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Abstract: A number of hygrothermal (HAM) numerical simulation packages are available, either wholly or partially dedicated to 
heat, air and moisture transfer simulations of building materials and wall assemblies. The objective of this work was to compare the 
HAM responses and moisture performance of western red cedar and composite wood claddings of a wood frame wall as predicted by 
four HAM simulation tools: DELPHIN, WUFI, hygIRC, and COMSOL. Three Canadian cities having different climates were 
selected for simulation: Ottawa (ON), Vancouver (BC) and Calgary (AB). In each city, simulations were run for two years as 
selected from a historical climate data set based on the moisture index (MI). The wall orientation receiving the most wind-driven rain 
for the two years was selected for simulations. Material properties were taken from the National Research Council (NRC) material 
property database. Cladding temperature and relative humidity (RH) values as well as the moisture accumulated in the entire 
structure were compared amongst the results obtained from the four tools. The mold growth index on the cladding surface was used 
as a basis for comparing the moisture performance. 
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1. Introduction  

Hygrothermal (HAM) simulation of wall assemblies 

is typically used to understand the effects of climate 

loads on the HAM response of wall assemblies for the 

purpose of determining the risk of degradation as may 

occur from the presence of mold, wood rot or other 

forms of degradation in or on assembly components. 

There are currently a number of numerical simulation 

packages that are available, either wholly or partially 

dedicated to heat, air and moisture transfer 

simulations in building materials and wall assemblies. 

An early comprehensive review of such tools can be 

found in the International Energy Agency’s Task 1 

Report for Annex 24 [1]. This review determined that 

up to 1996, 37 models had been developed by 

researchers in 12 countries. Whereas by 2005, the 
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Canadian Mortgage and Housing Corporation (CMHC) 

identified 45 computerized HAM simulation tools [2]. 

As reported by Delgado et al. [3, 4], this number has 

since been increased. Amongst all these models, a few 

are in the public domain or commercially available 

such as WUFI, DELPHIN, and COMSOL Multiphysics; 

these are the most commonly used HAM simulation 

platforms around the world by building practitioners, 

designers, academia and researchers. All of these 

software platforms are available to researchers of the 

National Research Council (NRC) in addition to 

hygIRC, a HAM simulation tool developed at NRC. A 

1D-commercial version of hygIRC had been released 

to the general public and has been in use for more than 

two decades but is no longer supported [5-8]. It is an 

enhanced version of the LATENITE model developed 

jointly by NRC and VTT (Technical Research Centre) 

of Finland [9, 10]. 

The four HAM simulation tools, i.e., hygIRC, 

DELPHIN, WUFI and COMSOL, are used to 
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undertake detailed numerical simulations to 

understand the moisture response of materials and 

components to their imposed boundary conditions. As 

well, all have been used in various projects within 

NRC. These tools have been validated through the 

HAMSTAD Benchmarking Exercises or against 

experimental data [11-18]. However, there are some 

fundamental differences amongst them that, 

depending on the boundary conditions, the intent of 

the simulations or the problem that needs to be solved, 

may lead to different results. 

The first difference amongst these tools resides on 

how the physics of heat, air or moisture transfer in 

porous building materials are implemented in the 

respective models. In fact, hygIRC, WUFI and 

DELPHIN all use the gradient in moisture content, the 

gradient in relative humidity (RH) and the gradient in 

capillary pressure, respectively, as the driving force 

for liquid water movement in porous materials. In the 

COMSOL module for heat and moisture transfer in 

building materials, the RH gradient provides the 

potential for moisture transfer but COMSOL also 

permits the implementation of transfer phenomena to 

be defined by any type of mathematical equation thus 

adding to its enhanced functionality as a simulation 

tool. The other differences reside in the number and 

the manner in which the material properties are 

implemented, as well as the boundary conditions 

(climate loads). Whereas WUFI, hygIRC and 

DELPHIN use the Control Volume Method (CVM) 

for deriving numerical solutions of the mathematical 

model, COMSOL uses the Finite Element Method 

(FEM). Using CVM implies estimating material 

properties or derivatives of the dependent variables at 

the cell interfaces that require some assumptions on 

their distribution between two consecutive nodes. In 

the HAMSTAD Benchmarking Exercises [1], the 

various HAM models showed reasonable consensus 

solutions. However, as pointed out by the authors, it 

should be noted that the simulations account for very 

complicated non-linear processes and the algorithms 

for solving numerical equations, numerical accuracy, 

together with varying sets of potentials can produce 

different results. Given all these considerations, there 

is a need for a systematic evaluation of the use of each 

of these simulation packages for various climatic 

conditions and different types of wall assemblies so 

that recommendations can be made on which software 

can be used in specific contexts, giving their inherent 

capabilities and limitations. 

