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Abstract

:

The objective of this study was to assess the potential effects of climate change on the moisture performance and durability of massive timber walls on the basis of results derived from hygrothermal simulations. One-dimensional simulations were run using DELPHIN 5.9.4 for 31 consecutive years of the 15 realizations of the modeled historical (1986–2016) and future (2062–2092) climates of five cities located across Canada. For all cities, water penetration in the wall assembly was assumed to be 1% wind-driven rain, and the air changes per hour in the drainage cavity was assumed to be 10. The mold growth index on the outer layer of the cross-laminated timber panel was used to compare the moisture performance for the historical and future periods. The simulation results showed that the risk of mold growth would increase in all the cities considered. However, the relative change varied from city to city. In the cities of Ottawa, Calgary and Winnipeg, the relative change in the mold growth index was higher than in the cities of Vancouver and St. John’s. For Vancouver and St. John’s, and under the assumptions used for these simulations, the risk was already higher under the historical period. This means that the mass timber walls in these two cities could not withstand a water penetration rate of 1% wind-driven rain, as used in the simulations, with a drainage cavity of 19 mm and an air changes per hour value of 10. Additional wall designs will be explored in respect to the moisture performance, and the results of these studies will be reported in a future publication.






Keywords:


massive timber walls; hygrothermal simulations; climate change; moisture performance; durability; mold growth risk












1. Introduction


Tall wood buildings have been and are being constructed in many jurisdictions across Canada (e.g., the Brock Commons tall wood building at the University of British Columbia, Vancouver and the Origine tall wood building in Quebec City). The wall assemblies are designed to ensure durability in the presence of moisture, energy efficiency, fire safety and noise control. In cold, heating-dominated climate zones, the use of exterior insulation is the preferred thermal design approach [1,2]. From exterior to interior, massive timber wall assemblies are comprised of cladding, a drainage cavity, insulation, an air barrier and water-resistive barrier, and the cross-laminated timber (CLT) panel. The CLT panel is encapsulated in drywall for fire safety, but where it is permitted, it can be left exposed. The use of vapor-permeable insulation is recommended to allow outward drying of the CLT if it is initially wetted or if there is water penetration due to deficiencies. There is no need for a vapor barrier at the interior of the assembly, as is the practice for wood frame construction, since the CLT panel provides sufficient outward vapor resistance. The material and thickness of the insulation depend on the climate zone in which the building is located.



Tall buildings are subjected to increased wind and rain loads, given the increase in building height compared with low-rise constructions. This prolongs the exposure of building enclosures to wind-driven rain and wind loads. It also increases the risk of water entry to the wall and thus the premature deterioration of wood-based wall and roof assemblies.



There is sufficient evidence that the climate has been warming globally, thereby causing more frequent, intense and extreme climate events such as heat waves, droughts, wildfires, snow and ice storms and flooding, as well as wind and hailstorms [3]. These changes to the climate will have significant effects on building infrastructures and communities, particularly the durability of building materials, as well as the comfort and health of building occupants [4]. These effects should be assessed in order to find appropriate solutions. Building energy simulations and hygrothermal simulations of wall assemblies are typically used to understand the effects of climate loads for the purposes of determining the energy performance of buildings and the risk to deterioration that may occur from the presence of mold or wood rot on assembly components.



A substantial amount of work has been done on the impact of climate change on the thermal performance of buildings [5,6,7,8,9,10,11,12]. The general observation is that there will likely be a reduction in heating demand and an increase in cooling demand in the future.



Other studies have investigated the impacts of climate change on the moisture durability of wall assemblies [13,14,15,16,17,18,19,20,21]. Grossi et al. [13] found that much of temperate Europe will see a significantly reduced incidence of freezing in the future, which means that the porous stone typically used in the monuments of temperate areas may be less vulnerable to frost damage in the future. Nijland et al. [14] evaluated possible trends and tendencies arising from changes of climate parameters in the future on the durability of building materials in the Netherlands, based upon four scenarios of climate change. They pointed out that the actions of individual climate parameters may strengthen 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 frost-thaw cycles. However, they concluded that damage processes affecting building materials, such as salt damage, rising dampness and biodeterioration, will intensify in the future.



