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Verification and Validation: Establishing 
Confidence in Hygrothermal Tools 
 

Steve Cornick1*, Wahid Maref1, and Fitsum Tariku2 

ABSTRACT  

The hygrothermal performance of building envelope systems is dictated by their responses to combined 
heat, air and moisture fluctuations produced by exterior and interior conditions. Research has focused on 
both laboratory experimentation and modeling of envelope systems by computer programs (hygrothermal 
tools). Experimental studies played a crucial role in the development of hygrothermal tools, and continue to 
offer useful information for their improvement. To be used with confidence, however, hygrothermal tools  
must be verified and, if possible, validated. To date, no comprehensive schemes for benchmarking 
hygrothermal tools exist as, for example, exist for energy simulation tools. Three comparisons are typically 
used to show the practical merits of simulation tools: inter-model, analytical, and empirical. This paper 
demonstrates how confidence in a 1-dimensional hygrothermal simulation tool can be built by such 
comparisons, and proposes them as the basis for a verification and validation methodology. 
 

INTRODUCTION 

Although modeling heat air and moisture through envelopes has been developed to the point where 
commercially available tools are available to practitioners other state-of-the-art hygrothermal modeling 
(HAM) tools have not reached the state of maturity that other simulation tools, such as those for energy, 
have reached. Even though the governing equations are well understood (Hagentoft et al. 2003; Tariku 
2007), there are several reasons for this for lack of development. First is the expanding nature of the 
problem. Whereas practitioners can use modeling tools with some degree of confidence to investigate the 
hygrothermal behaviour of one or two-dimensional model walls in isolation; the current trend in model 
development is towards a holistic approach that couples the response of the wall with the behaviour of the 
space it encloses (Tariku 2008; Woloszyn and Rode 2008a; Holm and Lengsfield 2007; Salonvaara et al. 
2003; Salonvaara and Karagiozis 1999; Rode and Woloszyn 2007). Considerable work remains to 
adequately couple ventilation, energy, and hygrothermal simulation models. Although there are now 
commercially available tools the guidance for using them is limited. Standards such as 160-2009 
(ASHRAE 2009) offer guidance to the practitioner when considering moisture in the envelope design 
process. However, these standards are under development and several issues are still being resolved, for 
example the selection of proper interior and exterior boundary conditions (Cornick et al. 2003; Cornick and 
Kumaran 2008; Cornick and Dalgliesh 2008; ASHRAE 1325-RP). More fundamentally, the determination 
of appropriate moisture transfer coefficients is of importance, especially given the trend towards holistic 
modeling (Neale et al. 2007a, 2007b). Finally the selection of materials and the determination of material 
properties is an area of continuing research (Mukhopadhyaya et al. 2007; Holm and Hartwig 2002; 
Karagiozis and Salonvaara 1995). 

When using simulation tools to investigate the performance of the building envelope, a good 
understanding of the capabilities and limitations of the tool being used is also crucial. Beyond the balance 
equations, there are other aspects and assumptions that, if a user is aware of and understands them, can be 
used of to produce better results. Confidence in the tool is key. Confidence is gained through a process 
sometimes called „benchmarking‟, though verification and validation are more correct terms. For energy 
simulation tools, there are well-established procedures for establishing confidence in simulation tools 
(ASHRAE 2004), but this is not the case for hygrothermal simulation tools. One project, HAMSTAD 
(Hagentoft et al. 2003), involved round-robin testing of different hygrothermal tools from around the world. 
                                                             
1 Research Officer, Institute for Research in Construction, National Research Council Canada 
* Corresponding author 
2 Director of Building Science Centre of Excellence, School of Construction and Environment, British 

Columbia Institute of Technology 
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A series of exercises was developed to establish confidence in newly developed one-dimensional programs, 
by testing them against analytical problems or by inter-program comparisons of more complex problems. 
Recently a series of common exercises designed to test whole building models has been published as part 
of the completion of IEA Annex 41 (Woloszyn, M. and C. Rode 2008b.)  