A similar comparative study was conducted within 

NRC by Nofal et al. [19]. In that study DIM3.1 (older 

version of DELPHIN), WUFI 2.2E, and MOIST 3.0, 

were evaluated against hygIRC, to predict the 

long-term behavior of a wood-frame wall with stucco 

cladding. It was found that the four models provided 

similar information on the thermal responses 

throughout the simulation period, but somewhat 

different information on the changes in moisture 

distribution. The results of their study were limited, 

and it was recommended that further studies be 

completed before useful conclusions could be drawn. 

Moreover, the results obtained using DIM3.1 and 

WUFI 2.2 can not be currently exploited since they 

have significantly evolved over more recent years. 

The versions used in this study are: version 5.3 for 

WUFI and version 5.9.4 for DELPHIN in which, for 

the latter package, many features have been 

implemented since the time when DIM3.1 had 

previously been evaluated. In 2005, Canadian 

Mortgage and Housing Corporation (CMHC) 

undertook a research project to review and assess 

commercially available computerized HAM modeling 

tools that could be used to model heat, air and 

moisture conditions in 5 pre-selected wall assembly 

types for a number of given insulation retrofit 

possibilities [2]. The models were evaluated based on 

their commercial availability, ability to model the wall 

types of concern, the degree to which their algorithms 

were transparent and documented, user-friendliness, 

technical support, and material property data. Of the 

45 models identified, only two models, MATCH and 
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WUFI, were deemed to be applicable for the analysis 

of wall assemblies and insulation retrofits of interest. 

Here too, the conclusions can not be directly exploited. 

In a recent study completed by Delgado et al. [4], 

numerical results of accumulated degrees of 

condensation obtained with WUFI were 

approximately two times greater than the results 

obtained with hygIRC. 

Unlike other hygrothermal simulation tools, the 

COMSOL Multiphysics® package [20] is an 

integrated platform with modules specific to each field 

of engineering. Its Computational Fluid Dynamics 

(CFD) capability can permit modeling air flow in 

drainage cavities, airspaces, cracks, and other features, 

as well as building aerodynamics. Moreover, it allows 

the users to implement within the generic 

mathematical module partial differential equations of 

their own choice and as may be required to solve a 

specific problem. This software package has been 

benchmarked against hygIRC through drying 

experiments completed by Saber et al. [21]. The study 

showed that the results obtained with the COMSOL 

model, hygIRC and the experimental measurements 

were reasonably good given the concurrence of the 

shapes of drying and drying rate curves obtained for 

the experiment and simulation. COMSOL has also 

been used for numerical simulations in various NRC 

research projects [22-24].  

Although many studies have been devoted to the 

comparison of HAM simulation tools, few studies 

have extended the analysis to moisture performance 

evaluation. In this study, hygIRC, DELPHIN, WUFI 

and COMSOL were used to simulate heat and 

moisture transfer in two wall systems under three 

different climate conditions over a period of two years. 

The objectives of this study were to: (1) compare the 

HAM responses obtained from the four HAM 

simulation tools, and (2) assess the degree to which 

the differences in HAM response might lead to 

different conclusions to the risk of premature 

degradation of wall components. 

2. Methods 

Two wood-frame wall assemblies typical of 

Canadian residential building practice were selected 

for this comparative study. The two walls differ only 

by their cladding types (a solid wood cladding made 

of western red cedar and wood-plastic composite 

wood cladding). The cladding was assumed untreated 

and uncoated. Three Canadian cities characterized by 

their much-contrasted climates were chosen (Calgary, 

Vancouver, and Calgary) for building locations. 

Simulations were run over a period of two years using 

the four HAM simulation tools: hygIRC (version 1.1), 

DELPHIN (version 5.9.5), WUFI (WUFI-Pro version 

5.3) and COMSOL (version 5.3a). Only a 

one-dimensional configuration of the wall was 

simulated. Comparisons were made using RH and 

temperature of the outer surface of the cladding, the 

total moisture content stored in the entire structure, 

and the risk of mold development on the cladding 

surface. It was assumed that the wall was perfectly air 

tight and that there was no water intrusion in the wall. 