Nick et al. [15] investigated the hygrothermal performance of ventilated attics in respect to possible climate change in Sweden. The results pointed to an increase of moisture problems in attics in the future. Different emissions scenarios did not influence the risk of mold growth inside the attic due to compensating changes in different variables. Assessing the future performance of the four attics showed that the safe solution was to ventilate the attic mechanically. The prospective impacts of climate change on wind-driven rain (WDR) loads were investigated, and the resulting hygrothermal performance was derived through simulation of a common vertical wall construction when subjected to the climatic conditions of Gothenburg, Sweden [16]. The importance of three uncertainty factors of the climate data were investigated and included uncertainties from global climate models, emissions scenarios and spatial resolutions. The consistency of the results was examined by modeling walls with different materials and sizes, as well as using two different mathematical approaches for WDR deposition on the wall. The sensitivity of the simulations to wind data was assessed using a synthetic climate with solely wind data. According to the results, it is anticipated that in the future, higher amounts of moisture will accumulate in walls. Climate uncertainties can cause variations of up to 13% in the calculated 30 year average water content of the wall assemblies and 28% in its standard deviation. Using solely wind data can augment uncertainties by up to 10% in WDR calculations. However, it is possible to neglect changes in future wind data. Nick [17] used synthesized representative weather data of a future climate to undertake impact assessments of the energy usage efficiency of buildings in climate change conditions via simulation. In a similar manner, this approach was extended to the application of corresponding weather data sets for the hygrothermal simulation of buildings, specifically a prefabricated wood frame wall. To investigate the importance of considering moisture and rain conditions when creating representative weather files, two additional groups of weather data were synthesized based on the distribution of the equivalent temperature and rain. The moisture content, relative humidity, temperature and mold growth rate were calculated in the facade and insulation layers of the wall for several weather data sets. The results showed that the synthesized weather data based on the dry bulb temperature predicted the hygrothermal conditions inside the wall very similarly to the original regional climate model (RCM) weather data, and there is no considerable advantage in using the other two weather data groups.



Sehizadeh and Ge [18] assessed the impact of future climates in the Montréal region on the durability of typical Canadian residential wall assemblies retrofitted to PassiveHaus configurations. The assessment considered current climatic conditions (2015), as well as the climatic conditions of 2020, 2050 and 2080. The durability performance was evaluated in terms of the frost damage risk to brick masonry cladding and the risk of biodegradation of the plywood sheathing within the wall assembly through simulations performed with the WUFI Pro simulation program. The future weather files were generated based on weather data recorded at the Montréal International Airport weather station and a HadCM3 general circulation model, based on the A2 emission scenario as provided by the Intergovernmental Panel on Climate Change. The results from this study indicated that upgrading wall assemblies to the PassiveHaus recommended level would increase the risk to frost damage of bricks, whereas this risk would diminish under 2080 climatic conditions. While the decay risk of the plywood sheathing would decrease, the mold growth risk, defined by RHT index (Equation (1)), would increase in future climates. Under future climates, the mold growth risk of the plywood, defined by the mold growth index, would exist only when rain leakage is introduced and would likely decrease for a double-stud wall assembly.


  R H T =     ∑   k = 1   k = 8760   h o u r s    (  T − 5  )   (  R H − 80  )   



(1)




where T is the temperature in oC and RH is the relative humidity in %.



Melin et al. [19] 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.



Vandemeulebroucke et al. [20] used the Canadian initial-condition ensemble CanRCM4 LE data to assess the impact of climate change on a brick-clad wood-stud wall assembly and a historical solid masonry wall before and after retrofitting for the city of Ottawa. The aim of the study was to evaluate (1) whether the ensemble can be represented by one smaller reduced ensemble for different studies and (2) the potential of using climate-based indices to predict this reduced ensemble. Furthermore, the uncertainty of the ensemble was analyzed, as well as the climate change signal of the damage functions. It was found that the application of a climate ensemble was highly valuable for hygrothermal modeling, as it was able to account for the high uncertainty of climate change data. To maintain the level of information, it was recommended to perform HAM simulations using the entire ensemble. However, there was potential to select a reduced ensemble to represent the spread of the climate change signal.



Most of the studies reported in the literature on the impact of climate change on wall assemblies did not address the specific cases of mass timber buildings. As stated in [19], the hygrothermal response of a wall to climate change depends on the climate scenario and the type of building. Chang et al. [21] did report a study on the impact of climate change on CLT wall assemblies in different climate zones in South Korea. However, their study was limited to only three consecutive years of an observed climate and cannot be exploited when considering long-term change in a climate. Therefore, there is a need to assess the impact of climate change on the moisture performance of tall wood buildings.



The objective of this preliminary work is to evaluate the effects of climate change on the hygrothermal performance and durability of massive timber products used in tall wood building envelopes in five different climate zones across Canada. This will provide a basis for an ongoing and broader study on the impacts of climate change and extreme events on tall wood buildings across Canada to provide a suitable basis for assuring the durable and climate-resilient design for these structures.




