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Executive Summary 
Climate change is bringing more frequent and severe weather events, and an overall trend of more intensive 

environmental loads acting on buildings, such as higher temperatures, and wind driving rain. The increase of 

environmental loads is a hazardous trend to the building envelope system as a function of separating indoor and 

outdoor environment, given the higher environmental loads are likely to introduce higher risk of moisture-related 

deteriorations of building envelope components over their service life, and higher risk of indoor overheating during 

summertime heat wave. As defined by IPCC, climate resilience is the “capacity of social, economic and 

ecosystems to cope with a hazardous event or trend or disturbance”  As to building envelope system, the design 

activities need to take the hazardous trend- the increase of environmental loads into consideration, in order to 

help ensure climate resilience against  1) moisture-related deterioration of building envelope components; 2) heat 

wave induced indoor overheating.  

This document focuses on the first aspect of climate resilience of building envelopes, which is essentially referring 

to moisture performance of the building envelopes subjected to changing climates; provides guidance on the use 

of stochastic approach to assess whether building envelope systems are sufficiently resilient to withstand 

moisture-related consequences resulting from the effects of climate change. Hygrothermal simulation is generally 

used to assess the heat and moisture transport behaviors in building envelope systems, and predict the moisture-

related deteriorations of building envelope components. Lacasse et al. (2018) developed a guideline on design 

for durability of building envelopes by using hygrothermal models to provide results from which to infer durability 

performance of building envelope systems. In that guideline, a high-level guidance was provided on the 

procedure of durability performance evaluation either for short-term comparative study among different building 

envelope systems under different climate change scenarios or long-term service life assessment for any specific 

building envelope system under any specific climatological period. This guideline will provide more detailed 

information on short-term comparative study, with considering uncertainties of input parameters, such as future 

climate data, boundary conditions, and building material properties. These uncertainties came from the process 

of preparing the input information, and can be categorized into systematic uncertainty and random uncertainty. 

For example, the future climate data can be generated from different meteorological models, the uncertainty 

caused by different models can be considered as systematic uncertainty; on the other hand, for a given 

meteorological model, there is always unknown information which is required to feed the model, e.g. the initial 

conditions of meteorological modelling, and this uncertainty can be considered as random uncertainty. In 

addition, with the evolvement of climate change and uncertain human activities against to climate change, the 

input information is subjected to variation. For example, the boundary conditions are influenced by micro-climate 

conditions, which are highly affected by the change of local landscapes; the building material components are 

subjected to aging due to more frequent extreme weathers and more intensive environmental loads, and the 

material property values may deviate from originally expected values due to the aging process. All of these 

uncertainties will influence the reliability of using deterministic hygrothermal simulations to assess climate 

resilience of building envelopes. Therefore, stochastic approach should be used to take into account all the 

uncertainties, in order to obtain the probabilistic simulation results, which can be used to assess the risk of 

moisture-related deteriorations and develop the effective design or mitigation solutions to improve climate 

resilience to moisture deteriorations.  

The information provided in this document describes the procedure used for hygrothermal performance analysis 

and probabilistic risk assessment of moisture-related deteriorations of building envelope systems using 

stochastic simulation. It is intended for use by expert practitioners who have knowledge of hygrothermal 

simulation, and require hygrothermal performance results to assess climate resilient building envelope design or 

retrofit, considering the uncertainties in input parameters. Given stochastic simulations require extensive 

computational resources and advanced programming skills, which are not widely available in building design or 

simulation industry, this document also provides a case study to compare stochastic and deterministic simulation 

results to make practitioners be aware of the confidence level when the deterministic approach is used to assess 

the climate resilience of the building envelopes. The results of this study indicates that a stochastic simulation 
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incorporates much more information than that given by a deterministic simulation, and provides a more robust 

assessment of the risk to moisture-related degradation of the wall assembly. A sensitivity analysis showed that 

the reduction of wind-driven rain and increase of cladding ventilation rate are two important design strategies to 

mitigate risk to the formation of moisture-related degradation of the envelope, as these two strategies have a 

relatively higher sensitivity index, and the mould growth index can be significantly reduced using these two 

strategies, even given the interference of other uncertainties. 
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1 Background information 1 

Global warming is an inevitable trend as one of the consequences of green house gas (GHG) emission. The 2 

global warming (global surface temperature increase as compared to the pre-industrial period 1850-1900) was 3 

1.1℃ in 2011-2020, and it is likely to keep increasing up to 1.5℃ to 2℃ by 2050 depending on different pathway 4 

for reducing GHG emissions; by the end of this century (2081-2100), the global warming is very likely to exceed 5 

2 ℃ unless deep reduction in GHG emissions occur in the coming decades (IPCC, 2023).  Global warming is 6 

bringing more severe weather events such as heat waves, and heavy rainfall at global scale over a majority of 7 

land regions (IPCC, 2021). The environmental loads acting on buildings are becoming more and more severe 8 

due to the hazardous trend of global warming. For example, in Canada, depending on different representative 9 

concentration pathways, the annual average temperature is projected to increase by 1.8 ℃ (RCP2.6) to 6.3 ℃ 10 

(RCP8.5) by the end of this century as compared to a reference period of 1986-2005. Precipitations under 11 

RCP2.6 and RCP8.5 will increase by 7 % and 24 %, respectively, which are largely due to the transformation of 12 

snow into rain in the spring and autumn seasons. Moreover, the daily extreme precipitation is very likely to occur 13 

more frequently during the projected time periods (Bush & Lemmen, 2019; Il Jeong & Sushama, 2018).  14 

One of the primary functions of the building envelope system is to manage the environmental loads, separate 15 

indoor and outdoor environment and maintain a comfortable indoor environment with minimal energy 16 

consumption. Given the greater environmental loads acting on buildings under future climate, the building design 17 

or retrofit activities need to consider the hazardous trend of global warming, so that building envelope systems 18 

are sufficiently resilient to withstand moisture-related consequences resulting from the effects of climate change.  19 

The moisture-related deterioration risk under global warming can be assessed through hygrothermal simulation, 20 

which uses mathematical equations to describe the heat and moisture transport mechanisms through building 21 

envelope systems. There are many hygrothermal simulation tools developed in the past decades. A 22 

comprehensive review of these tools and their physical foundations can be found in some literature (Hamdaoui 23 

et al., 2021; Delgado et al., 2010; Delgado et al., 2013. There are also standards and guidelines on the use of 24 

hygrothermal simulation to assess heat and moisture transport behaviors of building envelopes and durability 25 

performance of building envelope components (BS EN 15026, 2023; ASTM E3054/E3054M-16, 2023; ASHRAE 26 

160, 2021; EN ISO 15927-3, 2009; Lacasse et al., 2018).  27 

The existing hygrothermal simulation tools, guidelines and standards are based on deterministic approach, for 28 

which the representative values of input parameters are used for simulation to get deterministic results for 29 

assessing moisture performance of building envelope systems. However, the deterministic simulations cannot 30 

capture the uncertainties of the input parameters and their impacts on the hygrothermal simulation results. These 31 

uncertainties include but not limited to: future climate data; boundary conditions; material properties. In addition, 32 

with the uncertainties of climate change and human activities, the input information is subjected to variation. For 33 

example, the boundary conditions are influenced by micro-climate conditions, which are highly affected by 34 

changing local landscape design; the building material components are subjected to aging due to more frequent 35 

severe weathers and more intensive environmental loads, and the material property values may deviate from 36 

originally expected values due to the aging process. Stochastic simulation can be applied to take all of these 37 

uncertainties into consideration.  38 

As part of the activities of the IEA ANNEX 55, a comprehensive probabilistic risk assessment framework was 39 

established to investigate the uncertainties of hygrothermal simulation and assess moisture-related risks 40 

(Janssen et al., 2013; Kalagasidis et al., 2013; Ramos et al., 2015; Bednar et al., 2015). Thereafter, many 41 

researchers investigated the hygrothermal performance of wall assemblies using a probabilistic or stochastic 42 

simulation approach (Sadovsky et al., 2014; Vereecken et al., 2015; Ilomets et al., 2018; Marincioni et al., 2018; 43 

Gradeci et al., 2018; Wang and Ge, 2018; Tijskens et al., 2023; Pour et al., 2023). According to the 44 

aforementioned literature, the use of stochastic simulation has many advantages over deterministic simulation; 45 

these include, but are not limited to: 46 
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(1) Stochastic simulation allows practitioners to obtain probabilistic results when assessing the performance 1 

of building envelope systems. The probabilistic performance assessment is aligned in respect to how 2 

future projected climate data is prepared; 3 

(2) Stochastic simulation uses a set of random variables for hygrothermal simulation, instead of 4 

deterministic values. This allows practitioners to estimate the range of building performance metrics, 5 

regardless of the lack of available and accurate input information; 6 

(3) Deterministic simulation results can only be used for an indicative performance assessment. Whereas, 7 

probabilistic simulation results allow practitioners to estimate the risk of performance failure as may 8 

occur from exposure to climate hazards, with consideration of the uncertainties in the input to the 9 

simulations;  10 

(4) Stochastic simulation results can be used to train an Artificial Intelligent (AI)-based metamodel, that can 11 

replace a conventional physical-based model, and thereby increase the computational efficiency when 12 

undertaking a probabilistic performance assessment.   13 

Although the advantages of stochastic simulation have been demonstrated in many studies, and given that the 14 

methodologies of stochastic simulation have been well established and widely used in academic exercises, they 15 

still have not been widely used in industry for assessing the climate resilience of building envelope systems due 16 

to high computational cost and the lack of guidelines for their use. In addition, the development of the building 17 

code is moving from a prescriptive-based to performance-based approach in regards to the design of building 18 

envelope systems for moisture protection; however, there is still a lack of a methodology to assess the climate 19 

resilience of building envelope systems against to moisture-related deteriorations. As such, the objectives of this 20 

document are to:  21 

(1) Provide information on how to prepare input parameters for deterministic and stochastic hygrothermal 22 

simulations; 23 

(2) Describe the process of using deterministic and stochastic simulation to assess the climate resilience of 24 

building envelopes to resist moisture-related deterioration; 25 

(3) Based on a case study to assess the performance of a wood-frame building envelope to resist mould 26 

growth, demonstrate a process by which practitioners can clearly understand the difference between 27 

results obtained from deterministic and as compared those from stochastic simulation; the intent is to 28 

bring awareness of the degree of confidence as can be attained when using results from a deterministic 29 

as compared to stochastic simulation to assess the climate resilience of building envelopes.  30 

2 Scope 31 

This document provides guidance on the use of stochastic simulation to assess whether building envelope 32 

systems are sufficiently resilient to withstand moisture-related consequences resulting from the effects of climate 33 

change; and demonstrate the difference between probabilistic and deterministic simulation outcomes based on 34 

a typical wood-frame building envelope assembly located in Ottawa, ON. It is noted that the difference between 35 

the probabilistic and deterministic results depends on the parameters that have been used for deterministic 36 

simulation, and the geographic location of the wall assembly. 37 

Although IPCC provided a broad definition of climate resilience, in this guideline, the climate resilience of the 38 

building envelope is defined as “the capacity of the building envelope to cope with the hazardous trend of 39 

increased climatic loads”. In respect to moisture-safe design, the hazardous trend to which buildings are now 40 

being exposed, is the change in climate loads, and the increased severity of these loads in the future. This 41 

includes, increases in temperature, relative humidity, precipitation and wind-driven rain. The “capacity of the 42 

building envelope to cope with the hazardous trend”, refers to moisture performance of the building envelope, 43 

that is, the moisture response of the envelope to climatic loads during service life. The impact of built-in moisture 44 
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during construction stage was not considered in this guideline, and the impacts of extreme hazardous events 1 

such as flooding and tornado are not in the scope of this guideline.  2 

The different degradation mechanisms as related to the various different types of building materials, and related 3 

mitigation strategies are summarized in the CSA 478 standard (CSA, 2019). This document focuses on mould 4 

growth on wooden, or wood-based materials, in wood-frame building envelope assemblies. A brick veneer clad 5 

wood-frame building envelope assembly is used as a case study to demonstrate the difference between 6 

stochastic simulation and deterministic simulation results. The procedure for stochastic simulation, as presented 7 

in this guideline, can be used for other types of wall assemblies, including but not limited to: 8 

•  Stucco, directly applied, having self-furring lath (for cities where the protection against precipitation 9 

ingress is not required by NBC) 10 

• Stucco cladding with furring strips (i.e., rainscreen stucco walls for cities where the protection against 11 

precipitation ingress is required by NBC) 12 

• Exterior Insulated Finish System (EIFS) cladding 13 

• Vinyl siding 14 

• Fibreboard siding, directly applied (for cities where the protection against precipitation ingress is not 15 

required by NBC) 16 

• Fibreboard siding with furring strips (for cities where the protection against precipitation ingress is 17 

required by NBC) 18 

• Direct applied fibre cement board siding (for cities where the protection against precipitation ingress is 19 

not required by NBC) 20 

• Fibre cement board siding with furring strips (for cities where the protection against precipitation ingress 21 

is required by NBC) 22 

• Direct applied wood (lumber) siding (for cities where the protection against precipitation ingress is not 23 

required by NBC) 24 

• Wood siding with furring strips (for cities where protection against water ingress is required by NBC) 25 

• Cross Laminated Timber (CLT) walls having different cladding systems 26 

For each type of wall assembly, there are multiple configurations with different wall components, i.e. different 27 

types of water resistive barrier, different types of structural sheathings, or different types of exterior insulations. 28 

Mould growth in wood-frame building envelope assemblies can be caused by indoor or outdoor moisture loads. 29 

The indoor moisture loads include the indoor moisture generation carried by air exfiltration. The warm humid 30 

indoor air is likely to cause condensation when touch the cold surface of the wall components. The outdoor 31 

moisture loads include high humidity, wind-driven rain and resulting rain penetration, and rising damp. In this 32 

guideline, only the effects of outdoor moisture loads are considered. In fact, in previous reports it has been shown 33 

that wind-driven rain loads, and the resultant rain water entry, that increase the risk to mould growth, will increase 34 

for most cities in Canada under future climate conditions (Gaur and Lacasse, 2022; Xiao et al., 2023). Although 35 

climate change may introduce more extreme weathers including extreme cold weathers, the risk to mould growth 36 

caused by the indoor air exfiltration is likely to increase in the future (Junginger, 2023).  However, the exfiltrated 37 

air may less likely to reach the dewpoint due to the overall trend of increasing outdoor temperature in the future 38 

periods (Defo et al., 2021). As such, the uncertainties related to outdoor moisture loads and some of the building 39 

material properties were considered in this guideline, whereas those uncertainties related to indoor moisture 40 

generation and air exfiltration were not considered.  41 
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The future climate data required for hygrothermal simulation can be generated by various climate models; 1 

however, the uncertainties associated with different climate models have not been included in this guideline. The 2 

climate data sets used in this guideline originated from the Canadian Regional Climate Model, version 4 3 

(CanRCM4) large ensemble (LE) simulations; the data was bias corrected by Gaur and Lacasse (2022). The 4 

climate data has included a historical reference period (1991-2021) and 7 future global warming (GW) scenarios 5 

(GW0.5℃, GW1.0℃, GW1.5℃, GW2.0℃, GW2.5℃, GW3.0℃, GW3.5℃). The length of the projected climate 6 

data was 31-year for each period or GW scenario. The uncertainties considered in this guideline include the 7 

uncertainty: (i) related to the GHG emissions scenario, and; (ii) of initial conditions used in the climate model 8 

when projecting future climate data. For uncertainty in respect to the GHG emissions scenario, this guideline 9 

considers a reference historical climatological period of 1991-2021; and a worst-case global warming scenario 10 

(GW) of 3.5℃ as compared to the reference period.  This was based on the information provided in a previous 11 

report that showed the worst global warming scenario has the highest amount of precipitation and highest 12 

temperature for most cities in Canada (Defo et al., 2021; Gaur and Lacasse, 2022), although the relative humidity 13 

was not significantly increased, the higher temperature will lead to a higher partial vapor pressure at given relative 14 

humidity, thereafter, reduce the drying potential. For each period, the uncertainty associated with natural internal 15 

climate variability was considered by taking into account 15 climatic realizations when performing meteorological 16 

modelling.  17 

3 Who should use this guideline? 18 

This guideline provides information to assess the effects of climate change on the moisture performance of 19 

building envelope systems using a stochastic approach. The potential users include building envelope designers 20 

and expert building practitioners (i.e., architects, building envelope consultants, engineers), as well as 21 

researchers having interest in the design of moisture safe and climate resilient building envelope systems.  22 

It is anticipated that the audience for this document has a fundamental knowledge of hygrothermal simulation 23 

models and tools. If this is not the case, it is suggested the following documents be reviewed before using this 24 

Guideline: 25 

• Standard guide for characterization and use of hygrothermal models for moisture control design in building 26 

envelopes (ASTM, 2023); 27 

• Hygrothermal performance of building components and building elements. assessment of moisture transfer 28 

by numerical simulation (BS, 2023); 29 

• Criteria for Moisture-Control Design Analysis in Buildings (ASHRAE 160, 2021); 30 

• Hygrothermal performance of buildings- calculation and presentation of climate data: part 3 calculation of a 31 

driving rain index for vertical surfaces from hourly wind and rain data (EN ISO 15927-3, 2009) 32 

• Guideline on design for durability of building envelopes (Lacasse et al., 2018). 33 

• Stochastic simulation of building envelope performance: methodology and implementation (Wang 34 

et al., 2022b) 35 

• Building Physics – Heat, Air and Moisture: Fundamentals and Engineering Methods with Examples and 36 

Exercises (Hens, H., 2017) 37 

• WUFI documentation:  Wufiwiki (wufi-wiki.com) 38 

• DELPHIN Document & Help: Documentation & Help (bauklimatik-dresden.de) 39 

4 Definitions, Abbreviations 40 
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 Definitions 1 

Climate data A set of climatic parameters that are required for climate resilience 
assessment of building envelope systems. These parameters include: 
temperature, relative humidity, solar radiation (direct and diffuse radiation), 
wind direction, wind speed, precipitation.  
 