The following sections provide details and 

considerations of the various parameters needed for 

simulations and the evaluation of the risk of premature 

degradation. 

2.1 Climate Data 

Three Canadian cities were selected for this study: 

Ottawa (ON), Vancouver (BC), and Calgary (AB). 

Their characteristics are provided in Table 1. 
 

Table 1  Climate and location characteristics of the three cities selected for HAM simulations. 

City Latitude (°) Longitude (°) HDDa MIb TZOc Annual rainfall (mm) Elevation (m)

Ottawa 45 -75 4,500 0.84 -5 750 125 

Vancouver (Burnaby) 49 -123 3,100 1.93 -8 1,850 330 

Calgary 51 -114 5,000 0.37 -7 325 1,045 

a Heating degree-days; b moisture index; c time zone. 
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For undertaking HAM simulations, two 

representative years were selected from the historical 

climate data (1986-2016) of each city, based on the 

moisture index (MI). The first and second years were, 

respectively, the year with the median and that with 

the highest MI values of the 31 year data set. A 

detailed description of the procedure used to generate 

hourly time-series of required climate variables can be 

found in Ref. [25]. Missing values were filled-in using 

bias-corrected data from the Climate Forecast System 

Reanalysis (CFSR) [26]. To perform bias-corrections, 

multiplicative or additive (depending on the climate 

variable being corrected) correction factors (CFs) 

were calculated for each month and hour by 

comparing the CFSR data with observational data, and 

thereafter the CFs were applied to correct CFSR data. 

In respect to CFSR data for rainfall and snow-cover, 

biases in the number of wet or dry days were also 

corrected. The corrected CFSR data were then used to 

fill-in missing values in the observational database. 

The direct and diffuse radiation values were derived 

from values for global radiation using the Orgill and 

Hollands method [27]. The differences in some of the 

climate variables amongst the three cities during the 

time period 1986-2016 are presented in Fig. 1. It can 

be noted that the average temperature, average wind 

speed and annual rainfall are quite different amongst 

these three cities. Fig. 2 shows the comparison of the 

hourly rain data for the two years selected for 

simulations in the three cities. Vancouver is 

characterized by more rain events of lower intensity 

spread over the entire year whereas in Ottawa and 

Calgary, rain events are of greater intensity, being, for 

Ottawa, concentrated between April and November 

and, for Calgary, between June and September. 

2.2 Wall Assemblies and Orientation 

The two wall assemblies to be evaluated were wood 

frame wall assemblies typical of Canadian residential 

building practice, and that differed only in their 

cladding type: composite wood (10.5 mm) and 

western red cedar (25.4 mm). No drainage cavity was 

assumed. The general configuration inboard of the 

cladding consisted of: 

 Sheathing membrane (30-Minute paper, asphalt 

saturated conforming to CAN/CGSB 51.34-M, 0.24 

mm); 

 Exterior grade wood-based sheathing panel (OSB, 

11 mm); 

 Wood frame: SPF wood studs (38 × 140 mm); 

 Insulation within vertical stud cavities (glass 

fibre batt insulation, 140 mm); 

 Vapor barrier: polyethylene sheet (0.15 mm); 

 Interior grade gypsum panel with latex primer 

and 1 coat of latex paint (12.7 mm). 

Only the vertical section of the wall passing 

through the stud cavity was analyzed in a 

one-dimensional configuration, excluding the studs.  

Using the air-field wind-driven rain rose, the wall 

orientation receiving the most wind-driven rain for the 

two years of simulations was selected for simulation. 

For the cities of Ottawa, Vancouver and Calgary,  

this was 67.5°, 112.5° and 0° from North, 

respectively.  

2.3 Material Properties 

All four HAM simulation platforms require 

material properties of: dry density, dry specific heat 

capacity, moisture storage, thermal conductivity, 

moisture diffusivity and, vapor permeability or vapor 

diffusion resistance factor. Other properties and 

requirements of each kind of software include: 

hygIRC: suction pressure curve; vapor permeability 

should be expressed as a function of RH; material 

properties should be defined as a function of moisture 

content u (kg·kg-1); each material property data set 

should be provided in a table comprising 50 entries. 

Linear interpolation is used for all tabular data. 