2. Methods


The approach described in the Guideline on Design for Durability of Building Envelopes [22] was used to assess the hygrothermal performance of massive timber walls under historical and future projected climate loads. One-dimensional simulations were performed using DELPHIN v5.9.4. The cities selected for analysis, the wall configuration, the climate data, the simulation parameters and the performance assessment are described in the following sections.



2.1. Cities Selected for the Study


Five Canadian cities were selected for this preliminary study: Calgary, Alberta; Ottawa, Ontario; Vancouver, British Columbia; Winnipeg, Manitoba and St. John’s, Newfoundland and Labrador. Their locations and current climate design data [23] are shown in Table 1. Ottawa and St. John’s are within the same climate zone, but the moisture index (MI) and driving rain wind pressure (DRWP) are higher in St. John’s than in Ottawa. In addition, Calgary and Winnipeg are in the same climate zone, but the annual rain is higher in Winnipeg that in Calgary, whereas the DRWP is higher in Calgary than in Winnipeg. Vancouver (a city center) belongs to zone 4, which is warmer than, but has a comparable MI value to, St. John’s (heating degree days (HDD) = 2825).




2.2. Building and Wall Components


A 13 story (~41 m) tall wood building with a flat roof was chosen for the study. It was intended that the building be located in the city center. Figure 1 shows the typical composition of the massive timber wall considered. It was a non-load-bearing massive timber wall that consisted of (1) an 11 mm fiberboard used as cladding, (2) a drainage cavity of 19 mm, (3) two layers of mineral fiber insulation, (4) a sheathing membrane (spun bonded polyolefin), (5) 3 layer CLT made of spruce, (6) an air cavity (19 mm) and (7) an interior grade gypsum panel with latex primer and one coat of latex paint. For climate zones 4 (Vancouver), 6 (Ottawa and St. John’s), and 7A (Calgary and Winnipeg), the minimum thermal resistance value in metric system (RSI value), as recommended by the National Energy Code for Buildings [24], for above-grade opaque walls is 3.18, 4.05, and 4.76 m2K/W, respectively. To meet this requirement, two rows of mineral fiber were used as insulation for climate zones 4 and 6 (64 mm), and 7A (89 mm).



The material properties were all obtained from the National Research Council (NRC) hygrothermal material properties database [25], with the exception of the CLT adhesive layer. 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 those of solid wood [26].




2.3. Climate Data


The climate data was comprised of modeled hourly time series of the climate variables necessary to undertake hygrothermal simulations for a baseline period spanning from 1986 to 2016 and 31-year-long future periods, when global warming levels of 2 °C and 3.5 °C (with reference to the baseline period) are expected to be reached in the future. The climate datasets were generated to capture the effects of the internal variability of the climate on future climate projections in fifteen hourly realizations that were part of the datasets derived from the large ensemble of climates simulated by the Canadian Regional Climate Model (CanRCM4) version 4, each initialized under a different set of initial conditions in the second generation of Canadian Earth System Model (CanESM2). A detailed description of the procedure used to generate the modeled historical and projected future climate data can be found in [27].



For this study, only the 31 year historical (H: 1986–2016) and future (F: 2062–2092) periods corresponding to a global warming of 3.5 °C were considered. As mentioned above, each timeline was comprised of 15 realizations or runs. Hygrothermal simulations were performed for all 15 runs of each period in order to capture the uncertainties associated with the variability in the climate data. The variability among the different runs of the historical and future periods is illustrated in Figure 2 for the annual average temperature and relative humidity, as well as the annual sum of horizontal rain, in the city of Ottawa. The differences in some of the climate variables between all the runs of the historical and future datasets for the five cities considered are illustrated in Figure 3. The projected changes in some of the climate variables are shown in Table 2. It can be observed from Figure 3 and Table 2 that (1) the annual average temperature will increase significantly between the two timelines in all five cities, (2) the relative humidity will slightly increase in all five cities, (3) the average annual wind speed will decrease in all five cities and (4) the annual rain will increase in all five cities, but at different rates. Although the relative humidity will only slightly increase in the future, the partial pressure of water vapor in the air will significantly increase due to the significant increase in temperature. As illustrated by the change in the interquartile range (Table 2), the uncertainties in the future climate variables were higher than those of the baseline period. Therefore, it was necessity to consider all the runs in order to address uncertainties in the hygrothermal responses.