The work presented here draws heavily on work reported elsewhere; specifically the benchmarking of 
a 1- and 2-dimensional hygrothermal tool (Maref et al 2004b, Cornick 2006, Tariku and Kumaran 2006).  
Most of the previous work was done using an in-house research 2-D hygrothermal simulation tool. That 
work was repeated, this time, however, using a publicly available 1-D hygrothermal tool (Maref et al. 
2004a; Cornick 2006) with modification of any sort; “out of the box” as it were. The objective of this paper 
is to explicate the process of verification and validation in order to demonstrate the development of a 
methodology that could serve as a basis for a standard similar to ASHRAE 140 Standard Method of Test 
for the Evaluation of Building Energy Analysis Computer Programs (Judkoff and Neymark, 2006). 

VERIFICATION 

Verifying modeling tools consists of ensuring that the physics incorporated in the tool has been 
implemented correctly. According to ASHRAE 140, the process of verification applied to software means 
essentially testing the software to ensure that the physical model embodied in the underlying numerical 
simulation has been implemented correctly. Two methods to accomplish this verification are: (1) modeling 
a situation that has an analytical solution, and (2) modeling a situation that tests the physics incorporated in 
the modeling tool but has no analytic solution. In the latter case, the solution is compared with those of 
other programs and, if the solution falls within specified confidence limits, the tool is considered to have 
passed the test. Two examples of the verification processes (1) and (2), as applied to hygrothermal 
simulations follow. 

An Analytical Exercise 

Problems that admit analytical solutions are few. Most of these problems are fairly simple involving a 
few materials and basic boundary conditions. One such exercise consists of modeling the moisture 
redistribution in a single layer of material (in this case a lightweight concrete slab under isothermal 
conditions). Complete details for this HAMSTAD exercise are given in Hagentoft et al. (2003) and 
summarized in Figure 1. The thickness of the layer was 200mm (7.87in.). The layer was initially in 
equilibrium with the ambient air, which has a constant relative humidity. The initial temperature was 20°C 
(68°F) and the initial relative humidity was 95%. Moisture transfer was caused by a sudden change in the 
relative humidity at the boundary conditions. The steady state exterior and interior boundary conditions 
were 20°C (68°F) and the relative humidities were 45% and 65% for the exterior and interior sides 
respectively. The structure was perfectly airtight. The case can be solved analytically. The period specified 
was 1000 hours. 

 
Figure 1 – Summary of construction, initial and boundary conditions for the analytical 

exercise 

Time step dependency 
The exercise was performed using four different time steps 3600s, 1800s, 360s, and 36s. In all cases 

the same 51-node grid was used, 51 nodes. The moisture content in the material was independent of the 
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time step selected, as is shown in Figure 2, which illustrates the moisture content distribution after 1000 
hours. Time step independence in this type of problem was expected, given the steady state nature of the 
problem. This was not the case however with all problems as will be shown in the next exercise. 

 

Figure 2  – Moisture content profile in % through the layer at 1000 hours. The analytical 
solution is also included. The x-value through the layer has been normalized. 

Grid dependency 
The exercise was also performed using five different grids 5, 13, 25, 51, and 99 nodes. The same time 

step was used for all the grid variations, specifically 3600s. Implicit solution techniques should make the 
solutions independent of the selection of  the grid. However, the moisture content profile in the material is 
affected by the grid coarseness, as is shown in Figure 3. A 5-node grid did not adequately capture the 
correct profile. In fact, the grid size and distribution seems to exercise a considerable effect on the results. 
For grids with an equidistant spacing a minimum of 17 nodes is required to properly capture the 
phenomenon at the boundaries. For expanding grids, a minimum of 9 nodes is required to adequately 
capture the boundary behaviour. Overall, the first nodes should be within 5 mm of the boundaries. Recall 
that in this exercise the moisture transfer rates at the surfaces were high, 1·10-3 s/m (1.46·10-12 Perm-in.). 
This may have contribute to insatiability for solution involving sprase grids or grids where the nodes were 
too far from the boundaries. A 13-node grid came close to the correct profile and beyond 25 nodes there 
was no appreciable difference in the results. Although estimation of the total moisture content was grid 
independent, to obtain an adequate moisture distribution profile, a certain minimum fineness of grid was 
necessary. This is especially true at the surfaces where a dense grid is needed to model the heat and mass 
transfer processes. 