WUFI: material porosity; thermal conductivity as a 

function of temperature, if any; liquid water diffusivity 

for  suction  and  redistribution; vapor  diffusion 

resistance factor as function of RH; material properties 
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Fig. 1  Comparison of average annual temperature, relative humidity and wind speed, and annual sum of rainfalls during the time 
period 1986-2016 in Calgary, Ottawa and Vancouver. The boxplot shows the minimum (Q1 - 1.5* IQR), the 25th percentile (Q1), 
the median, the 75th percentile (Q3), the maximum (Q3 + 1.5* IQR), and the outliers (circles), where IQR is the interquartile range. 
 

 
Fig. 2  Comparison of the hourly rain distribution for the two 
years selected for simulation in Ottawa, Vancouver and 
Toronto. The first and second years in each case are the year 
with the median and maximum moisture index, respectively. 
 

should be defined as a function of moisture content W 

(kg·m-3); moisture storage, liquid diffusivity, thermal 

conductivity and vapor resistance factor should be 

provided in a lookup table. Linear interpolation is 

used for moisture storage and thermal conductivity 

whereas logarithmic interpolation is used for moisture 

diffusion and vapor diffusion resistance factor. 

DELPHIN: porosity (capillary, effective, and at  

80% RH); vapor permeability or vapor diffusion 

resistance; moisture diffusivity or water conductivity; 

material properties should be defined as a function of 

the volumetric moisture content θ (m3·m-3); if variable, 

the material property should be provided in tabular 

form. Linear interpolation is used. 

COMSOL (as for DELPHIN): user can provide the 

vapor permeability or the vapor diffusion resistance 

factor. Data can be provided in tabular form with a 

specification on the interpolation method to use or as 

an analytical function. 

To minimize discrepancies in simulation results 

from the four HAM simulation tools, all required 

material properties were obtained from the NRC 

material property database [28]. A software program 

was developed to perform the necessary conversions 

and to generate material properties in a format 

required for each simulation software. In particular, 

the water vapor resistance factor was computed as the 

ratio between the vapor permeability of the air (1.87 × 

10-10 s) and the vapor permeability of the material. To 

conform to the requirements of other tools, liquid 

transport coefficients for suction and redistribution 

provided to WUFI were the same. A comparison of 

the moisture storage capacity, moisture diffusivity, 

vapor permeability, and thermal conductivity of the  
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Fig. 3  Comparison of material properties of the composite wood and western red cedar. 
 

two cladding materials used in the wall assemblies is 

provided in Fig. 3. The primary difference between 

the two cladding types is their vapor permeability. 

The value of the vapor permeability of the composite 

wood is significantly greater than that of western red 

cedar; these products differ also in their density, 740 

and 350 kg/m3 for composite wood and red cedar, 

respectively. Their specific heat capacities are the 

same (1,880 J/kg·K). 

2.4 Boundary Conditions 

2.4.1 Indoor Boundary Conditions 

Indoor ambient temperature and RH were generated 

in each city according to the approach given in 

ASHRAE Standard 160 [29]. Hourly values of indoor 

temperature were calculated using the 24-h running 

average of outdoor temperature and with selections of 

“Heating” and “No air conditioning”. Indoor hourly 

values of RH were derived based on the ASHRAE 

160’s Simplified Method.  

The indoor surface heat and water vapor transfer 

coefficients were set to 8 W/m2·K and 5.9 × 10-8 s/m, 

respectively.  

2.4.2 Outdoor Boundary Conditions 

Hourly data of climate loads (temperature, RH, 

wind velocity, wind-driven rain, shortwave and 

longwave radiations) on the exterior surface of the 

cladding were prepared according to the specifications 

of each tool. Unlike WUFI and DELPHIN, for which 

radiation data incident on the wall can be calculated 

manually and provided in the climate file, hygIRC 

requires its climate file to provide horizontal global 

and diffuse shortwave radiation. The normal 

components of the shortwave and longwave radiation 

are thereafter computed internally. To ensure that the 

four tools used the same boundary conditions, the 

atmospheric counter-radiation, and shortwave 

radiation (direct and diffuse) incident on the wall were 

computed using formulas implemented in hygIRC and 

provided directly to the other tools. Reflected 

components of the shortwave and longwave radiation 

were neglected. The quantity of wind-driven rain was 

also calculated using the formula implemented in 

hygIRC. The formula was developed [30]:  = × × cos( ) × ( ) × (1)

WDR is the wind-driven rain (L/m2·h); rh is the 
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average rainfall rate on a horizontal plane (mm/h); V(z) 

is the wind velocity at the height of interest z (m/s); ϑ 

is the angle between the normal to the wall and wind 

direction; DRF is driving rain factor; and RDF is the 

rain deposition factor. The height of interest was set to 

1.8 m for a 1-storey house and the rain deposition 

factor was set to 0.4. The formula used to correct the 

wind velocity was V(z) = V10 × (z/10)0.22 where V10 is 

the reference wind velocity at 10 m. 

