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A B S T R A C T

Heat, air and moisture (HAM) models allow efficient simulation of the building components’ hygrothermal 
behavior. However, specific model assumptions, simplifications and approximations, as well as users’ prefer
ences, biases and mistakes in the implementation of material properties, boundary conditions, etc., may yield 
divergences among results from different models. The lack of a standard framework for HAM model quality 
assessment results in inconsistent benchmark cases and assessment methods in previous studies. Thus, this state- 
of-the-art empirical round robin validation targets to test the robustness and the reliability of HAM models in 
predicting one-dimensional hygrothermal responses of building components under controlled boundary condi
tions. It ran from 2023 to 2024, was coordinated by KU Leuven, and achieved participation of 38 groups from 19 
countries. A comprehensive experimental dataset serves as the “correct answer”, and simulation results from 
other participants form “reference answers”. Since the boundary conditions are simple and explicit, the material 
properties’ implementation has the main impact on the simulated hygrothermal responses. Most models prove to 
be robust, particularly in the heat transfer prediction. The moisture transfer prediction, on the other hand, looks 
more challenging. Reliability is also achieved by most models, as the deviations between simulation and 
experimental results are reduced when actual measured material properties are implemented as inputs. However, 
inappropriate and/or incorrect implementations are also observed. More in-depth investigations are performed 
for a better understanding of HAM-simulation tools and achieving their better performance in predicting and 
interpreting the hygrothermal behavior of building components.

1. Introduction

Heat, air, and moisture (HAM) transfer is essential in the perfor
mance and degradation [1], the energy efficiency [2] and the climate 
resilience [3] of building materials and components. In addition to 
laboratory tests and field measurements, numerical HAM modeling role 
is becoming progressively more crucial when predicting and controlling 
the moisture accumulation in building envelopes [4]. While HAM 
models have strongly progressed [5–10] by integrating complex work
flows for hygrothermal transport [11–14], questions remain regarding 
their robustness and reliability due to inherent uncertainties introduced 
by both model developers and model users [15,16]. Inaccuracies and 
incorrectness are sometimes observed that deserve more investigations. 
Nevertheless, a comprehensive quality assessment of HAM models is 
currently lacking. Or particularly, in previous studies, no standardized 
criteria have been developed to tackle the question “whether the model 
can correctly predict the reality”. These studies vary in purposes, pro
tocols and benchmarks, and some formulations (e.g., verification, vali
dation, inter-model comparison, …) are even used interchangeably and 
incorrectly [17].

Assuming the models are correctly coded by the claimed algorithm 
equations as verified by the developers, there are two main approaches 
to assess the models’ capability of reproducing the physical phenomena, 
namely, comparing simulations with experimental datasets or other 
models’ predictions. Generally, experimental datasets are recognized as 
the “correct answer” in order to quantify the deviations between simu
lation and measurement results [18–35]. However, in addition to mea
surement errors and equipment constraints that may restrict their 
dependability and effectiveness, the inherent limitations of current 
available experimental datasets constitute a main issue. The primary 
limitations relate to the small scale of the employed configurations [24], 
which often target “sample” scale rather than “component” or “build
ing” scales [36], and/or the monotony of the applied materials, for 
which single materials or materials with similar properties (particularly 
in moisture transport and storage) are used [37–39]. A subsequent 
limitation is that the benchmark experiments are often applied on simple 
hygrothermal transport processes or even single material 

characterization tests [40], instead of long-term comprehensive hygro
thermal transfer processes [26]. A last (but not least) limitation is that 
most datasets of inputs and outputs are not always fully established (e.g., 
the assignment of default/reference values from standards or other 
sources to material properties and boundary conditions) and/or not 
completely documented, impeding the applicability of the datasets. All 
these deficiencies restrict the representativeness of these datasets and 
therefore hamper a further assessment of the capabilities and limitations 
of HAM models. Alternatively, inter-model comparison can be accepted 
as the “reference answer”, and the consistency of simulation results from 
different models on the same scenario can infer reliability. For instance, 
the most recent extensive inter-model comparison collaboration, EU 
HAMSTAD [41], evaluates component-scale HAM simulation via five 
benchmark cases [42] without experimental evidence. This “peer re
view” approach has been generally employed, based on standard 
benchmarks, e.g., EU HAMSTAD [41] and EN 15026 [43], or based on 
specific cases [44–52]. However, similar trends in outcomes from 
different models may not always indicate correctness, as they might 
obscure common limitations and inaccuracies.