Climate resilience As defined by IPCC, climate resilience is the capacity of social, economic and 
ecosystems to cope with a hazardous event or trend or disturbance.  
 

Climatological period A climatological period generally refers to a 31-year period that reflect a given 
global warming scenario. 

Moisture performance  The moisture response of building envelope components to the environmental 
loads. 
 

Boundary conditions A set of parameters that describe the heat and moisture exchange between 
environment and building surface. These parameters include: 
heat exchange coefficient, vapour exchange coefficient, rain exposure and 
deposition factors, short-wave absorptivity, long-wave emissivity. 
 

Field conditions The heat and moisture sources inside of the building envelope assemblies; 
these sources can be related to rain water penetration, cladding ventilation, air 
penetration (infiltration or exfiltration) and rising damp.  
 

Mould growth index Mould growth index is used to describe the intensity of mould growth on 
building material surface. The mould growth index was ranked in between 0 
and 6 depending on the coverage percentage of mould on building material 
surface. 
 

Deterministic simulation The simulations that use deterministic values as input parameters, i.e. the 
mean values of material properties from lab measurements, the typical values 
of rain factor reflecting different exposure categories or roof designs. 
 

Stochastic simulation The simulations that use a group of random numbers from a probability 
distribution as input parameter. For stochastic simulation, the critical input 
parameters are considered as stochastic variables, and each stochastic 
variable will be assigned with a probability distribution from which the random 
numbers will be generated. 
 

Stochastic variable The variable that is subjected to variations due to different types of 
uncertainties 

 2 

 Abbreviations 3 

ACH Air Change per Hour 

AI Artificial Intelligence  

ASHRAE American Society for Heating, Refrigerating, and Air-Conditioning Engineers 

ASTM American Society for Testing and Materials 

BS British Standard 

CAL Calgary 

CFD Computational Fluid Dynamic 

CLT Cross Laminated Timber 

CSA Canadian Standards Association 

CTN Charlottetown 

EIFS Exterior Insulation Finish System 
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EN-ISO Europe Committee for Standardization and International Organization for 
Standardization 

FD Rain deposition factor 

FE Rain exposure factor 

GHG Green House Gas 

GW Global Warming 

HFX Halifax 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

MGI Mould Growth Index 

MTL Montreal 

MTN Moncton 

MS Moisture Source 

NBC National Building Code 

ON Ontario 

OTT Ottawa 

RCP  Representative Concentration Pathway 

SBPO Spun-bonded polyolefin 

SKT Saskatoon 

SRC Standardized Regression Coefficient 

STJ St. John’s 

TOR Toronto 

VAN Vancouver 

WDR Wind Driven Rain 

WDRPI Wind Driven Rain Pressure Index 

WHE Whitehorse 

WNG Winnipeg 

WRB Water Resistive Barrier 

 1 

5 Approach for assessing climate resilience of 2 

building envelope systems to moisture-related 3 

degradation using stochastic simulations 4 

The risks to moisture-related degradation of building envelope systems can be assessed through deterministic 5 

simulation or stochastic simulation. Given the advantages of stochastic simulation, as described in Section 1, 6 

this document recommends stochastic simulation to assess the climate resilience of building envelope systems 7 

to moisture-related degradation. The stochastic simulation starts from a base model, which uses deterministic 8 

values as the input parameters, and thereafter, the stochastic models are created by varying the stochastic input 9 

parameters. Accordingly, in this Section, the details for creating a base model will first be provided, and thereafter, 10 

stochastic simulation will be introduced.   11 

 Define objective 12 

The first step when assessing the climate resilience of structures, is to identify the objective, that is, the type of 13 

degradation to be investigated. There are different moisture-related degradation mechanisms such as mould 14 

growth, wood decay, and degradations due to freeze-thaw action (Lacasse, et al., 2018). All these mechanisms 15 

of degradation influence the resilience of the building envelope to climate change. In this document, focus is 16 

placed on the assessment of the risk to mould growth of wood-frame wall components caused by exterior wind-17 

driven rain under climate change loads, and the potential strategies to improve the climate resilience when the 18 

building envelope is subjected to such a risk.  19 
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 Create a base model 1 

For the purpose of assessing the risk to mould growth caused by wind-driven rain and rain penetration, the 2 

hygrothermal simulation tool that is selected for creating a base model, i.e., a model with fixed parameters, should 3 

at least have the capability of modelling the following heat and moisture phenomena as occur in building envelope 4 

systems: 5 

• Heat storage of dry and wet building materials 6 

• Heat transport by moisture dependent thermal conduction 7 

• Latent heat due to phase change 8 

• Moisture storage by vapour sorption and capillary forces 9 

• Moisture transport by vapour diffusion and liquid flow 10 

The hygrothermal simulation tool can be a commercialized hygrothermal simulation program or an in-house 11 

simulation program. If an in-house simulation program is to be used, it ought first to undergo a benchmarking 12 

process (e.g., see HAMSTAD Benchmarking cases (Hagentoft et al., 2004)) to validate the reliability of the 13 

simulation to model the heat and moisture transport phenomena listed above. For a commercialized program, it 14 

is preferable to use a tool for which the model parameters can be modified and the simulation solver can be 15 

called within a programming environment. This is necessary, as it allows the automation of the process of 16 

stochastic model generation, and improves the efficiency of preparing stochastic models and running simulations 17 

as well as for the post-processing of simulation results. The hygrothermal behavior of the wall assemblies can 18 

be simulated through 1-D, 2-D or 3-D models. The 2-D or 3-D models provide more detailed and reliable 19 

information than a 1-D model; however, they require more computational resources and simulation time than a 20 

1-D model. The computational efficiency is very important for determining the feasibility of using stochastic 21 

simulations, as such simulations require running hundreds, and in some instances, even thousands of 22 

simulations. For a comparative study, i.e., comparing different global warming scenarios or different design and 23 

mitigation strategies to reduce the risk of formation of moisture issues, the 1-D model is sufficiently reliable to 24 

provide useful information.  25 

In general, the process of using a deterministic model or a base model to assess the climate resilience to 26 

moisture-related degradation includes six steps (Figure 1).  For the purpose of climate resilience assessment, 27 

one need to evaluate the moisture performance under historical and future climate conditions; therefore, the 28 

simulations need to be performed with historical and future climate data. In this guideline, only steps 2 to 6 will 29 

be described. What should be noted is that the discretization in step 1 will also influence the simulation results. 30 

5.2.1 Material properties 31 

The properties of building materials required for hygrothermal simulation include heat and moisture related 32 

properties. These properties can be further classified into storage and transport properties (Table 1). They can 33 

be obtained from material properties database usually available in the hygrothermal simulation tools, literature 34 

or from lab measurements. Some examples of the data sources are: 35 

• WUFI’s material database; 36 

• DELPHIN’s materials database; 37 

• Summary report from Task 3 of MEWS project at Institute for Research in Construction: hygrothermal 38 

properties of several building materials (Kumaran et al., 2002); 39 

• Thermal, moisture and air transport property values of new building and insulating materials- ASHRAE 40 

research project report 1696-RP (Schumacher et al., 2020); 41 

• Hygrothermal database of building materials (HygDbM) (NRC, 2021). 42 

• ASHRAE Handbook of Fundamentals: Chapter 26. Heat, Air, and Moisture Control in Building Assemblies- 43 

Material Properties (ASHRAE, 2021) 44 
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There are other literatures that focus on specific building materials, such as bricks (Zhao, 2012; Aldabibi, 2023), 1 

building membranes (Kumaran et al., 2006) and mass timber materials (Mukhopadhyaya et al., 2014; Kordziel 2 

et al., 2020). These references can be used if more in-depth information is required to characterize the 3 

hygrothermal properties. The specification data sheets from manufacturers could be used as references, 4 

however, most of these data sheets do not have complete information for hygrothermal modelling. If there is a 5 

lack of information on the materials to be used for hygrothermal modelling, it is recommended to use the 6 

standardized experimental protocols to obtain the material properties. Table 1 shows the hygrothermal properties 7 

and standards/methods that can be used to obtain the property values.  8 

Table 1 Hygrothermal properties of building materials and test standards/methods 9 

 Thermal properties  Test 
standards/methods 

Hygric properties Test 
standards/methods 

Storage properties Heat capacity ASTM E1269 
(2018) 

Moisture storage 
function 

ASTM C1498-04a 
(2016) 

Moisture retention 
curve 

ASTM C1699-09 
(2015) 

Vacuum saturation 
(Porosity) 

ASTM C1498-04a 
(2016) 

Free water 
saturation (Effective 

saturation) 

ASTM C1498-04a 
(2016) 

Capillary saturation ASTM C1794-19 
(2019) 

Transport 
properties 

Thermal 
conductivity 

ASTM C518 
(2021) 

Vapor permeability  ASTM E96-00 
(2017) 

Vapor resistance 
factor 

Calculated using 
equation (1) 

Water absorption 
coefficient 

ASTM C1794-19 
(2019) 

Liquid diffusivity  Calculated using 
equation (2) or (3) 

Liquid 
conductivity/water 

permeability 

Plagge et al. 
(2007) 

  10 

It should be noted that some of the property values are calculated based on the results of laboratory 11 

measurements. For examples, the vapour resistance factor is calculated from the vapour permeability, and liquid 12 

diffusivity is calculated from the free water saturation and water absorption coefficient. The following are the 13 

equations to calculate vapour resistance factor and liquid diffusivity:  14 

Equation to calculate vapour resistance factor:  15 

𝜇 =  
𝛿𝑎

𝛿𝑚
                                                          (1)      16 

Where,  17 

δm – vapour permeability of material, kg/(m·s ·Pa) 18 

δa -  vapour permeability of the air, 1.975∙10-10 , kg/(m·s·Pa) at 23 °C, 1013.25 hPa (Olaoye et al., 2021) 19 

Equations to calculate liquid diffusivity (Kumaran, 1999; Kunzel, 1995): 20 

𝐷𝑤(𝑤) = (
𝐴

𝑤𝑓
)

2

∙
𝑏2

2𝑏−1
∙ exp( 𝑏 ∙ (

𝑤

𝑤𝑓
− 1))     (2) 21 
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𝐷𝑤(𝑤) = 3.8 ∙  (
𝐴

𝑤𝑓
)

2

∙ 1000
(

𝑤

𝑤𝑓
−1)

              (3) 1 

Dw(w) - moisture dependent liquid diffusivity, m2/s 2 

A- water absorption coefficient, kg/m2∙s0.5 3 

wf - free water saturation, kg/m3 4 

w- unsaturated water content, kg/m3 5 

b- shaping factor 6 

The liquid diffusivity can also be determined by establishing the moisture content profiles during wetting or drying 7 

experiment using methods such as: nuclear-magnetic resonance (NMR); X-ray; and, Gamma-ray (Edelmann et 8 

al., 2019; Roels and Carmeliet, 2006; Kumaran and Bomberg, 1985). However, these methods are not 9 

standardized. The liquid transport properties can also be described by liquid conductivity. This is used when the 10 

liquid transfer is modelled using capillary pressure as the driving force. The details of converting liquid diffusivity 11 

to liquid conductivity can be found in Wang et al. (2022a) 12 
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Figure 1 Process of using deterministic or base model to assess the climate resilience to moisture-related degradation 
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What should be noted is that the moisture storage and liquid transport properties are the most important 

hygrothermal properties for those materials most likely to be exposed to exterior moisture loads. Variability and 

uncertainties in these properties can have a significant influence on simulation results. For example, different 

levels of saturation water content will lead to different simulation results for moisture-related deterioration 

assessment, because the saturation water content value in the hygrothermal model is used to scale the whole 

curve of moisture storage function, and calculate liquid diffusivity. The uncertainty of the saturation water content 

will result in the uncertainty of relative humidity that corresponds to the critical moisture content threshold for 

moisture-related deterioration, thereafter influence the deterioration assessment at given climatic conditions. On 

the other side; the saturation water content is an important parameter to calculate liquid diffusivity; the 

accumulated uncertainties of these two parameters will be propagated to the simulation results, thereafter, 

significantly influence the moisture performance assessment. In this guideline, it is recommended to set the 

capillary saturation as the maximum moisture content of moisture storage function and liquid diffusivity can be 

calculated based on capillary saturation. The details of the uncertainties in these two parameters and their 

influences can be found in Wang et al. (2022a). 

5.2.2 Boundary conditions 
The boundary conditions that are required for hygrothermal simulations include: 

• Rain factors: rain deposition factor; rain exposure factor 

• Short wave absorptivity 

• Long wave emissivity (indoor and outdoor) 

• Heat transfer coefficient (indoor and outdoor) 

• Vapour transfer coefficient (indoor and outdoor) 

 Rain factors 
The amount of wind-driven rain that is deposited on the exterior cladding can be quantified by field 

measurements, CFD simulation or semi-empirical equations. The use of semi-empirical equations is the 

simplified way to calculate wind-driven rain.  The rain factors are the parameters that are used to calculate wind-

driven rain in semi-empirical equations. There are different semi-empirical models that can be used to calculate 

wind-driven rain; correspondingly, the rain factors are presented in different format for different models. Equation 

(4) to Equation (6) show the most widely used semi-empirical equations for calculating WDR. 