In DELPHIN, the amount of WDR arriving on the 

surface and actually absorbed is computed using Eq. 

(2):  = 	min	( , − + ( ) ) (2)

WDRa is the amount of WDR absorbed (kg/m2s); K 

is the water conductivity (s); Weff is the effective water 

content (kg/m3) of the material; W is the actual 

moisture content of the outer element, pl is the current 

capillary pressure (Pa); and xe is the thickness of the 

element in the flow direction (m). 

In WUFI, a rain event greater than 0.1 mm/h and 

having a temperature above freezing is offered to the 

component for capillary absorption. The amount of 

rain absorbed depends on the capillary properties of 

the surface material and the state of saturation of the 

material. If the amount of rain absorbed during a time 

step is less than the WDR load, the properties of the 

surface material in fact limit the water uptake by the 

material. It is supposed that the quantity of water 

uptake may be described by Eq. (3) as found in Ref. 

[31]. The unabsorbed water is assumed to be run off. 

If the amount of water absorbed is greater than the 

WDR load, the available rain thus limits the amount 

of water uptake. In this case, the time step is repeated, 

with an imaginary capillary resistance at the surface, 

until the amount of water absorbed matches that 

available. = 		 √ 	 (3)

Wabs is the water uptake potential (kg/m2·s); A is the 

water absorption coefficient (kg/m2·s0.5) and; t is the 

time (s). If A is not provided as was the case, using  

Eq. (3) implies that A is estimated from the moisture 

transport function. 

In hygIRC, the amount of rain absorbed is 

calculated by assuming that the moisture fluxes 

between the air and the surface element are in 

equilibrium, an approach similar to that implemented 

in WUFI (Eq. (4)). , + = 	 , + ,  (2)

gv,out is the water vapor transfer from air to the 

surface or from the surface to the air (= ( − )), 
where βv is the vapor transfer coefficient (kg/m2·s·Pa), 

pv is the partial vapor pressure of air (Pa) and ps is the 

partial vapor pressure in the surface element (Pa); gv,in 

is the vapor flux in the element (= − ∇ ) where  

is the vapor permeability (s) and ∇  is the gradient of 

vapor pressure (Pa/m); and gl,in is the liquid water flux 

in the element (− ∇ ) where ρo is the dry density 

(kg/m3), Dl is the liquid transport coefficient (m2/s), 

and ∇  is the gradient in moisture content (kg/kg·m).  

In WUFI, DELPHIN and hygIRC, water absorbed 

during a rain event is the minimum quantity derived 

for wind-driven rain and capillary absorption; i.e., the 

excess is considered as runoff, whereas for COMSOL, 

in contrast to the approach used in other tools, a 

simple method was used: the amount of WDR 

absorbed at the surface of the cladding was equal to 

the WDR when the RH was less than the critical value 

of 0.99999, otherwise it was equal to zero. The 

threshold value of 0.99999 was used to limit 

convergence issues when using a value of 1. This 

approach, also used in HAM-BC to handle the   

WDR in COMSOL [32], can lead to unexpected 

values of RH exceeding 1 during some time steps. 

However, inspection of RH profiles did not show this 

issue to arise for any of the cases considered in this 

study.  

The surface absorption of shortwave radiation was 

set to 0.5. The longwave emissivity of the cladding 

and ground surface was set to 0.9. The ground surface 

temperature was assumed equal to the outdoor air 

temperature. Convective heat (α, W/m2·K) and water 
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vapor (β, s/m) transfer coefficients at the exterior 

surface were calculated using Eqs. (5) and (6): α = 	5.82 + 3.96	 	 (5)= 	 × 7 × 10  (6)

V is the wind velocity (m/s), corrected for the 

height of 1.8 m. 

2.5 Initial Conditions 

The initial conditions in terms of temperature and 

RH were arbitrarily set to 21 °C and 60%, respectively, 

in all layers. 