Error Analysis 
When an analytical solution exists, for an exercise it is possible to use statistical analysis to check the 

adequacy of the simulation. Two statistics are useful; the correlation coefficient, x,y, and the F-test 
statistic. The correlation coefficient is used to determine the relationship between two properties, in this 
case the predicted solution as compared with the analytical solution (Eqn. 1). The correlation coefficient is 
a measure of the degree of linear interrelationship between two variates. A correlation coefficient near 
unity indicates a strong linear relationship, though not necessarily a causal relationship. 
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Figure 3 – Moisture content profile in % through the layer at 1000 hours. The analytical 

solution is also included. The x-value through the layer has been normalized. 
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Where: n is the sample size, and x   and y are the sample means. 

 
The F-test returns the one-tailed probability that the variances between two sample sets are not 

significantly different: i.e. whether the two samples have different variances. The F-test can be calculated 
through a straightforward process (Eqn. 3). The null hypothesis is that standard deviations of both sets are 
the same. 
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Where: 2
1s and 2

2s are the sample variances. 

The more the ratio deviates from 1, the stronger the evidence for an unequal population. Comparison 
of the simulation results and the analytical results are given in Table 1. The data used for the comparison 
was for the 13-node one-hour time-step case. The correlation coefficient, x,y,  approached unity when 
steady state was reached, indicating a linear relationship between model and analytical solutions. The F-test 
values steadily improved until steady state was reached indicating that the variances (and standard 
deviations) of both models are similar, thus confirming the null hypothesis. 
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Table 1 

Correlation coefficient, x,y, and F-test for the simulation and analytical solutions at 100, 
300, and 1000 hours; 13 node one hour time step case. 

Correlation 
Coefficient, x,y F-Test 

Correlation 
Coefficient, x,y F-Test 

Correlation 
Coefficient, x,y F-Test 

100 hours 100 hours 300 hours 300 hours 1000 hours 1000 hours 

0.999 0.926 0.999 0.936 0.999 0.994 

A Common Exercise 

The next exercise attempted was what is called a „common exercise‟. Since most realistic situations do 
not admit an analytic solution, the purpose of a common exercise was to test the implementation of the 
physical assumptions in a model by generating a common exercise and comparing the solution of different 
models, an inter-program comparison. In the case of common exercises the accepted solutions can be 
considered to be secondary mathematical truth standards to which other programs can be compared (see 
ANSI/ASHRAE Standard 140 Glossary and Definitions). The exercise selected deals with moisture 
movement inside a wall with a hygroscopic finish. Complete details for this HAMSTAD exercise are given 
by Hagentoft (2003). The exterior layer is 100mm (3.94in.) thick and the finishing layer is 20mm (0.79in.) 
thick. The wall is subjected to changes in relative humidity as well as heat and moisture loads at the inner 
and outer surfaces. The boundary conditions, loads, and a schematic are summarized in Figure 4. The 
structure was perfectly airtight. The duration of the simulation was 120 hours. The climatic load was severe 
generating different heat and moisture phenomena such as condensation induced by cooling, alternating 
drying and wetting of the exterior layer, and moisture redistribution across the contact surface between two 
capillary active materials. The materials selected further complicated the case. The first layer had high 
values for the liquid diffusivity property thus promoting extremely fast liquid transfer. Depending on the 
hygrothermal tool used this exercise can be easy or difficult. In this case the tool used was a commercially 
available tool (designed specifically for practitioners) with limited flexibility in modifying the input 
parameters. The goal of the work was to conduct all exercises using the tool “right out of the box.” Cornick 
(2006) describes the procedure used to conduct this exercise using a practitioner‟s tool. 

Error Analysis 
Solutions to the above exercise “pass” if the results lie within a certain band range surrounding the 

“accepted” solution, considered to be a secondary mathematical truth standard. This method (i.e., use of a 
band of acceptance) was based on the analogy with the Student t-distribution, a statistical method for 
treating random data where the number of observations is low. Under such conditions, the t-distribution 
gives a better confidence interval than the normal distribution. The confidence interval for each calculated 
data point in time can be calculated from Equation 4.  
 

n
txu

n
tx x

p
x

p       (4) 

 

In Eqn. 4, x  is the mean value of the sample set, x is the unbiased standard deviation of the sample 
set, た is the expected value, n the number of observations, and p the total risk that the band of acceptance 
does not contain the true numerical solution. tp is a function of n and p. For example if the number of 
observations, n  ̧ is 8, the degrees of freedom, f, for the right tail t-distribution is 7; i.e. n-1. For the 
HAMSTAD benchmark exercises the confidence interval was 0.1%; i.e. a 99.9% chance that the band 
contains the correct solution. 