2.4. Hygrothermal Simulations


Simulations were run using the DELPHIN heat, air and moisture simulation tool (version 5.9.4) developed and maintained by the Institute for Building Climatology, Faculty of Architecture, Technical University of Dresden, Germany [28]. It has been successfully validated with HAMSTAD Benchmarks 1–5 [29] and with experimental data [30,31,32,33].



To avoid uncertainties related to the selection of moisture reference years, the simulations were performed for all 31 consecutive years of each of the 15 runs with no conditioning years. Only a one-dimensional horizontal configuration of the wall was analyzed, as indicated in Figure 1. The use of a one-dimensional hygrothermal simulation model was deemed sufficient to capture the relative effects of climate change to the moisture performance of the walls.



Using the wind-driven rain rose, the wall orientation was selected as the direction in which the highest quantity of wind-driven rain (WDR) occurred for all the combined years of all the runs in each time period. For both the historical and future timelines, this was found to be 202.5, 135, 337.5, 180 and 22.5° from north for Ottawa, Vancouver, Calgary, St. John’s and Winnipeg, respectively.



For the type of building considered in this study, (i.e., a tall building with a flat roof located in a city center), the intensity of rain deposition was higher at the top and edges of the wall, in accordance with the studies by Straube and Burnett [34]. Therefore, only the top area of the building was considered. The amount of rainwater impinging on the building façades was determined based on ASHRAE Standard 160 [35], assuming an exposure factor of 1.5 (height > 20 m) and a deposition rate of 1.0 (wall subject to runoff). The moisture source was determined by assuming water entry beyond the cladding, and that it found its way through the insulation to reach the sheathing membrane. With uncertainties about the quantity of water that penetrated the structure, 1% WDR was assumed to be deposited on the exterior surface of the sheathing membrane, as suggested by ASHRAE Standard 160 [35].



The initial conditions for the relative humidity (RH) and temperature (T) for all components were set to 50% and 21 °C, respectively. The indoor T and RH were kept constant at 21 °C and 50%, respectively, assuming that the building was equipped with air conditioning and dehumidification. Referring to the ISO 6946 Standard [36], the indoor convective heat transfer coefficient was set to 2.5 W/m2K, and the outdoor convective heat transfer coefficient was calculated using Equation (2):


   α  c e   = 4 + 4 V  



(2)




where αce is the outdoor convective heat transfer coefficient in W/m2 K and V is the wind speed, corrected for the height of the building (m/s).



The outdoor and indoor convective vapor transfer coefficients were calculated using the convective heat transfer and the Lewis number [37]. The indoor radiative heat transfer coefficient was set to 5.5 W/m2K [36], whereas the longwave exchange between the cladding surface and the environment was explicitly calculated assuming a longwave emissivity of 0.9 for the 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 at 0.6, assuming a red-colored surface.



The air was assumed to still be in the air cavity between the drywall and the CLT, but air transfer in the drainage cavity was expected, having an air change per hour (ACH) of 10 in all cities.




2.5. Moisture Performance Assessment


The outer layer (0.5 mm) of the CLT was used as the critical location from which to compare the effects of climate change on the moisture performance of the wall, using the mold growth index (MI) as the indicator. As recommended by ASHRAE Standard 160 [35], the empirical model used for calculating the MI was the one developed by Hukka and Viitanen [38] and Ojanen, Viitanen, Peuhkuri and Lahdesmaki et al. [39]. The MI profiles over time, the maximum and mean MI, as well as the percentage of time when the MI remained above 3 (the level at which mold is visible) were used for comparison.





3. Results and Discussion


Figure 4 shows the median profiles of the mold index obtained under both the historical and future periods in the cities of Ottawa, Vancouver, Calgary, St. John’s and Winnipeg. The uncertainty due to internal climate variability (variability of climate variables among different runs) is shown in each case by the shaded area that represents the minimum and maximum of the hourly values obtained for all runs. In the city of Ottawa, the difference between the median mold profiles obtained under the historical and future periods was obvious: the risk of mold growth on the outer layer of CLT will increase in the future. This is in agreement with other studies that suggested the combined increase in T and WDR in certain regions will likely increase the risk of mold growth [14,16,18]. In the cities of Vancouver and St. John’s, where the risk of mold growth was already high under the modeled reference climate, the risk of mold growth will remain higher in both cities with less uncertainty in the results (less difference among the runs). In the cities of Calgary and Winnipeg, although the median profile for the future period remained above that of the baseline period, the higher uncertainty in the results and the partial overlapping of the uncertainty bands for both periods made it difficult to draw definitive conclusions.