2.6 Numerical Simulation 

2.6.1 Meshing 

There are some differences in grid generation for 

the different versions of the software tools. In hygIRC 

v1.1 no more than 100 spatial grids are allowed. The 

user has the ability to set the number of nodes for each 

layer and the expansion factor. On the other hand, 

WUFI-Pro v5.3 does not permit manual editing of the 

number of grids in each layer. Instead, the user has the 

option to either select a coarse, medium or fine mesh 

or to define the total number of grids for the entire 

structure; WUFI then automatically defines the 

number of grids for each layer and their sizes. In 

DELPHIN, the user can define the minimum element 

size and the expansion factor for each layer. For 

COMSOL, the user can set the total number of 

elements for each layer as well as the expansion factor. 

To reproduce to the degree possible the same gridding 

in each tool, WUFI was first initiated by entering the 

total number of elements of 100 (maximum accepted 

in hygIRC 1D); thereafter the number of elements, the 

minimum and maximum element size, and the 

expansion factor were recorded. For hygIRC and 

COMSOL, in each layer, the maximum number of 

elements and the expansion factor were set to that 

provided by WUFI for that layer. In DELPHIN, the 

minimum element size was set and the expansion 

factor was adjusted to obtain the total number of 

elements as provided by WUFI. 

2.6.2 Time Discretization 

WUFI, DELPHIN, and hygIRC use an implicit 

scheme for time discretization whereas for COMSOL, 

the user has the option of selecting the specific time 

discretization method to use. The default implicit 

Backward Differentiation Formula (BDF) in the Heat 

and Moisture Transfer in building materials’ module 

was kept unchanged. The time step used was one hour, 

corresponding to the time step of the climate data. 

However, it should be noted that the COMSOL, 

DELPHIN and hygIRC solvers all use internally 

adapted time steps. That option is also available in 

WUFI and it was selected. 

2.6.3 Solver parameters 

The default solver parameters as suggested by each 

of the tools were used. In WUFI, options to increase 

accuracy and adapt convergence were selected. In 

DELPHIN, the initial time step was set to 0.01 s, the 

max method order to 5, the relative tolerance to 10-5 

and the absolute tolerance for moisture balance 

equation to 10-6. In COMSOL, the relative tolerance 

of 10-4 was kept but the max number of iterations was 

increased to 10. It is worth mentioning that in using 

COMSOL and when the solution does not converge in 

a given time step and as well, the maximum number 

of iterations is reached, the solver stops whereas for 

WUFI, DELPHIN and hygIRC, the solver moves to 

the next time step. 

2.7 Performance Evaluation 

Several performance attributes, criteria and 

evaluation process can be used in the HAM simulation 

tool to permit interpretation of the results obtained 

from HAM analysis [33]. For wood and wood-based 

building elements, one such performance attribute is 

the resistance to mold growth. In fact, under favorable 

conditions of temperature and RH, mold fungi can 

disfigure outdoor exposed coated and uncoated wood 

and are often regarded as problematic in respect to the 

aesthetic condition of wooden facades [34]. Solar 

radiation, longwave exchanges and absorption of 
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wind-driven rain directly affect the profiles of 

moisture and temperature on the cladding surface. 

Since the manner by which each HAM tool handles 

solar radiation and wind-driven rain can lead to 

different profiles of RH and temperature on cladding 

surface, this was selected as the critical location from 

which to compare the mold development as predicted 

by each HAM tool. 

The development of mold models for assessing wood 

component durability has been on-going for a number 

of decades. In particular, the works of Viitanen [35] 

have led to the development of empirical models for 

mold growth that are widely used in HAM simulation 

tools for assessing the durability of wood-based 

building materials [36, 37]. This mold growth model 

is recommended in ASHRAE Standard 160 [29] for 

the evaluation of moisture performance. ASHRAE 

Standard 160 requires a mold growth index below 3.0 

to avoid visible mold growth. The mold growth index 

was therefore calculated using the Viitanen model 

based on the surface temperature and RH obtained 

from each tool. 

3. Results and Discussion 

3.1 Impact of HAM Tools on HAM Responses 

Temperature profiles of the two cladding surfaces 

in Ottawa, Vancouver and Calgary are shown in Fig. 4. 