Grid dependency 
The exercise was performed using five different grids. The default grid comprised 100 nodes, 60 in the 

load-bearing material and 40 nodes in the finishing material. The variations are given in Table 2. The same 
time step was used for all the grid variations, specifically 36s. In all the grid variation exercises the result 
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fell within the band of acceptance demonstrating that for this exercise the solution was insensitive to the 
grid selection. 

Time step dependency 
In order to investigate the effect of time steps the exercise was performed using five different time 

steps, 3600s, 1800s, 360s, 36s, and 4s. The same grid was used for all the time step variations, a 100-node 
grid. The results show that total moisture content of the load-bearing layer is dependent on the time step. 

 
Figure 5 shows the moisture content at the outer surface. The accepted solution shown represents the 

average value of programs that participated in the HAMSTAD exercise (Hagentoft et al. 2003) and is 
considered to be the accepted solution to the exercise. The confidence limits express the band of acceptance 
for the 99.9% confidence grade (Cornick 2006). Longer time-steps of 1800s to 3600s generated solutions 
outside the band of acceptance. A time step of 360s generated results that were consistent with the 
HAMSTAD results and within the confidence bands. Shorter time steps produced increasingly marginal 
improvements if any. The same trend was apparent for the outer and inner surface temperatures, although 
the inner surface temperature was less affected by the exterior climate loads, and therefore the effect of 
changing the time step was less. Figure 6 shows the moisture content profile through the structure at 96 
hours. The results were consistent, showing a pronounced effect of the time step on the results. 

 

VALIDATION 

After verifying whether the physics have been correctly implemented in a simulation tool the next step 
was to validate the program. Validating modeling tools consists of demonstrating that physical models 
implemented in the model are representative of the real world. There are two ways to validate a model. The 
first is to take laboratory measurements and then test the simulation against these measurements. The 
second is to take field measurements and test the simulation against these. In the former case controlling 
the boundary conditions and taking measurements is easier than in the field, however, carefully controlled 
laboratory experiments can be expensive and laborious. Field measurements can be as expensive or even 
more expensive than laboratory testing. In the field control of boundary conditions is difficult at best and 
the taking of appropriate measurements may be difficult if not impossible. The determinations of material 
properties can be difficult as well and sometime impossible depending on field-testing facilities. Both 
methods have advantages and disadvantages. Two examples of such exercises applied to a hygrothermal 
simulation tool follow. 

 

Table 2  
Grid variations for common exercise. Rows are for a particular grid. Numbers indicate the 

numbers of nodes per layer. 

Load-bearing layer Finishing layer 
60 40 
30 20 
15 10 
7 5 
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Figure 4 – External and internal climatic loads (SI top and I-P bottom). Heat load from 

exterior is given in terms of differences between external equivalent, Teq,a, and 
external air temperature Ta. Moisture load on the external side is given as a rain 
flux and vapour pressure, and on the internal side as the vapour partial 
pressure, ps,i at a constant temperature (adapted from Hagentoft et al. 2003) 
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Figure 5 – Moisture content profile of the outer surface for the duration of simulation. 

The accepted solution is the average result of an inter-model comparison, CI+ 
and CI- the upper and lower 99.9% confidence limits. 

 
Figure 6 – Moisture content profile through the structure at hour 96 of the simulation. 

The accepted solution is the average result of an inter-model comparison, CI+ 
and CI- the upper and lower 99.9% confidence limits. The x-value through the 
layer has been normalized. 
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Laboratory Testing 