To ease the interpretation of the results, the mean value of the mold index was calculated for each of the 15 runs. Additionally, the maximum value of the mold index for each of the 15 runs was extracted. The results of these two statistics are summarized in Figure 5 and Figure 6 for the distribution of means and maxima of the runs, respectively, and in Table 3 in terms of the projected change of the percentiles (25th, 50th (median), 75th, and 100th) of the means and maxima of the runs. A statistical test was performed to compare the means and maxima of the runs for the historical and future timelines in each city. First, the normality of the distribution of the mean and maximum values of the runs was verified for each case using Shapiro’s test [40]. If they were not normally distributed, a log or square root transformation was tested. Then, the homoscedasticity of the two groups was tested using Barlett’s test [41]. When the two assumptions were verified, the Student’s t-test for two samples was used to compare the two means and maxima. When neither the assumption of normality nor homoscedasticity was still not verified after data transformation, the Mann–Whitney U test [18] was used. All the tests were performed using the SciPy package [42] of Python [43]. Overall, the median values for the means and maxima of the runs under the baseline and future periods were found to be significantly different in all cities (p < 0.001). However, the relative changes varied from city to city (Figure 5 and Figure 6 and Table 3).



In the city of Ottawa, all the percentile values of the means and maxima of the runs will increase significantly in the future. The 25th percentile of the means and maxima of the runs will increase by 1518% and 129%, respectively. The median value of the means and maxima of the runs will increase by 1432% and 80%, respectively. Both the 75th percentile and maximum value for the means and maxima of runs will also increase in the future. This significant change in the mold growth index in Ottawa may be explained by the increase in rain (15%), as shown in Table 2. The projected increase in the risk of mold growth in the cities of Calgary and Winnipeg followed the same trend as in the city of Ottawa. However, the increase was not as significant as that in Ottawa. For example, the median value of the mean values of the runs increased by 149% and 290% in Calgary and Winnipeg, respectively, compared with 1432% in Ottawa. The projected increase in rain was 31% in Calgary and 11% in Winnipeg. As such, one would have expected a higher increase in mold growth in Calgary than in Ottawa and a similar increase in Winnipeg as in Ottawa. Table 2 shows a higher projected decrease in the median wind speed (−5.5% in Calgary compared with −2.2% in Ottawa) and global radiation (−0.4% in Calgary compared with −1.0% in Ottawa). The difference in the relative change of the climate variables and their complex interactions may explain the difference in the projected change in mold growth in these cities.



The trends observed in the cities of Vancouver and St. John’s were similar: the projected changes in statistics for the values of the means and maxima of the runs, although significant, were marginal (< 3%). In fact, the moisture loads under the baseline period were already high in these two cities. As a consequence, the mold index value reached its maximum value during the first few years (2 years in Vancouver and 10 years in St. John’s) and stayed close to that level for the remaining time. Under the future climate, even if there were an increase in moisture loads, the material cannot absorb water beyond its capacity. In addition, the value of the mold growth index cannot go beyond the maximum for the material, even if the mold growth intensity increases. Nik [17] suggested using the rate of the mold growth index rather than the mold growth index itself to assess the effect of climate change. It should be noted that in St. John’s, there was a significant but negligible decrease in the maxima of the runs.



The proportion of the total number of hours to the mold index values was greater than three for each timeline, and the projected changes for various statistics are shown in Table 3. The results were quite similar to those observed for the means and maxima of the runs. The projected changes were higher in Ottawa, Calgary and Winnipeg than in Vancouver and St. John’s. For these latter two cities, the mold index was above three most of the time (>90%).



The climate data used for the baseline period was modeled and may not have reflected the actual climate conditions. In order to test what would be the actual response of the wall in the cities of Ottawa, Calgary, Vancouver, Winnipeg and St. John’s, simulations were performed using observed data for the baseline period (1986–2016). The results are shown in Figure 7. In general, the median mold index profile of all 15 runs, obtained using the modeled historical climate, agreed well with the observed one, with the exceptions of Vancouver and St. John’s. In fact, in Vancouver between years 22 and 27 and in St. John’s for the first 3 years, the observed mold index profile fell outside the uncertainty range defined by the minimum and maximum modeled mold index profiles.



These results were obtained by applying 1% WDR as a water source and 10 as the air changes per hour in all five cities considered. In reality, given the difference in wind speed (Table 2 and Figure 3), and therefore the wind pressure in the five cities and between historical and future periods, the water penetration rate should have varied, as shown by prior experimental methods [44,45]. Additionally, the outdoor temperature and wind speed affect the air flow rate in the drainage cavity [46]. In this study, similar values of water penetration and ACH were used in all the cities. They were not meant to represent the real situation, but permit comparison of the moisture performance of CLT walls among different cities and between historical and future climate periods.