In conclusion therefore, most available experimental datasets may 
not accurately reflect real-world complexity, limiting the representa
tiveness of the benchmarks, while pure inter-model comparison based 
on hypothetical scenarios similarly limits the effectiveness of assessment 
process. In response, this study uses a dedicated benchmark dataset 
based on thorough experimental results for a stepwise quality assess
ment of HAM models. The experiments were performed and docu
mented at the Section of Building Physics and Sustainable Design of KU 
Leuven, Belgium [53,54]. The experimental benchmark dataset includes 
(I) measured hygrothermal responses of four different wall assemblies to 
controlled boundary conditions governed by a hot box-cold box (HB-CB) 
climate chamber, (II) full characterization results of hygrothermal ma
terial properties, and (III) measured surface transport coefficients. Along 
with the data completeness, this dataset is considered more represen
tative than previous in-lab experimental datasets for component-scale 
hygrothermal validation, owing to the range of materials with 
different moisture transport patterns that are combined in multiple 
configurations. This dataset is employed in a round robin framework, by 
inviting HAM models to reproduce the benchmark experiment, yielding 
a state-of-the-art collaborative action entitled “Empirical validation of 
HAM-models based on a dedicated HB-CB experiment” [55] from 2023 
to 2024. Researchers and practitioners worldwide simulated the 1 Project coordinators.

2 Project participants.
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hygrothermal responses of the benchmark experiment via multiple HAM 
models (including personal codes). As a continuation of prior endeavors 
[41,42], this unprecedently extensive cooperation (over 70 contributors 
in 38 groups from 19 countries have participated) also adds significant 
value and credibility to bring about more general and stronger confi
dence in hygrothermal simulations.

This summative paper on the HAM model quality assessment consists 
of three prime parts. Firstly, the methodology for the round robin 
approach is brought. In the subsequent “overall assessment” part, the 
simulated hygrothermal responses from various groups are confronted 
with the measured datasets. In the concluding “impact analysis” part, 
the impact of implemented material properties (i.e., deviations between 
the actual and input values), as the key uncertainty in this case, on the 
simulated hygrothermal responses is evaluated. The approach, inte
grating experimental validation with inter-model comparison as well as 
combining result consistency and causal inference evaluation, seeks for 
more accurate simulation of complex hygrothermal processes in build
ing envelopes.

2. Methodology

This initial section successively presents the experimental datasets 
that form the foundation of the round robin HAM quality assessment, the 
research scheme which has been adopted to stepwise execute the quality 
assessment, the participation overview on contributors and submissions 
to the round robin, and finally the performance indicators employed for 
the quality assessment.

2.1. Experimental datasets

The experimental datasets applied in this HAM model quality 

assessment stem from a dedicated benchmark experiment, wherein four 
different wall assemblies (WA) are subjected to a cold moist and a warm 
dry climate – provided by a cold box (CB) and hot box (HB) respectively 
– over an interval of two months [53]. During this experiment, tem
peratures and relative humidities as well as heat fluxes and moisture 
masses are regularly measured.

The configurations of the wall assemblies and the scheme of boundary 
conditions are shown in Figs. 1 and 2. The wall assemblies comprise three 
typical insulation materials with distinct moisture transfer properties 
[56], calcium silicate (CS, vapor-open & capillary-active), mineral wool 
(MW, vapor-open & non-capillary-active), wood fiber (WF, vapor-open), 
in different orders. An aluminum-foil-based vapor barrier (VB) is 
attached at the left surface in WA3 and at the WF/CS interface in WA4, to 
activate different moisture redistribution patterns. The separate material 
layers are each glued to an extruded polystyrene (XPS) insulation frame 
by polyurethane foam, ensuring that hygrothermal transport is pre
dominantly one-dimensional. The boundary conditions are set at 2 ◦C & 
80 % RH (in the CB, at the left side of the WA) and 28 ◦C & 54 % RH (in the 
HB, at the right side of the WA) respectively. The cold and hot boxes, and 
hence the boundary conditions for the test wall assemblies, are switched 
in the 748th hour, in the middle of the 60-day (1440 h) experiment, to 
induce different hygrothermal transfer processes. Temperature (T, ◦C), 
relative humidity (RH, %) and heat flux (HF, W/m2) are continuously 
measured by sensors at interfaces or in the ambient air (whose positions 
are numbered in Fig. 1b), while distinct material layers are regularly 
detached and weighed to determine their moisture masses (MM, kg/m2). 
The surface transport coefficients and hygrothermal material properties 
(for the same batch) are also measured. The experimental setup and 
datasets are thoroughly described and presented in [53,54].