ASHRAE 160 equation (ASHRAE, 2021):  

𝑟𝑏𝑣 =  𝐹𝐸  ×  𝐹𝐷  ×  𝐹𝐿  × 𝑈 × 𝑐𝑜𝑠𝜃 × 𝑟ℎ (4) 

Where: 

rbv—wind-driven rain deposited on the exterior wall surface, mm/h; 

FE—rain exposure factor, reflects different exposure types; for buildings lower than 10 m, the rain exposure factor 

can be assumed to have a value of 1.4 for the severe exposure category, 1.0 for the medium exposure category, 

and 0.7 for the sheltered category; 

FD—rain deposition factor, reflects different roof designs; it can be assumed to have a value of 0.35 for a steep-

slope roof, 0.5 for a low-slope roof and 1.0 for a wall subject to rain runoff; 

FL—empirical constant, 0.2 kg·s/(m3·mm); 

θ—angle between wind direction and normal to the wall; 

U—hourly average wind speed at 10 m height, m/s; 
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rh—rainfall intensity, horizontal surface, mm/h 

 
WUFI equation: 

𝑟𝑏𝑣 =  𝑟ℎ  × (𝑅1 +  𝑅2  × 𝑈 × 𝑐𝑜𝑠𝜃 ) (5) 

Where: 

rbv—wind-driven rain deposited on the exterior wall surface, mm/h; 

R1—rain coefficient affected by façade inclination, which is 0 for vertical building facades; 

R2—rain coefficient regarding position on the façade and height of the building; it is about 0.2 s/m for free-standing 

locations without influence from surrounding buildings etc.; it is markedly less in the center of a facade (e.g. 0.07 

s/m); it may even be greater at exposed locations of a building (near edges and corners). 

It is noted that the ASHRAE 160 model is also incorporated in WUFI. Therefore, there are there are two options 

(equation 4 or 5) to calculate the wind-driven rain if using WUFI. 

ISO equation: 

𝑟𝑏𝑣 =  
2

9
× 𝐶𝑅  × 𝐶𝑇  × O × W × 𝑈 × 𝑟

ℎ

8
9  × 𝑐𝑜𝑠𝜃  (6) 

 

Where: 

rbv—Wind-driven rain deposited on the exterior wall surface, mm/h; 

CR—Roughness coefficient, which considers the effect of terrain roughness and building height on wind flow; 

CT—Topography coefficient, which considers the increase of wind speed over hills and cliffs; 

O—Obstruction factor, which considers the obstruction effect of the nearest obstacle; 

W—Wall factor, which considers the type and height of the wall, as well as different locations on the wall; 

 
As shown in the equations listed above, the physical meanings of the rain factors depend on the factors that the 

equations consider. For example, both the ASHRAE equation and ISO equation consider the effects of 

surrounding terrains, whereas in the ISO equation more details in respect to the exposure factor (CR and CT) are 

considered as compared to that for the ASHRAE equation. All of the three equations consider a factor that reflects 

the wall structure, i.e., the protection provided by the roof, the height of the building, and similar buildings effects. 

Although ASHRAE equation has included the FE to consider different height of the buildings, it has no coefficient 

to consider different locations (i.e. center or edge of the wall) on a specific building façade. The FD helps to 

quantify the amount of rain water impinging on the wall under given exposure category (fixed FE), generally an 

uniform value of FD will be assumed for the entire building façade surface; however, the amount of rain water 

impinging on the wall is not evenly distributed in the entire façade surface. Therefore, the uniform FD will result 

in a discrepancy between the calculated WDR and the actual WDR deposited on a specific location of the wall 

surface, and this discrepancy will become more significant for mid- or high-rise buildings, as the wind flow pattern 

around those buildings and wind pressure distribution in those façade surfaces are more complicated than in 

low-rise buildings. In this guideline, the stochastic simulation has been demonstrated based on the use of the 

ASHRAE equation, where FD and FE were considered as stochastic variables in respect to the range of values 

prescribed by ASHRAE 160 (2021). 

There are many studies to assess the accuracy of using semi-empirical models to calculate wind-driven 
rain. Typically, these studies compared the wind-driven rain calculated from the semi-empirical equations 
and that obtained from CFD simulation or field measurement. Zhou et al. (2023) performed CFD simulations 
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to estimate the WDR load on two historical buildings in an open area, and compared the WDR load obtained 
from CFD simulations with that obtained from semi-empirical models, i.e., WUFI, ISO and ASHRAE. They 
found that the results from all of the three semi-empirical models are higher than those from CFD simulation; 
as well, the results obtained from the WUFI model are lower than those from either the ISO or ASHRAE 
models.  Lu et al. (2023) compared semi-empirical models from both the ISO and ASHRAE methods with 
field measurements. They also found that results obtained from the ISO method are smaller than those 
obtained from the ASHRAE method. Chen et al. (2022) investigated the WDR loading on a stand-alone 
building using both field measurements and semi-empirical methods. They found that WDR results obtained 
from the ISO model underpredicts measurements by 0.5−0.8 times, whereas the ASHRAE 160 model 
overpredicts measurements by 1.3−2.4 times. The descrepancy between measurements and these semi-
empirical models depend on the building geometry, location, surroundings. The comparison made between 
semi-empirical models and field measurements shows some overestimation and some underestimation. 
(Ge et al., 2017, Dang et al., 2024).  

Given that the ASHRAE 160 model provides a relative conservative estimate for the WDR load, in this 
guideline, the ASHRAE 160 model was used to calculate wind-driven rain. The catch ratio derived using 
the ISO model is 0.5% to 2% lower than that derived using measurement data, whereas, the catch ratio 
derived using the ASHRAE model is 2% to 4% higher than that derived using measurement data. Table 2 
shows the rain factors as required for calculating the WDR using the ASHRAE model, and their ranges.  

Table 2 Rain deposition and exposure factors for different scenarios (ASHRAE, 2021) 

Rain Deposition Factor 

Rain Exposure Factor 

Building height 
Type of Exposure Category 

Severe Medium Sheltered 

Walls below a 
steep-slope roof 

0.35 <10 m 1.4 1.0 0.7 

Walls below a 
low-slope roof 

0.5 
between 10 m 
and 20 m 

1.4 1.2 1.0 

Walls subject to 
rain runoff 

1.0 > 20 m 1.5 1.5 1.5 

 Short wave absorptivity and long wave emissivity  
The short-wave absorptivity and long wave emissivity influence the radiative heat exchange between the exterior 

surface of the wall and surrounding environment. The short-wave radiation impinging the exterior wall surface 

can be calculated from three components: direct solar radiation, diffuse solar radiation and ground reflected 

radiation. The long wave radiation could come from the sky, and ground surface. The calculation of the short-

wave radiation can be found in literature or software reference manuals (ASHRAE, 2021; WUFI; DELPHIN). At 

a given time step, the radiative heat balance between the wall surface and surrounding environment can be 

generalized, as provided in equation 7 (WUFI):  

𝐼 =  𝛼 ∙ 𝐼𝑠 +  𝜀 ∙ 𝐼𝑙 − 𝐼𝑒                           (7) 

Where  

I - net radiation at the wall surface, W/m2; 

α - short-wave radiation absorptivity of the surface 

Is - short-wave radiation on the wall surface, W/m2; 

ε - long-wave emissivity and absorptivity of surface 

Il - long-wave radiation incident on the surface, W/m2; 

Ie - long-wave emission of the surface, W/m2. 
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The short-wave absorptivity and long-wave emissivity of the exterior surface are two important boundary 

condition parameters that determine the amount of radiative heat on the exterior surface, and these two 

parameters are generally required for undertaking hygrothermal simulations. Table 3 and Table 4 provide a 

summary of the values of short-wave absorptivity and long-wave emissivity of different types of surfaces that are 

provided from literature. For a given type of surface, having a specific color and texture, the uncertainty of these 

values is small, as shown in Table 3, and from the data retrieved using Trane Trace 700. Therefore, these values 

can be considered as deterministic variables as long as detailed information regarding color and material texture 

are available. 

Table 3 Short-wave absorptivity for typical exterior wall surfaces 

Simulation model  Wall surface type 
Short wave 
absorptivity 

DELPHIN Light colored paint 0.4 

Muted paint 0.6 

Dark paint 0.8 

Clinker brickwork 0.8 

Light colored exposed brickwork 0.4 

Roof: brick color 0.6 

Roof: dark surface 0.8 

Roof: bare metal 0.2 

Roof: bitumen (sanded) 0.6 

WUFI Plaster, white (aged) 0.4 

Roof tile, red 0.6 

Klinker brick, dark red 0.7 

Roof tile, brown 0.8 

Bituminous roof covering 0.9 

Wood (spruce)- untreated 0.4 

Wood (spruce)- weathered (silver-gray) 0.7 

Wood (spruce)- painted brown 0.8 

Schilf sandstone -dry 0.7 

Schilf sandstone- wet 0.85 

Red main sandstone 0.75 

Sandstone with patina 0.9 

Trane Trace 700 Black 0.9 – 0.95 

Brown/bronze 0.88 – 0.91 

Grey 0.69 – 0.85 

Blue 0.79 – 0.86 

Green 0.77 – 0.9 

Red 0.59 – 0.79 

Tan/Sandstone 0.54 – 0.65 

Cream 0.4 – 0.45 

White 0.3 – 0.4 
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Table 4 Long-wave emissivity for typical exterior wall surfaces 

Simulation model Wall surface type 
Long-wave 
absorptivity 

DELPHIN General metalloids 0.9 

Cardboard 0.94 

Brick red 0.93 

Varnish white 0.88 

Varnish dull black 0.95 

Aluminum polished 0.11 

Aluminum heavily oxidized 0.8 

Copper polished 0.04 

Copper black oxidized 0.74 

Steel sheet thick rugged oxide layer 0.78 

Iron sheet lined with zinc 0.27 

WUFI Plaster, white (aged) 0.4 

Roof tile, red 0.6 

Klinker brick, dark red 0.7 

Roof tile, brown 0.8 

Bituminous roof covering 0.9 

Wood (spruce)- untreated 0.4 

Wood (spruce)- weathered (silver-gray) 0.7 

Wood (spruce)- painted brown 0.8 

Schilf sandstone -dry 0.7 

Schilf sandstone- wet 0.85 

Red main sandstone 0.75 

Sandstone with patina 0.9 

 

 Heat and vapour transfer coefficients 
The heat transfer coefficient includes two parts: convective and, long-wave radiation. The part of convective heat 

transfer can be assumed as a fixed value or the value can vary depending on wind speed; the long-wave radiation 

part can be included, or excluded, depending on whether the detailed long-wave exchange between building surface 

and surrounding environment need to be calculated. When the fixed values of convective and long-wave radiative 

heat exchange coefficients are to be used, these values can be set according to the recommendation given by ISO 

6946 (2021). For example, for the exterior wall surface, the convective heat exchange coefficient is 20 W/(m2.K), 

whereas, the long-wave radiative heat exchange coefficient is 5 W/(m2.K); for interior surface, the convective heat 

exchange coefficient is 2.5 W/(m2.K), the radiative heat exchange coefficient is 5.19 W/(m2.K).  When the convective 

heat exchange coefficient is dependent on wind speed, there are different calculation equations. Table 5 provides 

these equations that are typically used in hygrothermal and energy simulation tools.  

The vapour transfer coefficient can be assumed as a fixed value or calculated as a function of the wind speed. 

The value of vapour transfer coefficient for the outside surface is 1.22e-7 s/m, for inside surface is 1.52e-8 s/m 

as recommended in ISO 6946 (2021). When the vapour transfer coefficient is assumed as dependent on wind 

speed, the value can be calculated using equation 15 (ISO, 2021) or equation 16 (WUFI-WIKI: Water Vapour 

Transfer Coefficients). 

𝛽𝑣 = 2.44 ∙ 10−8 + 2.44 ∙ 10−8 ∙ 𝑣         (15) 

𝛽𝑣 = 7 ∙ 10−9 ∙ ℎ𝑐                                  (16) 

Where  
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𝛽𝑣 – vapour transfer coefficient, kg/m2.s.Pa; 

v – wind speed, m/s; 

ℎ𝑐 – convective component of heat transfer coefficient, W/m2.K; 

The uncertainties of the boundary condition values are mainly influenced by environmental conditions. To take 

into account such uncertainties, the surface transfer coefficients should be set as dependent on climate 

conditions. 

Table 5 Equations to calculate the heat transfer coefficient based on air velocity 

DELPHIN  ℎ𝑐  =  4𝑣 + 4   

WUFI  Leeward condition | ℎ𝑐 = 0.33𝑣 + 4.5   

Windward condition | ℎ𝑐 =  1.6𝑣 + 4.5   

EnergyPlus / DOE-2 ℎ𝑐 = √[𝑎𝑣]2 + [𝑐|∆𝑇|1/3]2   

Leeward condition | a = 3.55 ; b = 0.617 
Windward condition | a = 3.26 ; b = 0.89 
For ΔT < 0 | c = 9.42 / (7.283-|𝑐𝑜𝑠𝛴|)   
For ΔT > 0 | c = 1.81 / (1.382+|𝑐𝑜𝑠𝛴|) 

IES ℎ𝑐 = 5.6 + 4𝑣 (𝑣 < 4.88)   

ℎ𝑐 = 7.2𝑣0.78 (𝑣 ≥ 4.88)   

TRANSYS ℎ𝑐 = 5.7 + 3.8𝑣   

  v: air velocity (m/s) 

5.2.3 Field conditions 
This guideline focuses on the assessment of mould growth risk of the wood sheathing of a wood frame wall 

assembly associated with exterior moisture loads. Other moisture sources, i.e., rising damp, air exfiltration, 

plumping leaks, are not considered. As such, two types of field conditions were considered: rain leakage and 

cladding ventilation. The rain leakage is a phenomenon whereby rain water penetrates the wall assembly through 

imperfections of the exterior cladding; it is considered one of the most important exterior moisture loads that may 

cause moisture-related issues (Kunzel and Dewsbury, 2022; D’Ayala et al., 2024); whereas, cladding ventilation 

is one of the most important strategies that can reduce moisture related risks to the degradation of wood 

components in wood-frame wall assemblies of building envelopes, since air movement in the cladding cavity can 

remove accumulated moisture in the wood components following rain events and possible rain penetration. 

These two field conditions are related to the type of exterior cladding, and the exterior climate conditions. The 

parameters to describe these two field conditions are rain leakage rate (% of wind-driven rain) and cladding 

ventilation rate (ACH, air change per hour). 

 Rain leakage rate  
The standardized method to model rain leakage is to assume 1% of the rain water deposited on the cladding to 

penetrate the cladding and act as a moisture source on the exterior surface of the water resistive barrier.   

(ASHRAE-160, 2021). However, based on results obtained from laboratory testing, the rain leakage rate could 

be higher or lower than the 1% of wind-driven rain, depending on the intensity of wind-driven rain, the type of 

cladding used, deficiencies in the cladding, and the presence of a drainage cavity behind the cladding. The 

amount of rain water that penetrates the exterior cladding is greater than that retained within the wall assembly, 

given that some of the water drains from the cavity.  The amount of water that could be retained within the wall 

assembly depends on the depth of the cladding cavity, the surface texture of the water resistive barrier, and other 

factors as may affect moisture movement and drainage. This amount of water is considered as a moisture source 

for hygrothermal simulation. The moisture source can be quantified through water retention tests; however, such 

tests are still under development. As such, in this guideline, the moisture source to be assigned to the water 
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resistive barrier is considered as the rain penetration rate, that is, the amount of water that penetrates the wall 

assembly. Xiao et al. (2021) developed a watertightness test protocol that permits quantifying the amount of 

water that penetrates the wall assembly for different types of claddings under different climate conditions. The 

relationship between the moisture source (water penetration rate) and the climate conditions for a given wall type 

has been generalized into the following equations: 

𝑀𝑆 = 𝑎 × 𝑊𝐷𝑅𝑃𝐼𝑏  (17) 

𝑊𝐷𝑅𝑃𝐼 = 𝑊𝐷𝑅𝛼 × 𝐷𝑅𝑊𝑃𝛽  (18) 

Where 

MS - the amount of penetrated rain water, can be considered as the water that reaches the sheathing 

membrane, ml/min; 

a,b - adjustment coefficients derived from fitting the measured moisture source to corresponding values 

of WDRPI; 

WDRPI - wind-driven rain pressure index; 

WDR - wind-driven rain, calculated by ASHRAE model or ISO model; 

DRWP - driving rain pressure index, calculated by hourly wind velocity through Bernoulli’s principle; 

α, β - for different configurations of wall assemblies based on their response to the WDR intensity and 

DRWP respectively during water tightness test. 