4. Conclusions


The objective of this study was to assess the relative effects of climate change on the moisture performance of massive timber walls in five cities having different climate characteristics: Ottawa, Ontario; Vancouver, British Columbia; Calgary, Alberta; Winnipeg, Manitoba and St. John’s, Newfoundland and Labrador. The configuration of the wall studied was comprised of fiberboard cladding, a drainage cavity, spunbonded polyolefin as a sheathing membrane, mineral fiber insulation, a three-layer CLT panel, an air cavity and a gypsum board. The thickness of the insulation layer was chosen to meet the energy requirement for each city. A tall wood building of a height of 41 m was considered. One-dimensional simulations were run using DELPHIN 5.9.4 for 31 consecutive years of the 15 realizations of modeled historical (1986–2016) and future (2062–2092) climates. The wall orientation receiving the highest quantity of wind-driven rain for all the combined years of all the runs in each time period was selected for simulations in each city. The water penetration in the wall assembly was assumed to be 1% wind-driven rain. A value of 10 air changes per hour was assumed for all the cases analyzed. The temperature and relative humidity of the outer layer of the CLT panel were used to compute the mold growth index.



The simulation results showed that the risk of mold growth would increase in all the cities considered due to an increase in rain loads. However, the relative changes of the median values of the run means between the baseline and future periods varied from city to city. In the city of Ottawa, the relative change of the median value of the run means was about 1432% (from 0.2 under the baseline period to 3.2 under the future period). The projected increase in the risk of mold growth in the cities of Calgary and Winnipeg followed the same trend as in the city of Ottawa. However, the increase was not as high as in Ottawa. The median value of the run means increased by 149% (from 0.5 to 1.2) and 290% (from 0.2 to 0.8) in Calgary and Winnipeg, respectively. Unlike Ottawa, in Calgary and Winnipeg, the projected change in the risk of mold growth was marginal (< 3%) in Vancouver and St. John’s. In fact, the risk of mold growth was already high in these two cities under the baseline period. Since the mold growth index cannot go beyond a maximum for a given material, any increase in moisture loads will not be translated directly into an increase in the mold growth index.



The wall assembly considered in this study did not perform well in Vancouver and St. John’s under the baseline period. This was confirmed using the observed historical climate. This implies that the mass timber walls located in these two cities, configured with a drainage cavity of 19 mm and having an assumed cavity air change rate of 10 per hour, cannot withstand a water penetration rate of 1% wind-driven rain, as was used in the simulations.
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Figure 1. Composition of the cross-laminated timber (CLT) wall considered in this study. 
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Figure 2. Boxplots of the annual average temperature and relative humidity, as well as the annual sum of horizontal rain for runs R01–R15 of the historical (H) and future (F) time periods in the city of Ottawa. Each run comprises 31 consecutive years. 
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Figure 3. Boxplots of run averages of temperature, relative humidity, wind speed, and horizontal rain for the historical (H) and future (F) time periods in the cities of Ottawa, Vancouver, Calgary, St. John’s and Winnipeg. 
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Figure 4. Mold index profiles obtained under the historical (H) and future (F) time periods in the city of Ottawa. The error band (minimum and maximum of the hourly run values) represents the uncertainty due to the internal variability of the modeled climate data. 
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Figure 5. Boxplots of the mean mold index obtained per run under the historical (H) and future (F) time periods in the cities of Ottawa, Vancouver, Calgary, St. John’s and Winnipeg. 
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Figure 6. Boxplots of the maximum mold index obtained per run under the historical (H) and future (F) time periods in the cities of Ottawa, Vancouver, Calgary, St. John’s and Winnipeg. 
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Figure 7. Comparison of mold indexes obtained under historical modeled and observed climates in the cities of Ottawa, Vancouver, Calgary, St. John’s and Winnipeg. 
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Table 1. Location and climate design data of the selected cities.
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City (Province)

	
Lat

	
Long

	
TZO

	
H

	
CZ

	
HDD

	
MI

	
Rain

	
DRWP




	

	
(o)

	
(o)

	

	
(m)

	

	

	

	
(mm)

	
(Pa)






	
Vancouver (BC)

	
49.3

	
−123.1

	
−8

	
40

	
4

	
2825

	
1.44

	
1325

	
160




	
Ottawa (ON)