This exercise was based on a series of large-scale drying experiments conducted to provide benchmark 
data for hygrothermal models (Maref et al. 2004b; Maref et al. 2003; Maref et al. 2002a). A series of full-
scale 2.43m (8ft) square samples was constructed. The basic wall, referred to as Set 1, comprised a layer of 
Oriented Strand Board (OSB) on the exterior side, a layer of low-density fibreglass batt insulation in a stud 
cavity, and a sheet of 6-mil polyethylene on the interior side. Three variations on the basic wall were also 
tested. The Set 2 wall was the same as the Set 1 wall except that a layer of spun bonded polyolefin (SBPO) 
was added to the exterior side on top of the OSB. The Set 3 wall was also the same as the Set 1 wall except 
that a layer of 60-minute building paper was substituted for the SBPO. The Set 4 wall was the same as Set 
3 wall except that a layer of gypsum was added to the interior side on top of the polyethylene. Before 
testing proceeded, for each set, the OSB layer was immersed in a tank until the capillary saturation limit 
was nearly reached (Kumaran 1996). The constructed walls were then held in controlled climatic 
conditions. Drying curves for the OSB layers were determined using a precise weighing system within a 
climatic chamber (Maref et al. 2002b). The results of the experiments were four data sets comprising a 
drying curve and the concurrent environmental conditions. 

Each wall set was modeled using the hygrothermal simulation tool. Materials were selected from the 
library of common construction materials shipped with the tool. The materials from the program library 
were chosen to match the materials used in the experiment where possible. The environmental chamber 
conditions for each set were input to the program as exterior and interior conditions as were the initial 
conditions. The interior surface heat transfer and moisture transfer coefficients were set to 10 W/m2·K (1.76 
Btu/(h·ft2-ºF)) and 4.6·10-7 s/m (6.72·10-19 1.46 Perm-in.) respectively for the interior. Similarly the initial 
exterior transfer coefficients were set at 12 W/m2·K (2.11 Btu/(h·ft2-ºF)) and 5.5·10-7 (8.0·10-19 1.46 Perm-
in.). Four wall simulations were run to produce predicted drying curves to compare with the observed 
drying curves. 

 
Set 1: Wet OSB/Glass Fibre Insulation/6-mil Poly. The simulation results for Set 1 showed a good 
correspondence with measured data.  Results do show a slower predicted drying rate at the outset and a 
faster drying rate near the end of the test (see Figure 7). Despite this the difference between the predictions 
and measurements was quite small, less than 1% absolute difference (see Figure 8). 
 
Set 2: SBPO/Wet OSB/Glass Fibre Insulation/6-mil Poly. The simulation results for Set 2 were 
problematic. They diverged from the laboratory data. The pattern is the same as the Set 1 results showing 
slower predicted drying at the outset and faster drying predicted later on. With Set 2 however the 
divergence near the end of the test was pronounced (see Figure 7). Error analysis suggests that there was 
some systematic error in the simulation, the systematic Root Means Squared Error (RMSEs) being larger 
than the noise in the results, RMSEu (see Figure 8). There were several possible explanations for the 
divergence. The material properties data of the SPBO and of OSB may have been different from those 
assumed. It was possible that the modeling of exterior the boundary layer of the SPBO, for example 
assuming perfect contact where perfect contact was not in fact obtained in the lab, was not correct or the 
interface between the OSB and SPBO was incorrectly modeled. After more investigation it was found that 
the most likely source of error was the difference between the assumed properties of the OSB and the 
properties of the OSB actually used. For the drying experiment the vapour permeability and suction 
isotherm were the most critical properties. The OSB sheathing for the experiments were selected from 
several batches of OSB representing different production lines and batches. The individual sheets for each 
of the walls were selected randomly from these batches; four sets of pairs. Other sheets of OSB were also 
selected randomly from the batches in order to determine the hygrothermal material properties. The data 
from these tests were combined with results from another project (Kumaran 2006) to form a comprehensive 
set. Mean values for the various material properties were determined from this set as were the upper and 
lower bounds (Kumaran et al. 2002). OSB is a heterogeneous material, and at the material properties were 
expected to vary with in certain limits even within a specific manufacturers production run. The mean 
values represent the material properties that were included in the stock library for the hygrothermal tool 
used in this study. The assumption was that the properties for any given piece of OSB would be between 
the upper and lower bounds. Thus, for any of the walls tested, the OSB properties may differ from those 
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assumed for the simulation exercises. Sensitivity studies showed that the drying curves are sensitive to the 
material properties, especially the water vapour permeance property, and when compared to the drying 
curves generated using the upper and lower limits for the material properties for OSB, the results for Set 2 
were closer to the measured results (see Figure 9). 
 