Based on equations (17) and (18), the hourly MS can be calculated for a given type of wall and climate condition, 

and it can be used as an input parameter for hygrothermal simulations. Recently, Xiao et al. (2023) performed 

watertightness test based on the newly developed test protocol for four types of wood-frame walls, having 

different types of cladding: brick; hardboard siding; vinyl, and; stucco. The MS was derived (the water entry rate 

in % of WDR) under different climate conditions from historical (1986 to 2016) and future (global warming 

scenario of GW2.0 and GW3.5) climate loads. The details of the MS values can be found in Xiao et al. (2023)  

In summary, it is recommended that three options maybe considered to quantify values of MS acting on WRB: 

(1) 1% WDR, as recommended in ASHRAE-160, if the measured values are not available from literature; 

(2) values recommended by Xiao et al. (2023), or other relevant literature, e.g., van Linden and van den 

Bossche (2022); 

(3) MS time series in accordance with the calculations given in equation (17) or (18), both based on the 

measured water penetration rate  

 Cladding ventilation rate 
The most commonly used method to model the effect of cladding ventilation is using the source and sink 

approach, which considers cladding ventilation as both a heat and moisture source within the hygrothermal 

model. The parameter that quantifies the heat and moisture source is the air change per hour (ACH) in the 

cladding cavity. With this parameter, the heat and moisture source can be calculated based on the following 

equations: 

𝑆ℎ =  𝜌𝑜𝑢𝑡 ∙
𝐴𝐶𝐻

3600
 ∙  𝑑𝑣𝑒𝑛𝑡𝐶𝑝,𝑎𝑖𝑟  (𝑇𝑜𝑢𝑡 −  𝑇𝑣𝑒𝑛𝑡)             (19) 

𝑆𝑤 =  
𝐴𝐶𝐻

3600
∙ 𝑑𝑣𝑒𝑛𝑡 ∙ (𝑐𝑜𝑢𝑡 −  𝑐𝑣𝑒𝑛𝑡)                              (20) 

Where  
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Sh – heat source strength, W/m2; 

Sw – moisture source strength, kg/m2.s; 

ρout – density of the outdoor air, kg/m3; 

ACH – air change rate of cladding cavity, 1/h; 

dvent – thickness of the ventilated layer, m; 

Cp,air – specific heat capacity of dry air at constant pressure, J/kg.°C; 

Tout – temperature of the outdoor air, °C; 

Tvent – temperature of ventilated layer, °C; 

cout -  water vapour concentration in the outdoor air, kg/m3; 

cvent – water vapour concentration in the ventilated layer, kg/m3; 

The ACH is the most important parameter to simulate the effect of cladding ventilation for a given wall under 

given climate conditions. It is related to the configuration of cladding cavity (i.e., the size of the vent openings 

located on the top and bottom of the wall assembly and the depth of the cladding cavity), and the climate 

conditions (i.e., the wind speed, wind direction, temperature and solar radiation). Therefore, the values of ACH 

should be determined based on different cavity configurations and different climate conditions. Although there is 

no standardized method to quantify the cladding ventilation rate, in many studies numerical schemes or empirical 

equations have been developed to estimate the cladding ventilation rate.  

Straube and Burnett (1995) developed a set of equations according to Bernoulli’s principle to estimate the 

cladding ventilation rate in wood-frame building envelopes with different types of openings at different levels of 

driving pressure. This set of equations was applied to estimate the cladding ventilation rate for different types of 

wood-frame wall assemblies as are typically constructed in Canada (Finch and Straube, 2007) or New Zealand 

(Bassett and McNeil, 2005). However, to estimate the cladding ventilation rate, information as relates to driving 

pressures is required, i.e., wind-induced driving pressure and buoyancy-induced driving pressure; as well, these 

driving pressures still need to be quantified from field measurements. Falk and Sandin (2013) applied a set of 

heat balance equations to calculate the temperature in the cladding cavity, and the temperature calculation was 

coupled with a calculation of air flow rate by considering the impact of air speed on the convective heat transfer 

coefficient in the air cavity.  However, this set of heat balance equations are steady-state equations, and as such, 

the thermal mass effect of the wall cladding cannot be considered using this set of equations; this is particularly 

relevant for brick veneer clad wood-frame wall assemblies, where the value for thermal mass of such wall 

cladding may significantly influence the temperature in the air cavity. The CFD simulation can provide a more in-

depth analysis of air movement and temperature distribution in the cladding cavity (Stovall and Karagiozis, 2004; 

Giancola et al., 2012; Souza et al., 2018); however, the computational cost is much higher than a calculation 

based on Burnoulli’s principle.  

Tariku and Iffa (2019) developed a set of empirical equations to quickly calculate the cladding ventilation rate 

based on outdoor climate parameters, such as outdoor temperature, wind speed and solar radiation. However, 

the empirical equations were developed based on a fibre cement cladded wall, having a continuous slot vent, as 

a consequence of which, these relationships cannot be applied to other types of cladding systems having different 

configuration of ventilation openings, e.g., brick-veneer cladding wall with discrete vents. Rahiminejad and 

Khovalyg (2020) conducted a comprehensive review of cladding ventilation rates for different types of claddings, 

and the ventilation rates reviewed were based on either theoretical calculations or field experiments. Recently, 

Wang et al. (2023) developed a numerical scheme to calculate the climate-dependent cladding ventilation rate. 

This numerical scheme was based on the thermal network model and Bernoulli’s principle, it can perform dynamic 

calculation with considering the thermal mass effect of exterior cladding. In summary, the values of ACH can be 

quantified using the following options: 
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(1) Values taken from literature, for example, values of ACH in different types of walls reported in recent 

ASHRAE report (Rahiminejad and Khovalyg, 2020);  

(2) Values of ACH calculated by considering driving pressure from wind effects on the wall assembly, driving 

pressure due to the air buoyancy effect, and cladding cavity configurations. 

5.2.4 Climate data 
The climate data required to undertake hygrothermal simulations includes indoor and outdoor climate data. The 

indoor climate data includes indoor temperature and relative humidity; these two parameters are related to 

exterior climate conditions, type of air conditioning system, if any is used, the moisture generation rate, and other 

factors that may affect indoor conditions. (ASHRAE, 2021). The indoor temperature and relative humidity can 

also be calculated by following ISO standards (EN15026, 2023; ISO13788, 2016). As described in the section 

related to the Scope of this guideline, the focus is on assessing moisture-related issues as may occur on wood 

sheathing caused by exterior moisture loads, specifically the effect of wind-driven rain and rain penetration to the 

wall assembly. The air exfiltration from the indoor environment was not considered in the simulation. In this 

situation, the impact of the indoor climate conditions is less important than that of outdoor climate conditions. 

Therefore, this guideline focuses on the preparation of outdoor climate data for hygrothermal simulation.  

The outdoor climate data is a set of climate parameters that reflect the overall climate conditions in a specific city 

or a specific region. The climate parameters that are generally required for hygrothermal simulations are: 

• Temperature 

• Relative humidity 

• Diffuse solar radiation 

• Direct solar radiation 

• Wind speed 

• Wind direction 

• Horizontal rain 

• Cloud cover 

For Canadian users, the long-term climate data can be downloaded from the NRC website: Building reference 

year climate datasets for 564 reference locations in Canada - NRC Digital Repository - Canada.ca. The data in 

that website was generated based on the methodology developed by Gaur and Lacasse (2022). The ensemble 

data includes a historical reference period (1991-2021) and 7 future global warming (GW) scenarios (GW0.5℃, 

GW1.0℃, GW1.5℃, GW2.0℃, GW2.5℃, GW3.0℃, GW3.5℃). The length of the projected climate data is 31-

year for each period or GW scenario. For each climatological period, there are 15 realizations of climate data 

sets to reflect the uncertainties of initial conditions of the climate model. 

In hygrothermal simulations, the temperature and relative humidity are used to calculate the heat and vapour 

transfer between surroundings and building exterior surface. The temperature can also be used for calculating 

long-wave exchange between surroundings and the surface of the building. The diffuse and direct solar radiation 

are used to calculate the normal solar radiation, which is directly imposed on the exterior wall surface (ASHRAE, 

2021). The wind speed and direction, and horizontal rain are used to calculate the wind-driven rain that is directly 

imposed on the exterior wall surface (ASHRAE, 2021). The wind speed can also be used to calculate the heat 

and vapour transfer coefficients at the exterior surface of the wall. 

Ideally, the simulation could be run over a long-term period (10-year to 31-year), for a given climatological period 

and GW scenario, to assess the moisture performance at that GW scenario and compare such results with those 

obtained from the historical period to permit evaluating the climate resilience related to risks of degradation due 

to moisture effects on the wall assembly. However, undertaking long-term simulations leads to high 
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computational costs. A means to reduce the extensive simulation effort is to select Moisture Reference Year(s) 

(MRYs), which is a single year or a set of years that represent moisture stress of climate in long-term period. 

The process of selecting MRYs is comprised of 3 steps: 

(1) Calculate the climate-based indices, which are the mathematical combination of different climate 

parameters, for each year in a 31-year climate dataset; 

(2) Rank the years in a long-term series in terms of their moisture severity using climate-based indices, e.g., 

the Moisture Index (MI) (Cornick and Dalgliesh, 2003), Severity Index (Isev) (Salonvaara et al., 2010); 

(3) Select the MRY as the comparatively worst year, or a combination of years, based on different levels 

selected for the climate-based indices.  

There are several studies that have investigated the selection of MRY, and its impact on the simulation results. 

Sahyoun et al. (2020) used the MI and Isev for selecting MRYs. The hygrothermal performance of a brick-clad 

wall assembly and a stucco wall obtained from simulations using MRYs, which had the 97th percentile value for 

the indicators (e.g., MI and Isev), was compared with that obtained from simulations undertaken over a 31-year 

period. Results of this study indicated that using MRYs derived from the 2 climate-based indices could result in 

inconsistent conclusions for moisture performance. It was also found that the orientation of the wall assembly 

was a critical factor to be considered when comparing the results for MRYs and the 31-year time period. Wang 

et al. (2021 a) attempted to use hygrothermal simulation results for a set of 7-year MRYs, selected by using both 

MI and Mold Growth Index (MGI), for a brick-clad wall assembly to represent those for 31-year time period. It 

was found that simulations using 7-year MRYs could generate similar moisture severity levels as those using 31-

year climatic data. Kalamees and Vinha (2004) used the vapour condensation and MGI as criteria to select the 

MRY(s) for hygrothermal calculations using 30-year Estonian climate data; the hygrothermal performance of the 

wall assembly analyzed was estimated using the climate data for MRYs. Vandemeulebroucke et al. (2022) 

evaluated 21 methods to establish MRY in regard to freeze-thaw damage and wood decay for typical masonry 

walls in Brussels. It was found that the performance (the performance of ranking moisture severity with regard to 

deterioration indices) of different methods to establish a MRY was highly dependent on the choice of deterioration 

performance criterion of wall assemblies. More studies related to MRY selection for mould growth performance 

analysis of wood-frame wall assemblies and freeze/thaw cycle analysis of masonry wall assemblies can be found 

in Sahyoun et al. (2021), Aggarwal et al. (2022), and Sahyoun et al. (2024). Recently, Xiao et al. (2024) compared 

simulation results of mould growth of wood sheathing within wood-frame wall assemblies, having various types 

of cladding (brick and fibreboard) and based on a set of MRYs extracted from 31-year climate data set; it was 

found that, for the purpose of capturing mould growth in the wall assemblies over the long-term, the length 

required for MRYs depended on the different climate conditions and type of exterior cladding. 

In summary, the MRYs selected based on one climate index cannot reflect the moisture severity level for all 

degradation mechanisms acting on the wall assembly. The selection of MRY should be based on the degradation 

mechanism under investigation. The proper selection of MRYs could reflect the moisture severity over a long 

climatological period (31-year period), however, a comprehensive simulation should be performed to determine the 

proper length of MRYs for different cities in relation to the different types of walls being investigated. The MRY selected 

should be able to satisfy at least one of the following goals: 

(1) The MRYs can be used for hygrothermal simulation to reflect the difference in moisture performance (at 

least one performance indicator for one degradation mechanism) for different design strategies at a 

given global warming scenario, and; the difference in moisture performance for different long-term 

climatological periods for a given design strategy; 

(2) The MRYs can reflect the moisture performance (at least one performance indicator for one degradation 

mechanism) of the wall over a long-term climatological period (31-year period). 
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For the case study presented in this guideline, the purpose was to assess the effect of climate change on the 

moisture performance; accordingly, the MRY selection satisfies the first goal, described above.  

 Calculation of climate indices 
In this guideline, to rank the moisture severity of the various years of climate loads to which a wall assembly may 

be subjected, it is recommended that climate-based indices be used, more specifically the: Moisture Index (MI), 

or the severity index (Isev). These are recommended because these two types of indices are wall independent, 

climate-based indices; the MI is recommended in the current National Building Code of Canada - NBC 2020, and 

the Isev is recommended in ASHRAE 160 (2021). The calculation of MI is given in equations (21) – (23): 

MI =  √(1 − DIN)2 + WIN
2      (21) 

Where: 

MI-  moisture index of a specific year; 

DIN-  normalized drying index of a specific year; 

WIN-  normalized wetting index of a specific year. 

The drying index represents the degree of moisture saturation of ambient air, whereas the wetting index considers 

the wind speed and horizontal rain. The absolute values of yearly WI and DI were calculated using Equations 

(22) and (23) (Cornick et al., 2003): 

𝑊𝐼 =  ∑ 𝑈 × 𝑅ℎ
8760
1 /1000     (22) 

Where  

U—wind speed in a specific hour, m/s; 

Rh—horizontal rain in a specific hour, mm. 

𝐷𝐼 =  ∑ (𝑤𝑠𝑎𝑡
8760
1 − 𝑤)    (23) 

Where  

wsat—humidity ratio at saturation in a specific hour, kg/kg; 

w—humidity ratio of ambient condition in a specific hour, kg/kg. 

To allow consideration of the relative difference amongst different climate data realisations, the yearly values for 

DI and WI should be normalized based on the maximum and minimum values in all the 15 data realisations falling 

within one climatological period; thereafter, the moisture index (MI) can be calculated for every single year of 

each 31-year climatic realisation. The 90 percentile of the moisture index (MI) in each 31-year climatic realisation 

can be considered as the moisture reference year. Finally, there will be 15 realisations (R01, R02 … R15) of 

moisture reference years for each climatological period. 

The calculation of Isev is given in equation (24): 

𝐼𝑠𝑒𝑣 =  108307 − 241 × 𝐸𝑣 − 1391 × 𝐼𝑐𝑙 − 312326 × ϕ + 183308 × 𝑟𝑤𝑑 + 15.2 × 𝑝𝑣 − 27.3 × 𝑇0
2 + 261079 × ϕ2 −

0.00972 × 𝑝𝑣
2                    (24) 

Where 

T0 – annual average dry-bulb temperature, °C ; 

ϕ -  annual average relative humidity ϕ , 0 ≤ ϕ ≤ 1 ; 

Icl – annual average cloud index, 0 ≤ I𝑐𝑙 ≤ 8 ; 
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pv – annual average vapour pressure, Pa ;  

rwd – wind-driven rain for the north orientation, without considering rain factors, kg/(m2.h); 

 Selection of moisture reference years 
Once the climate index for each year has been calculated, the years should then be ranked based on the climate 

index; the moisture reference year can then be selected based on the ranking of the indices. There are different 

ways to select the moisture reference years for hygrothermal simulations. To satisfy the purpose of a comparative 

study of different design strategies, the selected MRYs can be a short time series, i.e., 2- or 3-years repetition of 

the relative worst years, or a combination of the worst year and average year.  For example, in MEWS Task 4 

report (Cornick et al., 2002), the years were classified into three levels, based on MI ranking: average (years 

having MI within one standard deviation), wet (year with highest moisture index), and dry (year with lowest 

moisture index). Then two types of 3-year moisture reference years were used for hygrothermal simulations as 

described in the MEWS Task 7 report: wet, wet, average, and; wet, wet, dry (Mukhopadhyaya et al., 2003). 