Hourly values were weekly averaged to improve 

clarity. They are all in good agreement, with an 

average maximum difference of less than 2 °C at 

some peaks. Similar surface temperature profiles as 

predicted by WUFI and hygIRC were also reported in 

Ref. [4] for a wall with external thermal insulation 

systems. The governing equations for heat transfer are 

the same in all four tools. As such, when the radiation 

calculations and boundary conditions are similar, the 

predicted results for temperature should be the same    

 
Fig. 4  Profiles of temperature of the cladding surface obtained with hygIRC (H), DELPHIN (D), WUFI (W), and COMSOL (W) 
under the climate conditions of Ottawa, Vancouver and Calgary. Original hourly data were weekly averaged to improve clarity.  
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Fig. 5  Profiles of relative humidity on the cladding surface obtained with hygIRC (H), DELPHIN (D), WUFI (W), and COMSOL 
(W) under the climate conditions of Ottawa, Vancouver and Calgary. Original hourly data were weekly averaged to improve 
clarity. 
 

as observed. The small differences are probably due to 

the coupling with the moisture transfer equation for 

which different flow potentials are used. 

The surface RH profiles of the composite wood and 

red cedar as predicted by the four tools under the 

climate conditions of Ottawa, Vancouver and Calgary 

are given in Fig. 5. Hourly values were weekly 

averaged to improve clarity. The RH profiles of the 

cladding surface predicted by the four tools show the 

same general trend of wetting and drying in similar 

climate conditions, but their patterns differ with the 

cladding type.  

For composite wood cladding, all the four models 

seem to provide similar results for each of the three 

cities considered, even if there are some localized 

discrepancies. It should however be noted that WUFI 

tends to predict higher values of RH as compared to 

that obtained using DELPHIN, COMSOL or hygIRC.  

For Ottawa and Vancouver and for red cedar cladding, 

hygIRC predicts RH profiles about 5 to 15% higher 

than that predicted by other tools. The greatest 

differences are found in the case of Ottawa between 

weeks 40 and 60 and where after a wetting period, 

several weeks were required for the RH calculated by 

hygIRC to decrease. Even in Calgary, hygIRC seems 

to behave differently than other tools. Similar to 

composite wood cladding and to the exception of 

hygIRC, the predicted RH for red cedar is also generally 

greater for WUFI than for DELPHIN and COMSOL. 

It is difficult to find an explanation for the different 

behaviour of hygIRC for the red cedar cladding in 

comparison to that obtained with the three other 

models. The two claddings differ mainly in respect to 

their density and vapor permeability and to some 

extent the moisture transport coefficient at higher 

moisture contents. Since the solar radiation and rain 
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loads as well as surface transfer coefficients were the 

same for all the four tools, the lack of convergence, 

processing of material properties and some 

implementation details, such as the calculation of 

interface parameters, may explain the discrepancies 

observed between hygIRC and the other tools. To 

verify if the discrepancies between hygIRC and the 

other models for red cedar cladding were perhaps 

related to the processing of material properties, a 

simulation was run with the same input parameters 

with the exception that the vapor permeability and the 

moisture transport coefficient were set constant.  

The result for Ottawa (Fig. 6) shows that by using 

constant values for moisture transport coefficient and 

vapor permeability, the difference in RH profiles 

between hygIRC and the other tools is greatly 

minimized. Work is ongoing to determine the precise 

issue affecting hygIRC. 

Fig. 7 shows the total moisture content per square 

meter of wall accumulated in the structure as 

predicted by the four simulation tools in Ottawa, 

Vancouver and Calgary. The original hourly values 

were daily averaged. The general trend is the same for 
 

  
Fig. 6  Profiles of relative humidity on the western red cedar 
cladding surface obtained with hygIRC (H), DELPHIN (D), 
WUFI (W), and COMSOL (W) under the climate conditions of 
Ottawa. Original hourly data were weekly averaged to 
improve clarity. 

 

 
Fig. 7  Profiles of integral moisture content per square meter of wall obtained with hygIRC (H), DELPHIN (D), WUFI (W), 
and COMSOL (W) under the climate conditions of Ottawa, Vancouver and Calgary. Original hourly data were daily 
averaged to improve clarity. 
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Fig. 8  Difference between integral moisture content per square meter of wall obtained with and without wind-driving rain, for 
hygIRC (H), DELPHIN (D), WUFI (W), and COMSOL (W) under the climate conditions of Ottawa, Vancouver and Calgary. 
 

the four tools but WUFI predicts the highest moisture 

contents for all cases with high fluctuations, in 

comparison with that obtained using the other tools. 

