mold growth risk (change in median and maximum values of the 15
runs) for fiber cement board (FCB, water, and vapor permeable) cladding was less than that
for aluminum composite material (ACM, impermeable) cladding in Vancouver. However,
for cities in the southeastern and eastern Maritime region, the relative increase was higher
for FCB cladding than ACM cladding. For walls with a ventilated drainage cavity, the
relative increase in mold growth index was higher for FCB cladding than ACM cladding.
The impact of increasing the airflow rate in the drainage cavity on the reduction of the
relative change of mold growth index was more efficient in Vancouver but less efficient in
the southeastern and eastern Maritime regions for both claddings. This suggests that the
19-mm ventilated drainage cavity, as used in this study, may not be sufficient to attenuate
the effects of climate change in the southeastern and eastern Maritime regions. Other
measures would need to be taken to mitigate the risk to mold growth, such as increasing
the cavity depth, or those measures that are intended to reduce the amount of wind-driven
rain should be considered. The impact and feasibility of such measures will be evaluated
in future studies. As well, the results found in this study could be further improved by
considering the variability in material properties or other uncertainties in the simulation
input parameters using stochastic simulation.
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Abbreviations

1-D One-dimensional
ACM Aluminum composite material
ACH Air change per hour
CAL Calgary
CLT Cross-Laminated Timber
CTN Charlottetown
DRWP Driving rain wind pressure
EMC Equilibrium moisture content
F Future
FCB Fiber cement board
H Historical
HDD Heating-degree-days
HFX Halifax
MI Moisture index
MoI Mold growth index
MS Moisture source
MTL Montreal
MTN Moncton
OTT Ottawa
R Climate run or realization
RCP Representative Concentration Pathway
RH Relative humidity
SBPO Spun bonded polyolefin
SKT Saskatoon
STJ St. John’s
TOR Toronto
V Wind speed
VAN Vancouver
WDR Wind-driven rain
WHE Whitehorse
WNG Winnipeg
WRB Weather resistive barrier
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