Set 3: 60-min. paper/Glass Fibre Insulation/6-mil Poly. Like Set 1, the simulation results for Set 3 
showed good correspondence to the measured data. Initially the Set 3 results were better than the Set 1 
results (see Figure 7). Halfway through the test however there was a significant difference. The moisture 
content of the OSB dropped and began to fluctuate. This sudden change in the response however did not 
seem however to be caused by any change in the conditions in the climatic chamber. The simulation tool, 
using the chamber data, predicted a smooth drying curve continuing from the initial phase. In this case the 
divergence between the modeled and laboratory results was attributed to measurement difficulties with the 
weighing system. The unsystematic error or noise was greater than the systematic error (see Figure 8). 
 
Set 4: 60-min. paper/Glass Fibre Insulation/6-mil Poly./Gypsum. The simulation results for Set 4 
were all similar in respects to the other three. The simulations do show a slower predicted drying rate at the 
outset and faster drying rate near the end of the test (see Figure 7). Despite this, the error in the predictions 
was small (see Figure 8). 

Field validation 

Field validation consists of comparing computer program predictions with measurements taken in the 
field. Field data can be obtained from dedicated field-testing facilitates (Maref and Rousseau 2007; Straube 
et al. 2004; McNeil and Bassett 2007; Geving and Uvsløkk 2000) or from the monitoring of existing 
buildings. The measurements in the former case are considerably less difficult than the latter. In field-
testing facilities there is a certain degree of control of the test parameters except the external boundary 
conditions. Monitoring existing buildings however presents a number of practical difficulties including but 
not limited to the characterization of air leakage and the determination of material properties. 

In 2000 at Voll Trondheim in Norway Geving and Uvsløkk performed a field experiment on a test 
house. The objective was to generate experimental data for the validation of hygrothermal models. 
Temperature, relative humidity, and moisture content of various walls and roof sections were measured. A 
detailed description of the configurations and materials used for the walls and roofs as well as the 
experimental setup are given in Geving and Uvsløkk (2000). 

The exercise considered here was based on Tariku‟s work (Tariku and Kumaran 2006). Here an east 
facing aerated concrete wall section 1.2m (3.94ft) wide, 0.3m (0.984ft) thick, and 3.25m (10.7ft) tall was 
considered. The exterior side was exposed to the ambient conditions. Conditions in the interior were 23°C 
(73.4°F) and 45% RH. Three temperature and relative humidity sensors were positioned at depths of 50mm 
(1.7in.), 150mm (5.91in.) and 260mm (10.2in.). Exterior and interior data measurements within the wall 
from the beginning of March 1996 through to the end of March 1998 were used. In modeling the concrete 
wall the concrete material properties were taken from a library of stock building materials in the program. 
The heat and moisture transfer coefficients for the interior were set at 8.34 W/m2-K (1.47 Btu/(h·ft2-ºF)) 
5.08·10-8 s/m (7.42 10-20 Perm-in.) respectively. The initial exterior coefficients were 34 W/m2-K (5.99 
Btu/(h·ft2-ºF)) and 2.07·10-7 s/m (3.02·10-19 Perm-in.). 
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Figure 7 – Percentage error between predicted and measured total moisture contents for 

the OSB layers for all four walls tested. 

 
Figure 8 – Statistical errors for all the wall sets. Mean absolute, mean bias, root mean 

squared error. RMSE systematic and unsystematic errors are also shown. 
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Drying curves for Set 2
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Figure 9 – Effect of changing the water vapour permeance. The average OSB properties 

are compared with the measured properties of a 10.1 mm sheet of OSB and a 
20% variation in water vapour permeance. 

 
The comparison between the measured RH values and the RH predicted by the hygrothermal tool are 

shown in Figure 10, Figure 11, and Figure 12. Statistical measures comparing the measured and simulated 
responses are shown in Table 3. Though the computer predictions tracked the measured behaviour in terms 
of response, the program consistently over predicted the moisture content in the outer layer; the MBE was 
approximately 8%. Changing the moisture transfer coefficient (MTC) by an order of magnitude has a 
substantial effect on the results, as shown in Figure 10. The MBE was almost zero in this case and the 
MAE was considerably reduced as is the RMSE. However, from Figure 10, it was clear that the early 
events were not correctly modeled. Changing the MTC did not improve the results in the middle of the wall 
(see Figure 11). Not surprisingly, changing the exterior MTC had no appreciable effect on the results of the 
interior layer (see Figure 12). The difference in material properties may have been significant in this case. 
This was discussed by Tariku (Tariku and Kumaran 2006). 