	
45.3

	
−75.4

	
−5

	
125

	
6

	
4500

	
0.84

	
750

	
160




	
St. John’s (NL)

	
47.6

	
−52.7

	
−4

	
65

	
6

	
4800

	
1.41

	
1200

	
400




	
Calgary (AB)

	
51.1

	
−114.1

	
−7

	
1045

	
7A

	
5000

	
0.37

	
325

	
220




	
Winnipeg (MB)

	
49.9

	
−97.1

	
−6

	
235

	
7A

	
5670

	
0.58

	
415

	
180








Note: Lat = latitude; Long = longitude; TZO = time zone; CZ = climate zone; HDD = heating degree days below 18 °C; MI = moisture index; DRWP = driving rain wind pressure, 1/5; H = elevation.
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Table 2. Projected changes of some of the climate variables under a global warming scenario of 3.5 °C (F: 2062–2092) in comparison with the reference period (H: 1986–2016).
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City

	
Statistic

	
Temperature

	
Rain

	
Relative Humidity

	
Wind Speed

	
Global Radiation




	
H

	
F

	
% Change

	
H

	
F

	
% Change

	
H

	
F

	
% Change

	
H

	
F

	
% Change

	
H

	
F

	
% Change




	
(°C)

	
(mm)

	
(%)

	
(m/s)

	
(MW/m2)