Kalamees and Vinha (2004) suggested using 10% criteria for establishing moisture reference years, meaning 

that the frequency of occurrence of a given moisture condition should not be higher than 10%; in other words, 

the moisture severity level of given climate index should not be higher than the 90-percentile in an ascending 

ranking. In ASHRAE 160 (2021), it is recommended that the 93rd percentile be selected as the moisture-design 

reference year, based on a ranking of the severity index. As well, it recommends that moisture accumulation be 

analyzed for a minimum five consecutive moisture-design reference years, but not more than ten years. Recently, 

Gaur and Lacasse (2022) selected the conditioning and extreme years based on MI ranking as the moisture 

reference years.  

To satisfy the purpose of reflecting moisture severity in respect to a specific moisture-related degradation 

mechanism over a long climatological period, the selected MRYs should be sufficiently long to capture the 

potential moisture-related degradation over a longer period of time. Recently, Xiao et al. (2024) examined the 

number of repetitions of the moisture reference years as were selected based on the 90th percentile moisture 

index ranking. It was found that the number of repetitions required to reflect the moisture performance over a 31-

year climatological period depends on the wall configuration, climatic conditions and moisture loads within the 

wall assembly. The required MRY repetitions as were recommended for a brick veneer wall and a fibreboard clad 

wall, are shown in Table 6 and 7. When using MRY simulations to predict changes in the wall's moisture 

performance across historical and future time periods and using the 90th percentile annual maximum MGI value 

as the performance indicator, it was found that only 2 MRY repetitions were sufficient to reach the same 

conclusion as 31-year simulations in most cities, and 5 MRY repetitions were needed in some dry cities. Since 

moisture-related risks are more likely in wet cities, 2 MRY repetitions can be used to investigate changes in 

moisture-related risks between historical and future time periods. 

Due to the uncertainty in the initial conditions when implementing climate modelling, there are 15 realizations of 

climate data, therefore, 15 sets of moisture reference years can be selected. It is recommended that simulations 

be performed for all the 15 sets of moisture reference years to take into consideration the uncertainties in climate 

data. However, when the simulation tool does not allow users to automate the process of climate data 

preparation, it has been found that to prepare all 15 sets of climate data, the process is exceedingly time 

consuming. In this situation, the MRY that has the median value among the 15 realizations can be selected for a 

deterministic simulation (Xiao et al., 2024).    

Table 6 The number of repetitions of the moisture reference year for brick wall 

Cities WHE VAN CAL SKT WNG TOR OTT MTL MTN CTN HFX STJ 

Historical time period 2 5 7 7 >10 7 5 7 3 5 3 5 
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Future time period 5 2 5 5 10 >10 7 7 3 3 2 3 

Differences in future and 
historical time periods 

5 2 7 5 2 2 2 2 2 2 2 2 

Overall 5 5 7 5 >10 >10 7 7 3 5 3 5 

 

Table 7 The number of repetitions of the moisture reference year for fibreboard cladding wall 

Cities WHE VAN CAL SKT WNG TOR OTT MTL MTN CTN HFX STJ 

Historical time period 2 2 2 2 2 2 2 2 2 2 2 2 

Future time period 2 2 >10 2 2 3 2 2 2 2 >10 2 

Differences in future and 
historical time periods 

2 2 2 2 2 2 2 2 2 2 2 2 

Overall 2 2 >10 2 2 3 2 2 2 2 >10 2 

 

 Stochastic simulation 
The main purpose of undertaking stochastic simulations is to address the uncertainties associated with the input 

parameters for hygrothermal simulation. The uncertainties of the parameters required for hygrothermal simulation 

can be categorized based on the uncertainties in respect to the: wall configuration and climate. Figure 2 shows 

the wall-related uncertainties that influence the input parameters for hygrothermal simulation and the simulation 

results.  

Once the base case model has been created, the stochastic simulation should be completed using the following 

steps:  

(1) Determine stochastic variables  

It is recommended to determine which variables should be considered as stochastic variable before 

starting stochastic simulation, because it is anticipated that less stochastic variables require lower 

computational cost. In general, the variables that have considerable influence on the simulation results 

should be considered as stochastic variables. The one factor at a time (OFAT) analysis can be 

implemented to pre-assess the influence of the variables. A procedure of implementing an OFAT 

analysis is provided in ANNEX A. 

(2) Quantify the stochastic variables (range and type of distribution) 

In this step, the stochastic variables need to be quantified, their range and probability distribution need 

to be determined based on a literature review or experimental work. Thereafter, the random numbers 

need to be generated based on the range and distribution. The generation of random numbers should 

consider the correlation between different variables. ANNEX B provides more information on 

quantifying stochastic variables. 

(3) Apply proper sampling techniques to generate stochastic models 

This step is used to generate the stochastic hygrothermal models. The random number of stochastic 

variables are selected through an efficient sampling technique to make sure the selected combinations 

of different variables can best represent the entire sample space. The selected variables will be 
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assigned to hygrothermal models to modify the baseline values and generate the stochastic models. 

The implementation of sampling is provided in ANNEX C. 

(4) Implement stochastic simulation 

The simulation needs to be performed for each stochastic model. A set of stochastic models can be 

run simultaneously in a programming environment. The number of cases should be increased step by 

step, and the error calculated at the end of each step. The error can be defined as the difference 

between the true values of statistic figures (mean and standard deviation) of the stochastic results, and 

the values obtained from a specific number of runs. The simulation can be terminated once the error is 

reduced to an acceptable level. 

(5) Process stochastic data results 

In general, the degradation indicators can be calculated using the direct outputs from hygrothermal 

simulations. Therefore, the results directly obtained from the hygrothermal simulation should be 

processed to complete a risk assessment of moisture-related degradation.  The probability distribution 

and box plots should be generated for probabilistic risk assessment. In this step, sensitivity analysis can 

be performed to evaluate the impact of different input parameters. 

Since most of the hygrothermal / energy simulation programs do not integrate a stochastic simulation module, 

the stochastic simulation needs to be implemented using a third-party programming environment, in which the 

random numbers of the stochastic variables can be assigned to different models using proper sampling 

techniques; a hygrothermal / energy simulation engine can be called, and the stochastic models, having randomly 

assigned variables, can be launched repeatedly; the errors from the stochastic results can be assessed; finally, 

the stochastic results can be visualized for performance assessment.  Figure 3 shows the general procedure for 

a stochastic simulation, more details of each step can be found in Wang et al. (2022b). 

 

a) Wall related uncertainties and influential parameters 
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b) Climate related uncertainties and influential parameters 

Figure 2 Uncertainties of the input parameters for hygrothermal simulations 

 

Figure 3 General procedure of stochastic simulation. 

6 Case study 
To demonstrate the methodology for assessing climate resilience to moisture-related degradation, a stochastic 

simulation study was performed for a brick veneer clad wood-frame wall located in Ottawa, Ontario, Canada. The 

humidity level in this city is moderate, with a Moisture Index of 0.8 (National Research Council Canada, 2020). 
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The configuration of the wall assembly, and that meets the minimum requirements of the National Building Code 

of Canada (National Research Council Canada, 2020), shown in Figure 4, consists of: 

•  90-mm brick,  

• 25-mm drainage cavity,   

• 0.15-mm Spun Bonded Polyolefin,   

• 11-mm (Oriented Strand Board) OSB,   

• 140-mm mineral wool insulation,  

• polyethylene vapour barrier, and   

• 12.7-mm gypsum board.  

The simulation was conducted using the Delphin software. The moisture performance of the wall assembly was 

derived from the output of the simulation. The mould growth index (Ojanen et al., 2010) (MGI) was used as the 

performance indicator for the assessment.  

 

Figure 4 Brick-clad wood frame wall assembly. 

 Settings for undertaking the hygrothermal simulations   

6.1.1 Material properties  
The basic properties of the materials used in the wall components are given in Table 8.  The material properties 

were taken from NRC’s material property database (Kumaran et al., 2002; Maref et al., 2003; Kumaran et al., 

2006). For the properties that were not found in NRC’s database (i.e., SBPO and mineral wool), data from 

Delphin’s material database were used. 

To reduce the number of stochastic material properties, a preliminary sensitivity analysis using one-factor-at-a-

time (OFAT) approach was performed to determine the most influential properties with respect to moisture 

performance. It was found that the moisture storage function (scaled by effective saturation water content) and 

the liquid diffusivity of brick (derived from effective saturation water content and water absorption coefficient) are 

the most important material properties that influence the mould growth performance on the outer layer of the 

OSB when considering only rain leakage introduced as the moisture source, and which was deposited on the 

outer layer of the sheathing membrane. Therefore, in this case study, the effective saturation water content and 

the water absorption coefficient of the brick were considered as stochastic material properties. The range of 
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values and distributions of the effective saturation water content and the water absorption coefficients (A-value) 

for the red-matt brick were reviewed by Wang et al. (2021b). The effective saturation water content has a range 

of 0.108 to 0.325 m3/m3, following a normal distribution, with a mean value of 0.217 m3/m3 and a standard 

deviation of 0.043 m3/m3. As for the water absorption coefficient (A-value), it ranged from 0.0161 to 0.0389 

kg/m2.s0.5, also conforming to a normal distribution, with a mean value of 0.0268 kg/m2.s0.5 and a standard 

deviation of 0.005 kg/m2.s0.5. 

Table 8 Basic material properties 

 ρ1 θ_POR2 θ_EFF3 θ_CAP4 μ_dry5 A-value6 CE7 λ8 

Red matt clay brick 1935 0.265 0.108 – 0.325* 0.162 129 0.0161-0.0389* 800 0.5 

Air space 1.2 0.99 - - 1 - 1006 0.025 

SBPO9 464 0.012 0.012 0.01 305 0.00031 1250 0.248 

OSB 650 0.4 0.38 0.27 753 0.0022 1880 0.094 

Mineral wool 37 0.92 0.9 0.9 1.09 - 840 0.032 

Polyethylene 1256 - - - 1∙106 - 2100 0.16 

Gypsum board 700 0.65 0.42 0.4 138 0.0019 870 0.16 

1 ρ – Bulk density (kg/m3) 
2 θ_POR – Porosity (m3/m3) 
3 θ_EFF – Effective saturation water content (m3/m3) 
4 θ_CAP – Capillary water content (m3/m3) 
5 μ_dry – Vapour resistance factor at dry state (-) 
6 A-value – Water absorption coefficient (kg/m2.s0.5) 
7 CE – Heat capacity (J/kg.K) 
8 λ – Heat conductivity (W/m.K) 
9 SBPO: Spun-bonded polyolefin 

*: Stochastic Variables  

6.1.2 Boundary condition  
The boundary conditions that were considered in the simulations are shown in Table 9.  

Based on the initial sensitivity analysis, variations in the long-wave emissivity, vapour transfer coefficients and 

heat transfer coefficient didn't significantly impact the moisture performance of the wall. At the same time, 

alterations in the short-wave absorptivity of the brick could lead to notable differences in moisture performance. 

The exterior heat and vapour transfer coefficients were set as dependent on wind speed according to EN ISO 

6964 (2021), and the dependency functions are given in equation (8) and (15). The long-wave emissivity of the 

exterior surface was considered as the default value of 0.9 from the program. The short-wave absorptivity is 

primarily influenced by the red matt brick's color, which could vary from red to brown as shown in Table 3. 

According to suggestions from the two hygrothermal simulation software programs, Delphin and WUFI, the colors 

red and brown correspond to absorptivity values of 0.6 and 0.8, respectively. Therefore, the stochastic variables 

for this parameter were considered to range from 0.6 to 0.8 with a uniform distribution. 

The wind-driven rain (WDR) deposited on the exterior wall surface was calculated based on the ASHRAE 160 
model as given by equation (4) (ASHRAE, 2021). In this report, the rain exposure factor (FE) was considered as 
1, and the rain deposition factor (FD) was considered as a stochastic variable ranging from 0.35 to 1 with a 
uniform distribution, aiming to encompass the variations in the slope of roofs and height of buildings.  
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Table 9 Variables for boundary conditions 

Indoor heat transfer 
coefficient 
(W/m2.K) 

Indoor vapour 
transfer coefficient 

(s/m) 

Long-wave 
emissivity 

(-) 

Short-wave 
absorptivity 

(-) 

Rain 
deposition 

factor 

8 1.52∙10-8 0.9 0.6-0.8* 0.35-1* 

*Stochastic variables  

 

6.1.3 Field condition 

 Moisture source 
To simulate rainwater penetrating into the brick layer, and depositing on the exterior surface of the spun-bonded 

polyolefin (SBPO), a moisture source, represented as a percentage of the WDR, was added to the exterior 

surface of the SBPO layer in the numerical model. In this case study, the percentage of moisture source was 

considered as a stochastic variable. The value and probability distributions of the moisture source were 

determined through the following steps: 

(1) The hourly wind-driven rain pressure index (WDRPI) was calculated based on WDR and DRWP of 15 

realisations of 31-year climatic data using Equation (17); 

(2) The hourly moisture source reaching the sheathing membrane was calculated based on WDRPI and 

water entry Equation (18): 

(3) The hourly moisture source was calculated from hourly WDR and hourly DRWP using steps 1 and 2. 

The calculation was implemented for all the 15 climatic realizations of 31-year climatic data in the 

historical period, from which 4,073,400 data points of moisture source were generated. 

A probability distribution of the moisture source was generated based on the hourly moisture source dataset that 

includes 4,073,400 data points. The moisture source was considered as a percentage of the wind-driven rain 

deposited on the exterior wall surface. Eventually, this probability distribution has a mean value of 0.56% and 

standard deviation of 0.35%, and the probability distribution was truncated above zero. Although the future 

climatic data had different WDR and DRWP from historical data, the calculated moisture source (percentage of 

wind-driven rain) for the future climatic condition was very close to the historical condition. Therefore, the same 

mean value and standard deviation were used for historical and future climatic conditions. 

(4) The water source level was developed based on a specific wall assembly with a deterministic 

deficiency level to represent different conditions of the wall. To consider the uncertainty amongst 

different conditions of the wall, another two probability distributions for moisture source were 

generated: one has a mean value of 0.3% to represent a relative lower deficiency level and another 

one has a mean value of 0.8% to represent a relative higher deficiency level. Both of these moisture 

sources nonetheless have a standard deviation value of 0.35%, since the variability of the moisture 

source under a specific deficiency level is primarily influenced by climatic conditions.  

Figure 5 shows the three probability density functions, which were generated based on the mean values and 

standard deviation values of different wall deficiency levels assumed in steps 3 and 4.  
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Figure 5 Probability density functions of rain leakage moisture source (% of wind-driven rain). 

 

 Air change rate in the drainage cavity 
The effect of cladding ventilation was simulated using a source/sink approach, which considers the air in the 

drainage cavity as a heat and moisture source by imposing a cladding ventilation rate (ACH) that was also 

considered a stochastic variable, these heat and moisture sources are calculated using equation (19) and (20). 

The ACH values used in this study for vented and ventilated brick walls were calculated based on the procedure 

developed by Straube and Burnett (1995). Three designs of cladding ventilation were considered: a vented cavity 

having two openings for 1.2-m length of the wall at the bottom, a ventilated cavity with two openings at the bottom 

and two openings at the top for every 1.2 m length of the wall and a ventilated cavity with four openings at the 

bottom and four openings at the top for every 1.2 m length of the wall. 