A significant bias was observed comparing the results at the inner layer (see Figure 12). From Table 3 
the MBE was –8.6%.  Tariku referred to uncertainties in the boundary conditions data suggested by Geving 
(Geving 1997) and speculated that a consistent underestimation of the interior relative humidity occurred. 
The suggested bias was 10% of measured RH, which was consistent with MBE reported in Table 3. To test 
this subsequent simulation runs were run using interior RH conditions 10% above the reported conditions. 
Raising the interior RH improved the prediction of the moisture content at the inner and middle layer (see 
Figure 10, Figure 11, and Figure 12) but had little effect on the moisture content near the outer layers. In 
general each variation on the original input improves the prediction in terms of error (see Table 3). Whether 
the variations can be soundly defended is not discussed here. The correlation coefficient shows some 
degree of correlation between the predicted and measured RH however substantial improvement could be 
made. Similarly the F-test suggests that variances of the data sets are substantially different and therefore 
the two data sets cannot be considered to be the same. Two possibilities present themselves; the simulation 
program did not “pass” the test or data set from the field test is flawed. No definitive determination is 
possible here. This case illustrates the difficulties of validating models using field test data.  
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Figure 10 – Comparison of measured and computed relative humidity at the outer 

section. Three scenarios are shown; 1) reported values and default coefficients, 
2) a low MTC, and 3) an elevated indoor RH. 

DISCUSSION 

In this paper a commercially available hygrothermal simulation tool designed for practitioners was put 
through a series of exercises. No adjustments to the program were made to minimise the differences 
between results from simulation and those of the experiment; it was used “out of the box”. Through the use 
of published analytical and common exercises, it is possible to establish some confidence the in 1-
dimensional hygrothermal simulation tools, and by extension other programs of similar type provided they 
produce similar results. This, however, is not currently possible for establishing confidence in 2- and 3-
dimensional program as there are no such exercises available. Similarly there are few high quality datasets 
based on laboratory or field data for validating programs. The exercises presented show the difficulties 
encountered when trying to validate a programs. The main difficulties concern the establishment of 
boundary conditions, material properties, and especially the appropriate transfer coefficients. In some cases 
it may not be possible to adequately simulate the lab or field work especially when the input parameters are 
restricted, as is common in practitioner‟s tools. In the case of the program used in this paper the common 
exercise specified conditions could not be input. This was handled by modifying the input files to generate 
equivalent conditions on the surfaces. This emphasizes the point that with a good understanding of the 
program at hand many conditions can be successfully modeled. Material properties however are 
problematic. The simulation tool used in this paper allows users to define new materials. When material 
properties were specified it was possible to adequately complete the exercises. In cases where the material 
properties were not specified materials were selected from the a stock library. Lack of materials data or a 
constrained selection can limit a simulation tool such that a good comparsion between results may not be 
possible. 

Another significant factor contributing to differences between laboratory experiments and simulations 
reported on here was the manner in which the modeling of interstitial surface boundaries was treated. 
Hygrothermal simulations generally assume that there is a perfect contact between layers. In fact, in real 
systems this is usually not the case. The net affect of this assumption is that the drying rates in the 
simulation runs can be decreased; i.e. increased contact resistance slows drying. This, in turn 
underestimates the loss in moisture content over time to the environment or other layers, and can lead to 
higher estimates of moisture content. Other differences can be attributed to a number of other factors such 
as grid size, time step, etc. For most programs that use implicit solvers, grid size and spacing are generally 
not an issue except at the surface boundaries. The selection of time step depends on the nature of the 
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problem. Problems with severe changes in boundary conditions or problems involving capillary active 
materials may require time steps shorter than the standard hourly time step. If a program is limited to 
hourly time steps, then establishing a correspondence may not be possible, as was shown in the common 
exercise. 

 
Figure 11 – Comparison of measured and computed relative humidity at the middle 

section. Three scenarios are shown; 1) reported values and default coefficients, 
2) a low MTC, and 3) an elevated indoor RH. 

 
Figure 12 – Comparison of measured and computed relative humidity at the inner 

section. Three scenarios are shown; 1) reported values and default coefficients, 
2) a low MTC, and 3) an elevated indoor RH. 