DELPHIN, hygIRC and COMSOL show similar 

profiles for both claddings in the three cities. A set of 

simulations were run without the WDR to investigate 

whether the differences in integral moisture content 

between WUFI and the other tools may be due to the 

rain absorption. 

Fig. 8 shows the difference in moisture content 

obtained with and without WDR. It is evident that 

WUFI is more sensitive to the WDR load as opposed 

to DELPHIN which is less sensitive to WDR. The 

same formula was used to compute WDR and these 

results were applied in each tool, for example as the 

rain normal (RN) in the WUFI climate file (.wac) and 

as the imposed rain flux in DELPHIN. The adhering 

fraction of rain was set to 1 in WUFI and the rain 

exposure coefficient set to 1 in DELPHIN. Therefore, 

the differences observed between WUFI and 

DELPHIN may simply be due to the equations used to 

calculate the absorbed fraction of rain. 

3.2 Impact of HAM Tools on Mold Risk Assessment 

Fig. 9 shows the predicted risk to mold growth on 

the surface of the two claddings for locations of 

Ottawa, Vancouver and Calgary. For composite wood 

in all three cities and for red cedar in the dry 

conditions of Calgary, the risk is almost not present. 

For western red cedar in Ottawa and Vancouver, even 

if the risk of mold growth predicted by the four 

models is below the threshold of 3 (no visible growth), 

different results are given. A lower risk is predicted 

using hygIRC whereas WUFI predicts higher risk, 

especially under Vancouver conditions where the 

mold index predicted by WUFI is continuously 
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Fig. 9  VTT Mold index obtained with hygIRC (H), DELPHIN (D), WUFI (W), and COMSOL (W) for composite wood and red 
cedar under the climate conditions of Ottawa, Vancouver and Calgary. 
 

increasing. The difference amongst models reflects the 

difference in RH (Fig. 5) and is probably due to the 

difference amongst the tools on the calculation of the 

fraction of absorbed rain on the cladding surface. 

From Fig. 5, one would have expected hygIRC to 

predict a higher risk because of the higher RH but the 

temperature and duration of time under favorable 

conditions are other factors to consider as well as that 

of the RH being above 80% for the growth of mold 

[35].  

4. Conclusions 

The objective of this work was to compare the 

HAM responses and the moisture performance of 

western red cedar and composite wood claddings of 

wood frame walls subjected to climate conditions 

prevailing in the Canadian cities of Ottawa, 

Vancouver and Calgary predicted using DELPHIN, 

WUFI, hygIRC and COMSOL software. For each city, 

simulations were run for two years selected from a 

series of 31 years historical climate data (1986-2016). 

The first and second year had the median and the 

highest value of MI, respectively. The wall orientation 

receiving the most wind-driven rain for the two years 

was selected for simulations. Solar radiation and 

wind-driven rain incident on the wall were computed 

using the same formula. Material properties were 

taken from the NRC material property database. 

Cladding temperature and RH as well as the moisture 

accumulated in the entire wood frame structure were 

compared amongst the four simulation tools. The 

mold growth index on the cladding surface was used 

to compare the moisture performance predicted by the 

respective HAM simulation tools. 
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Temperature profiles on the cladding surfaces were 

all in good agreement for the four tools in the three 

cities considered, with an average maximum 

difference of less than 2 °C at some peaks. For 

composite wood cladding, all the four models gave 

similar trends for each of the three cities considered, 

even if considering certain localized discrepancies. 

However, WUFI tends to predict higher RH than 

DELPHIN, COMSOL and hygIRC. For the red cedar 

cladding located in Ottawa and Vancouver, hygIRC 

predicted RH profiles about 5 to 15% higher than that 

predicted by the other simulation tools. Simulation 

results obtained with constant wood properties suggest 

that material property processing, amongst other 

factors, contributed to these discrepancies. Results for 

the total accumulated moisture in the wood frame 

structure show that WUFI tends to accumulate more 

moisture in the structure than other tools; this is likely 

related to how WUFI computes the quantity of 

wind-driven rain absorbed at the cladding surface. The 

mold growth index predicted by the four simulation 

tools was below the threshold of 3 (no visible mold 

growth) over the two-year period but in general, 

WUFI predicts higher mold risk than other tools. 

Despite the discrepancies amongst the four tools 

found in some cases, they all yield consistent results 

and could be used for comparing the impacts of 

different designs on the risk to premature deterioration, 

as well as for evaluating the relative effects of climate 

change on a given wall assembly design. 
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