The bottom opening size (12x78mm) and the cavity dimensions were assumed to be the same as in Simpson 

(2010), with only one opening with an insect screen assumed at the top (12x65mm) to simulate potential air 

circulation between the bottom openings and small deficiencies in the façade. To explore the impact of increased 

cladding ventilation, the ACH for four openings was also calculated. The pressure differential between the top 

and bottom was assumed to vary from 0 to 5 Pa, with the highest frequency at 1.5 Pa, based on the pressure 

differential reported in Simpson (2010) and Straube and Burnett (1995). In Figure 6, the calculated values for 

ACH of a 25-mm cavity are shown for vented (two openings at the bottom, none at the top), ventilated with two 

openings (two openings at both the bottom and top), and ventilated with four openings (four openings at both the 

bottom and top) for a 1.2 × 2.4 m (length × height) brick wall. Then, the ACH at a 1.5 Pa pressure differential was 

set as the mean value, and standard deviation values for different ventilation designs were quantified based on 

the range of ACH. From this, three probability distributions of ACH were generated, with respective mean values 

of 3, 5.5, and 10.5 and standard deviations of 0.67, 1.4, and 3.5, representing three cladding ventilation designs. 

The probability density functions are presented in Figure 7. The probability functions were truncated at 1, given 

that stagnant air in the cavity is less likely. 



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 38 

 

 

Figure 6 Cladding ventilation rate as a function of pressure differential for a brick wall. 

 

Figure 7 Probability density functions of the cladding ventilation rate (ACH) for a brick wall. 

6.1.4 Climate data and moisture reference years  
This case study investigates the changes in the moisture performance of the brick-clad wall assembly for future 

time periods in Ottawa, Canada. Therefore, the climate data for the historical period 1991-2021 and the future 

period 2062-2092, considering a 3.5°C global warming, were generated using Canadian Regional Climate Model 

(CanRCM 4). The uncertainties of the climate data considered in this document include the uncertainties of initial 

conditions of the climate model. These uncertainties lead to 15 climate data realizations, each of which includes 

an entire set of climate parameters for simulations. Considering the abundant number of simulations, the lengthy 

computing time required if simulations were to be run over the entire 31 years comprised in each series of climate 

data, a moisture reference year was selected from each realization of climate data to reduce simulation time. 

Overall, 15 sets of moisture reference year (MRY) for both historical and future periods were generated for the 

hygrothermal simulation.  As shown in Table 6, repeating the MRY twice is sufficient to obtain the changes in 

moisture performance between the historical and future time periods comparable to those obtained using 31-

year series. Thus, in each simulation, the climate data from the MRY was repeated twice. The simulation results 

for the last year were used for the subsequent moisture performance analysis.  
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6.1.5 Sampling the stochastic variables 
Parameters used in the hygrothermal simulations included both deterministic and stochastic variables. The 

stochastic variables in this case study include: climate realizations, water absorption coefficient of the brick, 

effective saturation water content of the brick, rain deposition factor, moisture source as percentage of WDR, 

and cladding ventilation air change rate. These stochastic variables were generated using the Sobol Sequence-

Based Sampling, this sampling technique has been used in previous studies, and it was proved as a efficient 

sampling method  (Hou et al., 2019; Burhenne et al., 2011). For continuous variables, random variables were 

firstly generated based on the assigned distribution. Then, an equivalent number of Sobol points mapped into 

the space of 0 to 1 were generated using Sobol sampling. Thereafter, random variables were selected based on 

the percentile of the corresponding Sobol points as stochastic variables for the simulation. As to the discrete 

variable, such as the 15 climate realizations, the space was divided into 15 equivalent intervals, i.e., 1 to 1/15, 

1/15 to 2/15, …, 14/15 to 1. As examples, when the Sobol point was within the range of the first interval, then the 

first realization (R1) of climate data was selected; when the Sobol point was within the range of the second 

interval, the second realization (R2) of climate data was selected. It is worth noting that the water absorption 

coefficient and the effective saturation water content were partially corrected with a correlation coefficient of 0.6 

(Kuenzel, 1995). Therefore, the effective saturation water content was generated based on the water absorption 

coefficient instead of using Sobol sampling. A summary of the stochastic variables and their properties are shown 

in Table 10. 

Table 10 Summary of stochastic variables 

Variables Distribution Range Statistical figures 

Climate realizations Discrete R1-R15  

Rain deposition factor (FD) Uniform 0.35-1 

Low: U(0.35, 0.56) 
Middle: U(0.56, 
0.78) 
High: U(0.78, 1) 

Rain leakage (MS) Normal  0%-2% 

Low: N(0.3, 
0.1225)  
Middle: N(0.56, 
0.1225) 
High: (0.8, 0.1225) 

Cladding ventilation (ACH) Normal  1-20 

Low: N(3, 0.4489)  

Middle: N(5.5, 1.96 

High:N(10.5, 2.25) 

Water absorption coefficient (A-value) Normal 0.0161–0.0389 
N(0.0268, 2.5x10-

5) 

Effective saturation water (Theta_Brick) Normal 0.108–0.325 
N(0.217, 1.849x10-

3) 

Shortwave absorptivity Uniform 0.6-0.8 U(0.6, 0.8) 

Note: U(a, b) means uniform distribution with upper and lower limits of a and b; N(µ, σ2) means 
normal distribution with mean value and standard deviation of µ and σ 

 

6.1.6 Parameters for deterministic simulations 
The stochastic simulation results will be compared to the deterministic simulations to demonstrate the 

differences. The deterministic simulation involves using a wall model with fixed parameters and applied 

conditions. However, uncertainties in the projection of future climate conditions were still considered. 

Deterministic simulations were conducted for each of the 15 climate realizations for both historical and future 
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time periods. Parameters treated as stochastic variables in the stochastic simulations were set to the median 

value or middle class of the variation range in the deterministic simulations, as shown in Table 11. Other 

parameters used in the deterministic simulations remain consistent with those used in the stochastic 

simulations. 

Table 11 Variables for deterministic simulations 

Variables Values 

Climate realizations R1-R15 

Rain deposition factor (FD) 0.675 

Rain leakage (MS) 0.55% 

Cladding ventilation (ACH) 5.5 

Water absorption coefficient (A-value) 0.0275 

Effective saturation water (Theta_Brick) 0.217 

Shortwave absorptivity 0.7 

 

 Comparison between stochastic and deterministic 
simulation results  

The stochastic modeling was implemented to encompass a wider range of parameters affecting the simulation 

results. A comparison was made between the stochastic simulation results and the deterministic simulation 

results to illustrate the impact. In this study, 2560 cases with different stochastic variables were generated and 

simulated for the brick-clad wall assembly in Ottawa for both historical and future time periods. Hourly relative 

humidity and temperature data obtained from the hygrothermal simulations for the 2 mm thickness of the exterior 

layer of the OSB were used to derive the mould growth index (MGI) using the VTT model with a decline factor of 

0.3. The annual average and maximum MGI values for the second year of the simulation period were used for 

subsequent analysis. 

The hourly MGI over the first two years of the simulation time periods for both the stochastic (presented as gray 

curves) and deterministic simulations (presented as red curves) are shown in Figure 8 (a) and (b). Both types of 

simulations demonstrate a similar trend in the development of the MGI over the simulation time periods. The 

stochastic simulations cover a much greater range than the deterministic simulations, particularly within the first 

one and a half years of the time periods. The box plots as shown in Figure 8 (c) demonstrated the annual average 

and the maximum MGI of the second year. The box plots in the stochastic simulations displayed a significantly 

broader range of MGI compared to those in the deterministic simulations. Median values of the mould growth 

results generated from the deterministic simulations exceeded those of the stochastic simulations. Both 

simulation types predicted a decrease in MGI for future time periods.  

If a threshold value of 3, as suggested by ASHRAE Standard 160 (ASHRAE, 2021), indicating that the mould 

growth index should not exceed 3, was applied to the maximum MGI for the risk analysis, the risk of the stochastic 

simulations changed from about 52% for the historical time period to 44% for the future time period. Meanwhile, 

the risks obtained from the deterministic simulations which considers only the variations in climate data changed 

from 80% to 47% between those two time periods. These observations indicated that for this case study, the 

deterministic simulation using the parameters listed in Table 11 overestimated the risk for historical time period 

and a decrease of the risk of about 8% when using stochastic simulations and 33% when using deterministic 

simulations. Given that a larger sample size provides a more comprehensive representation of the underlying 

distribution or behavior of the variables involved, the stochastic simulation was able to provide more robust 

estimates of risk. On the other hand, the deterministic simulations, which did not consider all the uncertainties in 
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simulation parameters, was not able to provide robust estimates of the risk. This was evident from the significant 

discrepancy observed between the predictions of moisture risk changes from the stochastic simulations and 

those from the deterministic simulations. 

 
(a) 

 
(b) 
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(c) 

Figure 8 Hourly MGI for the brick-clad wall assembly for the stochastic simulations (grey profiles) and deterministic 
(baseline) simulations (red profiles): (a) MGI profiles for the time period 1991-2021 (F0); (b) MGI profiles for the time 

period 2062-2092 (F7); (c) boxplots of average and maximum MGI. 

 Analysis of stochastic simulation results  

6.3.1 Error estimation  
The error estimation was conducted for various stochastic sample sizes: specifically, 320 cases, 640 cases, 1280 

cases, and 2560 cases. The results of these error estimations are presented in Figure 9. The horizontal axis of 

the figure represents the analyzed time period and the number of samples considered for error estimation, while 

the vertical axis represents the standard error on a logarithmic scale. The boxplots depict parameters obtained 

from different climate realizations. The standard errors of both the mean value and the standard deviation 

reduced with the increase in sample sizes. The error levels for historical and future time periods are at a similar 

level. The standard errors didn’t significantly reduce from 1280 samples to 2560 samples when compared with 

changes between smaller number of samples. At least 1280 samples are required for both the average standard 

error of the mean value and the average standard error of the standard deviation to be less than 0.1.  
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(a) 

 

(b) 

Figure 9 (a) Standard error of mean values of MGI. (b) Standard error of standard deviation of MGI. F0 represents 
time period 1991-2021, F7 represents time period 2062-2092. The box plots cover the range of the parameter 

obtained from different climate realization. 

6.3.2 Changes in the moisture performance  
The changes in the MGI of the brick-clad wall assembly between the historical and future time periods are shown 

in Figure 10. The average MGI and the maximum MGI of the 2nd year of the MRY simulation for the entire 2560 

stochastic assembly have been included. Median values of both the average MGI and the maximum MGI slightly 

decreased for the future time period. The 75th percentile of the average MGI increased while the 75th percentile 

of the maximum MGI decreased. These observations indicate that the moisture performance of the brick-clad 

wall assembly in Ottawa, having a range of specific properties or exposed to specific boundary conditions, may 

worsen for the future time period. However, when considering the full spectrum of variation in the properties and 

boundary conditions, the performance would slightly improve for the future time period, and the occurrence of 

extreme situations would also tend to reduce in the future. The changes in the risks for the maximum MGI 

exceeding 3 were discussed in the previous section.  



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 44 

 

 

Figure 10 MGI for the brick-clad wall assembly. F0 represents time period 1986-2016, F7 represents time period 

2062-2092. The box plots cover the range of the parameter obtained from 2560 stochastic cases. 

6.3.3 Sensitivity analysis 
The sensitivity analysis in this study was conducted using the Monte Carlo technique based on the Standardized 

Regression Coefficient (SRC). Monte Carlo sensitivity analysis serves to assess how input uncertainty affects 

model outputs. The SRC, referred to as beta coefficient or beta weight, quantifies the strength and direction of 

the association between a predictor variable and the outcome variable in a regression model. It represents the 

change in the dependent variable in respect to the alteration in standard deviation in the independent variable, 

while keeping other variables constant. The sensitivity analysis consists of several steps: (1) Fitting a regression 

model using the input parameters and the output parameter; (2) Calculating the standard regression coefficients 

for each predictor variable in the model; (3) Using the Monte Carlo simulation to draw random samples from the 

specified probability distributions for each predictor variable; (4) For each set of random samples, using the 

regression model to predict the outcome variable; (5) Analyzing the distribution of the predicted values of the 

outcome variable to understand how input uncertainty affects the output.  

The SRC and sensitivity analysis results are shown in Table 12. The SRC represents the correlation between 
the input variable and the output variable (MGI), with a greater absolute value indicating a stronger correlation. 
The sensitivity analysis indices indicate the relative impact of changes in the variables on the output. With a 
greater value indicating a stronger influence. Among the six stochastic variables considered, ACH has be shown 
to have the strongest correlation and influence on both the average and maximum MGI, whereas the A-value 
had the smallest correlation and, hence, least influence. The greater SRC values for the maximum MGI compared 
to the average MGI indicate that these variables have a stronger correlation with the occurrence of extreme 
events. The relative impact from the ACH on both average and maximum MGI was slightly reduced for the future 
time period. Nonetheless, it remains the most dominant factor influencing the MGI value. Plots for different levels 
of FD, MS, and ACH (as shown in Table 10) with the MGI for different time periods are shown in Figure 11. As 
observed from the sensitivity analysis, changes in ACH have the strongest impact on changes in the MGI, and 
FD has only a secondary effect. When considering strategies to improve moisture performance, the findings from 
the sensitivity analysis will be important. 

Table 12 Sensitivity analysis results 

Average MGI 

Variables 
SRC Sensitivity Analysis 

1986-2016 2062-2092 1986-2016 2062-2092 
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FD 0.513 0.559 0.4 0.379 

MS 0.252 0.306 0.093 0.116 

ACH -0.588 -0.626 0.494 0.479 

A-Value 0.0176 0.0171 0.000458 0.000357 

Theta_Brick 0.0672 0.103 0.00668 0.0128 

Short Wave -0.0649 -0.101 0.00631 0.0125 

Maximum MGI 

Variables SRC Sensitivity Analysis 

 1986-2016 2062-2092 1986-2016 2062-2092 

FD 0.767 0.739 0.331 0.341 

MS 0.318 0.339 0.0594 0.073 

ACH -1.01 -0.923 0.579 0.541 

A-Value 0.0108 0.0225 6.83E-05 0.000323 

Theta_Brick 0.189 0.206 0.0208 0.0267 

Short Wave -0.128 -0.166 0.00958 0.0179 

 

 
Figure 11 MGI of the brick-clad wall assembly subjected to different levels of rain deposition factor (FD), moisture 

sources (MS), and air change rate (ACH). 

6.3.4 Impact of climate on moisture performance  
Based on the results obtained from the moisture performance assessment, it was found that the median values of 
the 2nd-year annual average MGI and the annual maximum MGI of the brick-clad wall assembly in Ottawa were 
reduced for the future time period, indicating a slight improvement in the moisture performance of the wall. Four 
different climatic parameters, related to the moisture performance, and that include wind-driven rain, relative 
humidity, direct solar radiation, drying index, as shown in Table 13, have been analyzed to reveal the possible 
causes of these changes.  
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Table 13 Changes in climatic parameters 

Wind-driven rain (kg/m2.h) 

Parameters F0 F7 Ratio F7/F0 

Mean value of 15 realizations 0.000098 0.000132 1.34 

Median value of 15 realizations 0.000093 0.000119 1.28 

Mean value of total WDR load for 15 realizations 0.0307 0.0388 1.26 

Mediam value of total WDR load for 15 realizations 0.0304 0.036 1.18 

Total occurrences of 15 realizations 4786 4449 0.93 

Relative humidity (-) 

Parameters F0 F7 Ratio F7/F0 

Mean value of 15 realizations 0.748 0.758 1.01 

Median value of 15 realizations 0.75 0.753 1.01 

Direct solar radiation (W/m2) 

Parameters F0 F7 Ratio F7/F0 

Mean value of 15 realizations 75.3 76.3 1.01 

Median value of 15 realizations 74.8 75.8 1.01 

Drying index (-) 

Parameters F0 F7 Ratio F7/F0 

Mean value of 15 realizations 68.5 91.5 1.33 

Median value of 15 realizations 68.4 90.6 1.32 

 

In the Table 13, mean and median values for the WDR, mean value for the total WDR load, and the median value 
for the total WDR load for the worst orientation (in this case, the southwest orientation) were observed to increase 
significantly for the future time period, the increase rate is ranging from 18% to 34%; whereas the occurrence of 
WDR events reduced by 7%. The other two parameters, relative humidity and direct solar radiation, remained 
almost the same. The Drying Index, which represents the drying capacity of the climate, increased substantially 
for the future time period. The increase in WDR could result in more rainwater being deposited on the surface of 
the building envelope, this, consequently, leading to a reduced moisture performance. However, the reverse 
observation in moisture performance may indicate that the cladding material may have reached a saturation 
status before absorbing all the rainwater from the WDR. Meanwhile, with a substantial increase in the drying 
capacity of the climate, the wall dissipates moisture more rapidly following a WDR event, resulting in a shorter 
duration for the presence of a humid environment in the wall assembly. 