Table 3 
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Statistical errors for all the wall sets; Mean absolute, mean bias, root means squared error. 
RMSE systematic and unsystematic errors are also given as well as the correlation 

coefficient and F-Test statistic. 

  MAE MBE  RMSE  RMSEs  RMSEu x,y  F-Test  

Case 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
Inner RH 9.1 10 5.1 -8.6 -9.5 -4.5 0.4 0.4 0.2 0.3 0.3 0.2 0.2 0.1 0.2 0.8 0.8 0.8 0.0 0.0 0.0 
Inner T 0.7 0.7 0.7 -0.1 0.0 -0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 1.0 1.0 1.0 0.3 0.3 0.3 
Middle RH 6.1 9.2 4.1 -5.3 -8.6 -2.4 0.3 0.4 0.2 0.2 0.3 0.1 0.2 0.2 0.2 0.5 0.7 0.4 0.0 0.5 0.0 
Middle T 0.9 0.9 0.9 -0.1 0.0 -0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 1.0 1.0 1.0 0.3 0.2 0.2 
Outer RH 8.1 3.8 8.6 7.9 -0.8 8.5 0.4 0.2 0.4 0.0 0.0 0.0 3.0 2.7 3.0 0.6 0.8 0.6 0.0 0.1 0.1 
Outer T 1.7 1.6 1.7 -1.0 -0.9 -1.0 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 1.0 1.0 1.0 0.1 0.1 0.1 

Case 1 - Reported results, 2 - Low Moisture transfer coefficient, 3 - Elevated Indoor RH;  x,y - 
correlation coefficient 

 

CONCLUSIONS 

As with any building simulation tool, hygrothermal simulation tools used for assessing hygrothermal 
performance of wall assemblies should be verified and validated before users can be confident in the 
results. The task of validating simulation tools is evidently both a difficult and time-consuming task 
without appropriate tools and a methodology from which, at least, an overall assessment of the degree to 
which the program reproduces the measured results can rapidly be ascertained. In this paper the task of 
verifying and validating a hygrothermal thermal simulation tool was demonstrated using a publicly 
available practitioner‟s tool. The general process of the methodology followed was 1) analytical 
verification, 2) comparative testing, 3) and empirical validation. Analytical and comparative testing of the 
program was undertaken using a suite of exercises expressly validating 1-dimensional hygrothermal 
models. This was a comprehensive effort a portion of which was reported in this paper. The results for this 
particular program were very good. Similarly, empirical validation was carried out using data from 
laboratory and field experiments designed for such a purpose. The results here, however, were mixed. 

One result that became clear was that validating hygrothermal models is difficult at best, especially 
without guidance. ANSI/AHSRAE Standard 140 provides the guidance for what is needed for validating 
building energy simulation models but there is no comparable standard for hygrothermal. First and 
foremost, a methodology is required. Analytical solutions should be developed where possible as well as a 
set of common exercises that can be used as a secondary mathematical truth standard. High quality data 
sets to fully exercise 1-, 2-, and 3-dimensional models are also required. Diagnostic tools also need to be 
developed or incorporated into the exercises analogous to the diagnostic procedures in ANSI/AHSRAE 
Standard 140. There have been many experiments conducted to validate laboratory simulation tools. 
Perhaps the results of these experiments could be collected and published as data sets to serve as 
benchmarks. Establishing a methodology of verification and validation of hygrothermal simulation tools is 
especially relevant as standards such as ASHRAE 160-2009, which give guidance for moisture design, rely 
on the use of hygrothermal models for compliance. 

Attempting these exercises made clear another requirement for practitioners. Some form of guidance is 
needed to assist practitioners to make effective use of tools. Some hygrothermal models aimed at 
practitioners may have limited inputs, thus limiting the need for guidance. The drawback is that this limits 
the applicability of the tool. In this case, users can create equivalent conditions if they have a good 
understanding of how the tool works. If more flexibility is given, such as with the tool used here some 
guidance is required. Some general guidelines involving the treatment of boundaries, surface and 
interstitial, grid resolution, time step selection, transfer coefficients, and material properties is required. 
Many, but not all, of these issues have begun to be addressed in ASHRAE Standard 160-2009. 
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