	
Ottawa

	
Minimum

	
6.7

	
11.5

	
71

	
731

	
798

	
9

	
71.3

	
72.6

	
2

	
3.5

	
3.4

	
−3

	
4.7

	
4.6

	
−0.8




	
Median

	
6.7

	
11.9

	
78

	
762

	
874

	
15

	
71.4

	
73.2

	
3

	
3.5

	
3.4

	
−2

	
4.7

	
4.7

	
−1.0




	
Maximum

	
6.7

	
12.3

	
83

	
807

	
945

	
17

	
71.4

	
73.7

	
3

	
3.5

	
3.5

	
−1

	
4.8

	
4.8

	
−0.1




	
IQR 1

	
0.0

	
0.3

	
6611

	
20

	
45

	
122

	
0.0

	
0.6

	
6481

	
0.0

	
0.0

	
994

	
0.1

	
0.1

	
35.9




	
Vancouver

	
Minimum

	
10.5

	
14.6

	
40

	
1224

	
1192

	
−3

	
62.3

	
62.5

	
0

	
2.8

	
2.6

	
−8

	
3.7

	
3.8

	
2.7




	
Median

	
10.6

	
14.9

	
41

	
1243

	
1272

	
2

	
62.3

	
62.8

	
1

	
2.8

	
2.7

	
−6

	
4.0

	
4.0

	
1.8




	
Maximum

	
10.7

	
15.4

	
44

	
1282

	
1406

	
10

	
62.3

	
63.4

	
2

	
2.8

	
2.7

	
−4

	
4.1

	
4.3

	
3.5




	
IQR

	
0.1

	
0.3

	
167

	
13

	
73

	
481

	
0.0

	
0.4

	
3311

	
0.0

	
0.0

	
9530

	
0.2

	
0.2

	
25.2




	
Calgary

	
Minimum

	
4.7

	
9.3

	
95

	
325

	
383

	
18

	
62.3

	
62.7

	
1

	
3.9

	
3.6

	
−8

	
4.8

	
4.6

	
−3.8




	
Median

	
4.7

	
9.5

	
101

	
352

	
461

	
31

	
62.3

	
63.7

	
2

	
3.9

	
3.7

	
−6

	
4.9

	
4.9

	
−0.4




	
Maximum

	
4.8

	
10.0

	
110

	
402

	
552

	
37

	
62.3

	
65.3

	
5

	
3.9

	
3.8

	
−4

	
5.1

	
5.0

	
−2.2




	
IQR

	
0.0

	
0.3

	
5007

	
19

	
32

	
64

	
0.0

	
0.5

	
5428

	
0.0

	
0.1

	
4768

	
0.1

	
0.1

	
8.7




	
St. John’s

	
Minimum

	
3.7

	
7.9

	
116

	
1114

	
1147

	
3

	
82.7

	
82.7

	
0

	
5.6

	
5.5

	
−3

	
3.7

	
3.8

	
1.3




	
Median

	
3.7

	
8.3

	
128

	
1139

	
1237

	
9

	
82.7

	
82.9

	
0

	
5.6

	
5.5

	
−2

	
3.9

	
4.0

	
2.8




	
Maximum

	
3.7

	
8.7

	
137

	
1230

	
1321

	
7

	
82.7

	
83.6

	
1

	
5.6

	
5.5

	
−1

	
4.0

	
4.1

	
3.3




	
IQR

	
0.0

	
0.4

	
28430

	
31

	
53

	
73

	
0.0

	
0.3

	
3917

	
0.0

	
0.0

	
931

	
0.0

	
0.1

	
153.5




	
Winnipeg

	
Minimum

	
3.7

	
9.0

	
145

	
344

	
372

	
8

	
71.9

	
72.0

	
0

	
4.2

	
4.0

	
−4

	
4.6

	
4.4

	
−3.3




	
Median

	
3.7

	
9.3

	
152

	
399

	
443

	
11

	
71.9

	
72.5

	
1

	
4.2

	
4.1

	
−3

	
4.6

	
4.5

	
−2.5




	
Maximum

	
3.7

	
9.7

	
163

	
447

	
559

	
25

	
72.0

	
73.9

	
3

	
4.2

	
4.2

	
−1

	
4.7

	
4.6

	
−2.6




	
IQR

	
0.0

	
0.3

	
8371

	
11

	
51

	
362

	
0.0

	
0.7

	
5556

	
0.0

	
0.1

	
3788

	
0.0

	
0.1

	
23.7








1 IQR = interquartile range.
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Table 3. rojected changes in mold index statistics under a global warming scenario of 3.5 °C (F: 2062–2092) in com-parison with the reference period (H: 1986–2016).
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City

	
Statistic

	
Run Means

	
Run Maxima

	
% Time MI > 3




	
H

	
F

	
% Change

	
H

	
F

	
% Change

	
H

	
F

	
% Change






	
Ottawa

	
25th percentile

	
0.2

	
3.2

	
1518

	
2.1

	
4.9

	
129

	
0.0

	
66.1

	
…




	
Median

	
0.2

	
3.4

	
1432

	
2.7

	
5.0

	
80

	
0.0

	
75.7

	
…




	
75th percentile

	
0.4

	
3.6

	
773

	
3.2

	
5.0

	
55

	
0.7

	
82.6

	
11,074




	
Maximum

	
0.7

	
3.9

	
481

	
4.0

	
5.0

	
25

	
5.1

	
92.0

	
1706




	
Vancouver

	
25th percentile

	
4.9

	
5.0

	
2

	
5.2

	
5.2

	
0

	
97.1

	
98.1

	
1




	
Median

	
4.9

	
5.0

	
2

	
5.2

	
5.2

	
0

	
97.3

	
99.5

	
2




	
75th percentile

	
4.9

	
5.0

	
2

	
5.2

	
5.2

	
0

	
98.9

	
99.6

	
1




	
Maximum

	
5.0

	
5.1

	
2

	
5.2

	
5.3

	
0

	
99.4

	
99.8

	
0




	
Calgary

	
25th percentile

	
0.4

	
0.9

	
153

	
3.7

	
4.8

	
28

	
2.1

	
8.3

	
286




	
Median

	
0.5

	
1.2

	
149

	
4.2

	
4.9

	
17

	
4.0

	
17.2

	
328




	
75th percentile

	
1.2

	
1.9

	
57

	
4.8

	
5.0

	
4

	
15.2

	
26.5

	
74




	
Maximum

	
1.4

	
2.4

	
70

	
5.0

	
5.1

	
2

	
23.8

	
44.6

	
88




	
St. John’s

	
25th percentile

	
4.7

	
4.9

	
3

	
5.2

	
5.2

	
0

	
91.8

	
95.0

	
4




	
Median

	
4.8

	
4.9

	
3

	
5.2

	
5.2

	
0

	
94.0

	
96.9

	
3




	
75th percentile

	
4.8

	
4.9

	
2

	
5.2

	
5.2

	
0

	
95.1

	
97.4

	
2




	
Maximum

	
4.9

	
5.0

	
2

	
5.2

	
5.2

	
0

	
97.5

	
97.9

	
0




	
Winnipeg

	
25th percentile

	
0.1

	
0.6

	
324

	
2.0

	
4.0

	
97

	
0.0

	
4.8

	
…




	
Median

	
0.2

	
0.8

	
290

	
2.5

	
4.4

	
76

	
0.0

	
7.6

	
…




	
75th percentile

	
0.3

	
1.1

	
254

	
3.5

	
4.8

	
37

	
1.3

	
13.4

	
946




	
Maximum

	
0.6

	
2.1

	
232

	
4.4

	
5.0

	
13

	
5.1

	
30.5

	
499
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