7 Conclusions 
In this document, a methodology was presented for assessing the climate resilience of building envelope systems 

to risks of moisture-related degradation. The methodology is based on stochastic hygrothermal simulation, which 

considers the input parameters as random variables instead of deterministic values. Using this methodology, the 

impact of the uncertainties of input parameters, including the uncertainties of projected climate data, boundary 

conditions and hygrothermal material properties, can be captured in the simulation results, and the moisture-

related degradation risks of the wall assemblies can be assessed using probabilistic data rather deterministic 

value, which make the assessment more robust than that is based on deterministic simulation. In addition, the 

most robust design or mitigation strategies in the future climate conditions can be identified as those are interfered 

by other uncertainties but still able to reduce the degradation risks to the same level as current climate conditions. 

A case study was provided to demonstrate the procedure for undertaking a stochastic simulation, and a 

comparison of results of stochastic with deterministic simulations was provided. The case study was based on a 

typical wood-frame wall that complies with the moisture protection design prescribed by the National Building 

Code Canada (2020), for the wall of a building located in Ottawa, ON. The results obtained form stochastic 

simulation have a much larger range than those obtained from deterministic simulation. This indicates the 

stochastic simulation incorporates much more information than that given by a deterministic simulation, and as 

such, provides a more robust assessment of the risk to moisture-related degradation of the wall assembly. For 
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the case study presented in this document, deterministic simulation overestimated the risk for historical time 

period and was not able to appropriately capture the changes in the performance between the future and 

historical time periods. As well, the sensitivity analysis showed that the reduction of wind-driven rain and increase 

of cladding ventilation rate are two important design strategies to mitigate risk to the formation of moisture-related 

degradation of the wall assembly, as these two strategies have a relatively higher sensitivity index, and the mould 

growth index can be significantly reduced using these two strategies, even given the interference of other 

uncertainties. 

  



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 48 

 

References 
Aldabibi, M. (2023). Frost damage of internally insulated retrofitted solid brick walls: Experimental 

work and hygrothermal modeling (Ph.D. thesis). Concordia University, Montreal, QC 

ASTM E3054/E3054M-16. (2023). Standard guide for characterization and use of hygrothermal 
models for moisture control design in building envelopes. West Conshohocken, PA: ASTM 
International. 

ANSI/ASHRAE 160. (2021). Criteria for moisture control design analysis in buildings. Peachtree 
Corners, GA: ASHRAE. 

Aggarwal, C., Wang, L., Defo, M., Ge, H., Junginger, M., Lacasse, M. (2021). Sensitivity analysis of 
hygrothermal performance of wood framed wall assembly under different climatic conditions: 
the impact of cladding properties. Journal of Physics: Conference Series. 2069 012010. 

Aggarwal, Chetan, H. Ge, M. Defo, and M. A. Lacasse. (2022). Reliability of Moisture Reference 
Year (MRY) selection methods for hygrothermal performance analysis of wood-frame walls 
under historical and future climates. Building and Environment: 207, 108513. 

Bayat Pour, M., Niklewski, J., Naghibi, A., & Frühwald Hansson, E. (2023). Robust probabilistic 
modelling of mould growth in building envelopes using random forests machine learning 
algorithm. Building and Environment, 243, 110703. doi:10.1016/j.buildenv.2023.110703 

BS EN 15026. (2023). Hygrothermal performance of building components and building elements. 
assessment of moisture transfer by numerical simulation. London, UK: British Standards 
Institution. 

Bassett, M.R., and McNeil, S. (2005). The theory of ventilation in drying applied to New Zealand 
cavity walls. The 2005 IRHACE Conference, Nelson, New Zealand, 20-22 May, 2005. 

Bush, E., and Lemmen, D. S. (Eds.). (2019). Canada's changing climate report. Ottawa, ON: 
Government of Canada. 

Burhenne, S., Jacob, D., & Henze, G.P. (2011). Sampling based on Sobol sequences for Monte 
Carlo techniques applied to building simulations. Proceedings of the Building Simulation 2011, 
Sydney, Australia, 11-16 November 2011. 

Chen, C., Zhang, H., Feng, C., Xuan, Y., Qian, T., & Xie, J. (2022). Analysis of wind-driven rain 
characteristics acting on building surfaces in Shanghai based on long-term measurements. 
Journal of Building Engineering, 45, 103572. https://doi.org/10.1016/j.jobe.2021.103572 

Cornick, S., and Dalgliesh, W.A. (2003). A moisture index to characterize climates for building 
envelope design. Journal of Thermal Envelope & Building Science, 27, 151-178. 

Cornick, S., Djebbar, R., & Dalgliesh, W.A. (2003). Selecting moisture reference years using a 
moisture index approach. Building and Environment, 38, 1367-1379. 

Cornick, S., Dalgliesh, W.A., Said, M.N., Djebbar, R., Tariku, F., & Kumaran, M.K. (2002). Report 
from Task 4 of MEWS project: Task 4: Environmental Conditions. Technical Report. Ottawa, 
ON: NRC. 

D’Ayala, D., Zhu, H., & Aktas, Y. (2024). The impact of wind-driven rain on surface waterproofed 
brick cavity walls. Buildings, 14(2), 447. 

Defo, M., Wang, L., & Lacasse, M. (2021). Evaluation of the durability and resilience of wall 
assemblies to climate change using hygrothermal simulations. (NRCC-CONST-56534E). 
Ottawa, ON: NRC-CNRC 



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 49 

 

Dang, X., Vereecken, E., Janssen, H., & Roels, S. (2024). Impact of semi-empirical methods 
implemented in heat, air, and moisture (HAM) models on predicted wind-driven rain (WDR) 
loads and hygrothermal responses. Building and Environment. 262, 111770. 

EN ISO 13788. (2016). Hygrothermal performance of building components and building elements – 
internal surface temperature to avoid critical surface humidity and interstitial condensation- 
calculation methods. London, UK: British Standards Institution. 

EN ISO 15927-3. (2009). Hygrothermal performance of buildings- calculation and presentation of 
climate data: part 3 calculation of a driving rain index for vertical surfaces from hourly wind and 
rain data. London, UK: British Standards Institution. 

Falk J., and Sandin, K. (2013). Ventilated rainscreen cladding: measurements of cavity air velocities, 
estimation of air change rates and evaluation of driving forces. Building and Environment, 59, 
164-176. 

Fink, M., Holm, A., & Antretter, F. (2015). Final report of IEA annex 55- subtask 4: Practices and 
guidelines. ( No. 2015:6). Gothenburg, Sweden: Chalmers University of Technology. 

Finch, G., and Straube, J. (2007). Ventilated wall claddings: review, field performance and 
hygrothermal modelling. In Proceedings of Thermal Performance of the Exterior Envelopes of 
Whole Building X International Conference, Clearwater Beach, FL, USA.  

Ge, H., Deb Nath, U.K., & Chiu, V. (2017). Field measurements of wind-driven rain on mid- and high-
rise buildings in three Canadian regions. Building and Environment. 116, 228-245. 

Giancola, E., Sanjuan, C., Blanco, E., & Heras, M.R. (2012). Experimental assessment and 
modelling of the performance of an open joint ventilated façade during actual operating 
conditions in Mediterranean climate. Energy and Buildings, 54, 363-375. 

Gradeci, K., Labonnote, N., Time, B., & Köhler, J. (2018). A probabilistic-based methodology for 
predicting mould growth in façade constructions. Building and Environment, 128, 33-45. 
doi:10.1016/j.buildenv.2017.11.021 

Hagentoft, C., Kalagasidis, A. S., Adl-Zarrabi, B., Roels, S., Carmeliet, J., Hens, H., . . . Djebbar, R. 
(2004). Assessment method of numerical prediction models for combined heat, air and moisture 
transfer in building components: Benchmarks for one-dimensional cases. Journal of Building 
Physics, 27(4), 327-352. Retrieved 
from https://journals.sagepub.com/doi/10.1177/1097196304042436 

Hamdaoui, M., Benzaama, M., El Mendili, Y., & Chateigner, D. (2021). A review on physical and 
data-driven modeling of buildings hygrothermal behavior: Models, approaches and simulation 
tools. Energy and Buildings, 251, 111343. doi:10.1016/j.enbuild.2021.111343 

Hou, T., Nuyens, D., Roels, S., Janssen, H. (2019). Quasi-Monte Carlo based uncertainty analysis: 
sampling efficiency and error estimation in engineering applications. Reliability Engineering & 
System Safety. 191, 106549. 

Il Jeong, D., & Sushama, L. (2018). Rain-on-snow events over north America based on two 
Canadian regional climate models. Climate Dynamics, 50(1-2), 303-316. doi:10.1007/s00382-
017-3609-x 

Ilomets, S., Kalamees, T., & Vinha, J. (2018). Indoor hygrothermal loads for the deterministic and 
stochastic design of the building envelope for dwellings in cold climates. Journal of Building 
Physics, 41(6), 547-577. doi:10.1177/1744259117718442 

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to 
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Masson-
Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. 



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 50 

 

Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. 
Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA, 2391 pp. doi:10.1017/9781009157896IPCC, 2023: 
Summary for Policymakers. In: Climate Change 2023: Synthesis Report. Contribution of 
Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel on 
Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva, 
Switzerland, pp. 1-34, doi: 10.59327/IPCC/AR6-9789291691647.001 

 

Janssen, H., Roels, S., Van Gelder, L., & Das, P. (2015). Final report of IEA annex 55 - subtask 2: 
Probabilistic tools. ( No. 2015: 4). Gothenburg, Sweden: Chalmers University of Technology. 

Junginger, M. (2023). Assessing the impact of air leakage on the hygrothermal performance of 
wood-frame walls under historical and future climates. Master’s Thesis. Concordia University, 
Montreal, Quebec, QC 

Kalagasidis, A. S., & Rode, C. (2015). Final report of IEA annex 55 - subtask 3: Framework for 
probabilistic assessment of performance of retrofitted building envelopes. ( No. 2015: 5). 
Gothenburg, Sweden: Chalmers University of Technology. 

Kalamees, T., and Vinha, J. (2004). Estonian climate analysis for selecting moisture reference years 
for hygrothermal calculations. Journal of Building Physics, 27(3), 199-219. 

Kordziel, S., Glass, S. V., Boardman, C. R., Munson, R. A., Zelinka, S. L., Pei, S., & Tabares-
Velasco, P. C. (2020). Hygrothermal characterization and modeling of cross-laminated timber in 
the building envelope. Building and Environment, 177, 106866. 
doi:10.1016/j.buildenv.2020.106866 

Kumaran, M.K. (1999). Moisture diffusivity of building materials from water absorption 
measurements. Journal of Building Physics, 22(4), 349-355. 
https://doi.org/10.1177/109719639902200409 

Kumaran, M. K., Lackey, J. C., Normandin, N., van Reenen, D., & Tariku, F. (2002). Summary report 
from task 3 of MEWS project at the institute for research in construction: Hygrothermal 
properties of several building materials. Technical Report. Ottawa, ON: National Research 
Council of Canada. doi:10.4224/20386076 Retrieved from https://nrc-
publications.canada.ca/eng/view/object/?id=82a4a334-a1dd-4701-a32d-d02e4232b39a 

Kumaran, M., Lackey, J., Normandin, N., & Van Reenen, D. (2006). Vapour permeances, air 
permeances, and water absorption coefficients of building membranes. Journal of Testing and 
Evaluation, 34(3), 241-245. Retrieved from https://search.proquest.com/docview/29479332 

Kunzel, H. (1995). Simultaneous heat and moisture transport in building components. One- and two- 
dimensional calculation using simple parameters. (Ph.D. Thesis). Fraunhofer Institute for 
Building Physics, Fraunhofer, Germany.  

Kunzel, H., and Dewsbury, M. (2022). Moisture control design has to respond to all relevant 
hygrothermal loads. UCL Open: Environment, 4 (037). 

Lacasse, M., Ge, H., Hagel, M., Jutras, R., Laouadi, A., Sturgeon, G., & Wells, J. (2018). Guideline 
on design for durability of building envelopes. ( No. CRBCPI-Y2-R19). Ottawa, ON: NRC-
CNRC. 

Lu, B., Fang, J., Li, Y., Zhang, H., Gao, Y., Feng, C. (2023). Accuracy of semi-empirical models for 
wind-driven rain using different data processing methods for wind velocity and direction. 
Building and Environment, 237,110300. 



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 51 

 

M.M.Ramos, N., & Grunewald, J. (2015). Final report of IEA annex 55 - subtask 1: Stochastic data . ( 
No. 2015: 3). Gothenburg, Sweden: Chalmers University of Technology. 

Marincioni, V., Marra, G., & Altamirano-Medina, H. (2018). Development of predictive models for the 
probabilistic moisture risk assessment of internal wall insulation. Building and 
Environment, 137, 257-267. doi:10.1016/j.buildenv.2018.04.001 

Mukhopadhyaya, P., Bundalo-Perc, S., van Reenen, D., & Wang, J. (2014). Mid-rise wood: 
Characterization of hygrothermal properties: Report to research consortium for wood and wood-
hybrid mid-rise buildings. ( No. A1-100035-03.4). Ottawa, ON: National Research Council of 
Canada. doi:10.4224/21274573 Retrieved from https://nrc-
publications.canada.ca/eng/view/object/?id=8706c9a4-9780-4a35-8dea-b020ff40315b 

Mukhopadhyaya, P., Kumaranc, M.K., Tariku, F., & van Reenen, D. (2003). Final report from Task 7 
of MEWS project : long-term performance: predict the moisture management performance of 
wall systems as a function of climate, material properties through mathematical modelling. 
Technical Report. Ottawa, ON: NRC. 

NRC. (2021). Hygrothermal database of building materials (HygDbM). Retrieved 
from https://nrc.canada.ca/en/research-development/products-services/software-
applications/hygrothermal-database-building-materials-hygdbm 

Olaoye, T.S., Dewsbury, M., & Kunzel, H. (2021). Empirical investigation of the hygrothermal 
diffusion properties of permeable building membranes subjected to variable relative humidity 
condition. Energies. 14(3), 4053. 

PyTorch .(2024). Retrieved from https://pytorch.org/ 

Rahiminejad, M., and Khovalyg, D. (2020). Impact of air-flow on thermal performance of air-spaces 
behind cladding- ASHRAE 1759 RP Final Report. Technical Report, Peachtree Corners, GA, 
USA: ASHRAE 

Sadovsky, Z., Koronthalyova, O., Matiasovsky, P., & Mikulova, K. (2014). Probabilistic modelling of 
mould growth in buildings. Journal of Building Physics, 37(4), 348-366. 
doi:10.1177/1744259113496370 

Salonvaara, M., Sedlbauer, K., Holm, A., & Pezera, M. (2010). Effect of selected weather year for 
hygrothermal analysis. Proceedings of Thermal Performance of the Exterior Envelopes of 
Whole Buildings XI Conference, Clearwater Beach, FL, USA. 

Saltelli, A., Annoni, P., Azzini, I., Campolongo, F., Ratto, M., & Tarantola, S. (2010). Variance based 
sensitivity analysis of model output. Design and Estimator for the total sensitivity index. 
Computer Physics Comunications, 181(2), 259-270. 

Sahyoun, S., Ge, H., Aggarwall, C., Defo, M., & Moore, T. (2020). Effect of selected moisture 
reference year on the durability assessment of wall assemblies under future climates. 
Proceedings of XV International Conference on Durability of Building Materials and 
Components. Barcelona, Spain, 20-23 October, 2020. 

Sahyoun, S.; Ge, H.; Lacasse, M.A.; Defo, M. (2021) Reliability of Existing Climate Indices in 
Assessing the Freeze-Thaw Damage Risk of Internally Insulated Masonry Walls. Buildings. 11, 
482. https://doi.org/10.3390/buildings11100482. 

Sahyoun, S.; Ge, H.; Lacasse, M.A.. (2024). Selection of moisture reference year for freeze-thaw 
damage assessment of historic masonry walls under future climate: A simulation-based 
approach. Building and Environment 253 ,111308. 



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 52 

 

Schumacher, C., Lepine, C., Smegal, J., & Straube, J. (2020). ASHRAE research report RP-1696: 
Thermal moisture and air transport property values for new building and insulating materials. ( 
No. 1696). Peachtree Corners, GA, USA: ASHRAE. 

Simpson, Y. (2010). Field evaluation of ventilation wetting and drying of rainscreen walls in coastal 
British Columbia. Master’s Thesis. Concordia University. Montreal, Canda. 

Souza, L.C.O., Souza, H.A., & Rodrigues, E.F. (2018). Experimental and numerical analysis of a 
naturally ventilated double-skin façade. Energy and Buildings, 165, 328-339.  

Straube, J., and Burnett, E. (1995). Vents, ventilation drying and pressure moderation. Report for 
Canada Mortgage and Housing Corporation: Ottawa, ON, Canada. 

Stovall, T.K., and Karagiozis, A. (2004). Airflow in the ventilation space behind a rain screen wall. 
Proceedings of Thermal Performance of the Exterior Envelopes of Buildings IX Conference, 
Clearwater Beach, FL, USA. 

Tariku, F., & Iffa, E. (2019). Empirical model for cavity ventilation and hygrothermal performance 
assessment of wood frame wall systems: experimental study. Building and Environment. 157, 
112-126. 

Tijskens, A., Janssen, H., & Roels, S. (2023). Probabilistic hygrothermal assessment of various 
timber frame wall compositions. Building and Environment, 243, 110619. 
doi:10.1016/j.buildenv.2023.110619 

Van Linden, S., and Bossche, N.V. (2022). Review of rainwater infiltration rates in wall assemblies. 
Building and Environment, 219, 109213. 

Vereecken, E., Van Gelder, L., Janssen, H., & Roels, S. (2015). Interior insulation for wall retrofitting 
– A probabilistic analysis of energy savings and hygrothermal risks. Energy and Buildings, 89, 
231-244. doi:10.1016/j.enbuild.2014.12.031. 

Vandemeulebroucke, I., Caluwaerts, S., & Van Den Bossche, N. (2022). Decision framework to 
select moisture reference years for hygrothermal simulations. Building and Environment, 218, 
109080. 

Wang, L., Defo, M., Gaur, A., & Lacasse, M. (2021 a). Development of moisture reference years for 
assessing long-term mould growth risk of wood-frame building envelope. Proceedings of the 
IBPC 2021, Copenhagen, Denmark, 25-27 August 2021. 

Wang, L., Defo, M., Xiao, Z., Ge, H., & Lacasse, M. (2021 b). Stochastic simulation of mould growth 
performance of wood-frame building envelopes under climate change: risk assessment and 
error estimation. Buildings, 11(8), 333. 

Wang, L., Defo, M., & Lacasse, M. (2022 a). A review of critical material properties for hygrothermal 
simulations- saturation water content and liquid diffusivity. Technical Report, Ottawa, ON: NRC. 
https://doi.org/10.4224/40003218  

Wang, L., Defo, M., & Lacasse, M. (2022 b). Stochastic simulation of building envelope performance: 
methodology and implementation. Technical Report, Ottawa, ON: NRC. 
https://doi.org/10.4224/40003115 

Wang, L., Qi, D., Ge, H., & Lacasse, M. (2023). A numerical method for estimating climate 
dependent cladding ventilation rate of wood-frame building. Building Simulation 2023, 
Shanghai, China.  

Wang, L., Ge, H. (2017). Sensitivity analysis of hygrothermal performance of cross-laminated timber 
wall assemblies. In P. Mukhopadhyaya, F. Diana (Eds.), Advances in Hygrothermal 
Performance of Building Envelopes ASTM STP1599 (pp. 132-151). 



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 53 

 

Wang, L., and Ge, H. (2018). Stochastic modelling of hygrothermal performance of highly insulated 
wood framed walls. Building and Environment. 146 (2018): 12-28.  

Xiao, Z., Lacasse, M., Defo, M., & Dragomirescu, E. (2021). Assessing the moisture load in a vinyl-
clad wall assembly through watertightness tests. Buildings, 11(3), 117.  

Xiao, Z., Defo, M., & Lacasse, M. (2023). Assessment of moisture loads in wall assemblies through 
watertightness tests- results on wind-driven rain analysis and water entry tests. Technical 
Report. Ottawa, ON: National Research Council of Canada. 

Xiao, Z., Defo, M., Wang, L., & Lacasse, M. (2024). Reliability assessment of design reference year 
for evaluating the impact of climate change on moisture performance of wood frame walls. 
Building and Environment, 251, 111208. 

Zhao, J. (2012). Development of a  novel statistical method  and procedure for 
material characterization and a probabilistic approach to 
assessing  the hygrothermal  performance of building enclosure  assemblies  (Ph.D. 
thesis).Syracuse University, Syracuse, NY. 

Zhao, J., Plagge, R., Ramos, N.M.M., Simoes, M.L., & Grunewald, J. (2015). Concept for 
development of stochastic databases for building performance simulation- a material databased 
pilot project. Building and Environment, 84, 189-203. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

DRAFT REPORT A1-XXXXXX.X   PAGE 54 

 

ANNEX A One Factor At a Time (OFAT) Analysis  
One factor at a time analysis (OFAT) is to change one parameter at a time to investigate the impact of a parameter 

on the simulation results. The OFAT analysis can be implemented to have a preliminary investigation on the 

sensitivity of the simulation results to the input parameters, without considering interaction among different 

parameters. The advantage of OFAT approach is it requires less computational efforts, and easy to implement 

using just several sets of deterministic simulations. The disadvantage is it cannot consider the interaction among 

different parameters, since it does not change multiple parameters simultaneously; and information generated 

from OFAT cannot be used for risk assessment, since it does not require a probability distribution of the input 

parameter. 

Following are the steps to implement an OFAT analysis: 

• Create a base model as described in section 5.2; 

• Determine the parameters to be investigated using OFAT; in general, the parameters for OFAT analysis are 

selected based on literature review or the design strategy of interest; 

• Determine the range of the parameters, set an upper and a lower value of each parameter; 

• Run simulation for the model with upper and lower value of each parameter; 

• Calculate the difference of simulation results between the models with upper and lower value of each 

parameter; the difference can be considered as sensitivity indicator; 

• Compare the sensitivity indicators of different parameters to identify the relatively important parameters. 

The sensitivity indicators from OFAT analysis can be calculated based on the difference between different time 

series, i.e. the time series of moisture content or mould growth index, or the difference between different 

cumulative parameters, i.e. the averaged value of moisture content or mould growth index over a period of time.  

When the comparison is focused on time series, the root mean square error (RMSE) can be used as a sensitivity 

indicator (equation A.1); when the comparison is focused on cumulative parameter, the relative difference (RD 

in percentage, equation A.2) between upper and lower results can be used as a sensitivity indicator: 

𝑅𝑀𝑆𝐸 =  √
∑ (𝑋𝑢𝑝𝑝𝑒𝑟_𝑖− 𝑋𝑙𝑜𝑤𝑒𝑟_𝑖)2𝑛

𝑖=1

𝑛
       (A.1) 

where 

Xupper_i – the simulation result with upper value of the parameter at time i; 

Xlower_i – the simulation result with lower value of the parameter at time i 

𝑅𝐷 =  
|𝑌𝑢𝑝𝑝𝑒𝑟− 𝑌𝑙𝑜𝑤𝑒𝑟|

𝑌𝑙𝑜𝑤𝑒𝑟_𝑖
 × 100%          (A.2) 

where 

Yupper_i – the cumulative simulation result with upper value of the parameter; 

Ylower_i – the cumulative simulation result with lower value of the parameter; 
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ANNEX B Quantification of Stochastic Variables 
The goal of quantifying a stochastic variable is to generate the probability distributions of those stochastic 

variables from which random numbers can be sampled based on advanced sampling techniques. The most 

commonly used probability distributions for stochastic variables found in a hygrothermal simulation are the 

uniform distribution and normal distribution. The type of probability distribution of a specific stochastic variable 

should be the one that best fits the values obtained from field or lab measurements. For example, the values of 

cladding ventilation rate (ACH) from field measurements for a one year period tend to follow a normal distribution; 

as such, the stochastic variable for ACH can be considered to follow a normal distribution. Whereas, for the rain 

deposition factor, it could be assumed to follow a uniform distribution. For a specific roof design, the variation in 

rain deposition factor is dependent on different building shapes and the local surroundings, which could equally 

occur in the building stock. To identify a uniform distribution, the maximum and minimum values of the stochastic 

variables are required; for a normal distribution, the mean value and standard deviation are required. Knowing 

these statistical figures, the random numbers can be generated from a specific probability distribution using the 

following scripts in Python: 

 

Theoretically, the normal distribution has no upper or lower limits, however, some input parameters for the 

hygrothermal simulation have to be limited to a certain range to ensure a reasonable physical meaning of the 

parameter value. Therefore, the random number generated from the normal distribution should be truncated 

within a certain range. For example, from field measurements undertaken from a building located in the coastal 

climatic conditions of Vancouver, it was shown that the cladding ventilation rate (ACH) for a brick veneer cladding 

wall having a 25-mm drainage cavity and 2 openings at the bottom and top of the wall (ventilated design) was in 

the range between 1 and 11, with a mean value of 6 (Simpson, 2010). In this instance, the random number range 

for ACH generated from the normal distribution should be limited to between 1 and 11. The standard deviation 

can be estimated based on the range of the stochastic variable and the mean value using equation B.1: 

𝑆𝑡𝑑 =  
𝑀𝑎𝑥−𝑀𝑖𝑛

6
      (B.1) 

where 

Std – standard deviation; 

Max – upper limit of the random number; 

Min – lower limit of the random number. 

The dataset with the standard deviation calculated from the equation B.1 will have approximately 99% of the 

data within the specified maximum and minimum values. The truncated random numbers from a specific 

normal distribution can be generated using the following python scripts: 
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Sometimes, one input parameter is, to a degree, correlated to another parameter. For example, the water 

absorption coefficient (A-value) of brick is correlated with the saturation water content with a correlation coefficient 

of 0.6 (Zhao et al., 2015). In this case, the generated random numbers of these two parameters should reflect 

this correlation. The random numbers from two correlated normal distributions can be generated using the 

following Python scripts: 

 

where:  

mean - an array of the mean values  

cov - the covariance matrix 

 size - the sample size 
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ANNEX C Implementation of Sampling 
The sampling should be based on the random numbers from the probability / cumulative distributions of the 

stochastic variables. There are different sampling techniques available in the literature. A detailed review of the 

application of different sampling techniques on stochastic hygrothermal simulation can be found in Wang et al. 

(2021). The Sobol sequences belong to the family of quasi-random sequences that are designed to generate 

samples from multiple parameters as uniform as possible over multi-dimensional space (Saltelli et al., 2010). 

Figure C.1 shows the comparison between random sampling and Sobol sequence based sampling in space of 

[0, 1]. It can be seen that the points sampled based on the Sobol sequence (Figure C.1a) are more evenly 

distributed in a two dimensional space than those sampled based on random sampling (Figure C.1b). For any 

specific interval, for example the interval of (0.6, 0.8) of the y-axis variable, the points generated using the Sobol 

sequence have fewer gaps and clusters than those generated using a random sampling method. Therefore, 

when the expectations and standard deviations of the stochastic results are calculated at that interval and with 

the same sample size, the results from Sobol sequence based sampling are less likely to deviate from the true 

values than those from the random sampling. 

 

Figure C.1 Sampled points from two sampling methods 

C.1 Sobol points generation 
To implement a Sobol sequence based sampling in Python, one needs to install the module “PyTorch”(2024) . 

For different installation environments, the installation command can be found in “PyTorch” (2024). The Sobol 

points that are used for sampling the stochastic variables need to be generated based on Sobol sequences, 

which belong to the family of low-discrepancy sequences. The points extracted from low-discrepancy sequences 

are capable of filling the hyperspace [0,1]s by minimizing the gaps (Wikipedia, 2021). In principle, the dimension 

of the Sobol sequences should be equal with the number of stochastic variables. However, if there are two 

correlated stochastic variables, the two correlated variables need to be sampled by only one column of the Sobol 

sequence to guarantee their correlation. The number of Sobol points can be very large, (e.g. 100,000) which 

helps guarantee the maximum sample size required for stochastic simulation. When sampling the data from the 

probability distributions based on the Sobol points, one could start with small sample size, then sample the 

stochastic variables, run the simulation, and check the standard error. If the standard error is not acceptable, 

then the Sobol points need to be added, and the sampling and simulation need to be repeated until the standard 

error reaches an acceptable level (see Figure 3). 

C.2 Sample stochastic variables based on Sobol points 
After the generation of random numbers from different probability distributions and the randomized Sobol points, 

the stochastic variables can be sampled based on the Sobol points. Since each stochastic variable has a 

cumulative distribution, the random numbers can be selected based on their percentiles in their cumulative 
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distribution, and the percentiles of the selected random numbers should be the same value as the Sobol points.. 

The sampling can be implemented through following the Python scripts: 

 

where:  

n- sample size of random numbers selected based on Sobol points 

 np_Sobol_stochastic_variable – numpy array of sampled random numbers based on the original random 

numbers and the Sobol points  

np_Random_number – numpy array of original random numbers generated from a specific probability 

distribution  

np_Sobol_point – numpy array of Sobol points  

What should be noted is that the size of the original random numbers and Sobol points should be much higher 

than the sampled random numbers. For example, the original random numbers and Sobol points could have a 

very large size (100,000), therefore, the size of sampled random numbers could range from hundreds to 

thousands, and the probability of repeated sampling could then be reduced. When a stochastic variable has 

different categories, i.e. different environmental conditions or design options, the Sobol points should be divided 

into different sub-spaces. As such, the sampling can be implemented within each sub-space. For example, if a 

stochastic variable can be categorized into three categories, then the Sobol points should be divided into three 

sub-spaces [0,1/3],[1/3,2/3] and [2/3,1]. When the value of the Sobol point is lower than 1/3, the stochastic Sobol 

variable should be sampled within the first interval. Similarly, when the value of Sobol point lies between 1/3 and 

2/3, the sampling will be implemented within [1/3, 2/3], and so on. The following Python scripts can be used to 

sample the stochastic variables having different categories: 

 

where:  

n- sample size of random numbers selected based on Sobol points  

np_Sobol_stochastic_variable – a numpy array of sampled random numbers  

np_Random_number – a numpy array of original random numbers generated from a specific probability 

distribution  

np_Sobol_point – a numpy array of Sobol points  

For discrete variables, a similar approach is applied to sample the random values. For example, for the climate 

data set is comprised of 15 climatic realizations for a specific climatological period and for a specific city as such, 

the space of Sobol points can be divided into 15 intervals. When the Sobol point falls into the first interval, then 

the R01 is selected, when the Sobol point falls into the second interval, then the R02 is selected and so on. The 
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sampled random numbers should be saved in a csv file, as the use of such a file type permits ease of reloading 

when generating the stochastic project files (dpj files) for use in DELPHIN.For discrete stochastic and continuous 

variables having different categories, the categories of each sampled random number should be recorded and 

saved to a csv file, which will make it easier for differentiating the stochastic results in different categories. What 

should be noted is that, since there are different randomized sets of sampled random numbers, there will be 

different csv files. Each csv file include one set of randomized stochastic variables sampled based on one set of 

the Sobol sequences. 