Fig. 1. Experiment design: a) scheme of the boundary conditions, and b) configurations of four wall assemblies with locations of sensors.
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2.2. Research scheme

While HAM models often are largely equivalent with respect to the 
physics and mathematics [57,58], intrinsic limitations and user impacts 
collectively contribute to potential uncertainties. These intrinsic limi
tations stem from specific assumptions, simplifications, and approxi
mations when implementing material properties [41,52], boundary 
conditions [4,59,60], and other dependent factors [61]. Assumptions 
may include material homogenization, ignorance of local defects, 
idealization of construction workmanship [62], etc. Simplifications may 
involve disregard of sorption hysteresis [63], fixed values for 
wind-driven rain and surface transport coefficient at the same height or 
for the same facade [60], simplified formula for estimating moisture 
diffusivity [64], etc. Approximations may comprise setting fixed values, 
linear interpolation, etc. The user impacts refer to the preferences, biases 
and/or mistakes during the selection of predefined parameters or data 
series and the customization of the implementation of the dependent 
factors [16]. Particularly for commercial software, users tend to choose 
materials in the models’ databases with properties similar to the actual 
materials, but the target parameter in similarity may vary significantly 
(e.g., density, thermal conductivity, saturation moisture content, man
ufacturers/batches, etc.). They may also refer to different stand
ards/references (or even arbitrary values) when assigning material 
properties, surface transport coefficients, solar radiation absorption/
reflective rates, etc. If not supported by sufficient expertise and dou
ble-checks, users are likely to create random errors unconsciously.

Given that it is not feasible to require that one benchmark scenario 
perfectly evaluates all possible uncertainties [15], this study primarily 
focuses on the implementation of material properties, and controls the 
other variables (e.g., uniform samples with negligible boundary effects, 
simple and quasi-steady-state boundary conditions, measured surface 
transport coefficients, etc.) as well as possible. Even then though, the 
allocation of noted deviations is still confounded because both intrinsic 
limitations and user impacts may affect the implementation of material 
properties in both commercial software and personal codes. For a more 

explicit analysis thus, a stepwise protocol is developed to test the 
robustness and reliability of the HAM models. A robust simulation 
ensures that the overall trends and patterns of the calculated hygro
thermal responses remain consistent with reality, despite variations in 
implemented material properties (primary factor in this study), 
boundary conditions, etc. The reasons for variations include the selec
tion of “similar” entries (e.g., with similar material properties to the 
claimed values by the producers) in the built-in databases of HAM 
models, the different processing methods for untested/indirectly-tested 
properties, the mismatch risks between observations and the reality due 
to human factors and technical constraints, etc. On the other hand, a 
reliable simulation refers to the dependability of delivering the ex
pected result under given conditions [65]. When measured inputs (as 
many as possible) are “correctly” implemented, reliable outputs should 
exhibit a good (and expectedly better than the robustness phase) 
agreement and coherence with the measured datasets.

The first stage (“robustness test”) is based on an “engineering 
perspective”. Instead of providing material characterization results, only 
basic parameters from technical sheets are given (the claimed values of 
density ρ [kg/m3], thermal conductivity λ [W/(m⋅K)], specific heat ca
pacity c [J/(kg⋅K)], vapor diffusion resistance factor μ [-] and capillary 
absorption coefficient Aw [kg/(m²⋅s0.5)]). The “engineers” can either 
directly select material entries from the built-in databases of HAM 
models or generate their own material files. The estimated initial con
ditions (20 ◦C and 50 % RH: the lab room conditions at which the 
samples have been stored for months before the experiment) and 
measured boundary conditions are provided. The description for surface 
transport is limited to “the HB, whose size is much larger than the cold box, 
simulates an indoor environment with just a small ventilator to mix the air, 
while the CB simulates the outdoor environment with four large ventilators 
creating a uniform air flow along the building component”, and therefore the 
assignment can be based on standards or experience. The second stage 
(“reliability test”) takes a more academic view. In addition to the initial 
conditions and boundary conditions provided in the first stage, the 
rigorously measured material properties and surface transport 

Fig. 2. Experiment setup: a) overview, b) front view, c) XPS-framed material samples of the wall assemblies, and d) schematic diagram (horizontal section).

Table 1 
Data series provided (as inputs) and collected (as outputs) in the three stages.

Data series Stage 1 Stage 2 Stage 3

Provided by the coordinator Initial conditions √ √ √
Boundary conditions √ √ √
Surface transport coefficients O √ √
Material characteristics O √ √
Hygrothermal responses × × √

Collected from the participants Surface transport coefficients O O √
Material characteristics √ √ √
Hygrothermal responses √ √ √
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coefficients [53,54] are provided for translation into the forms required 
by different models. Although uncertainties remain in the translation, 
deviations are expected to be reduced due to the newly provided 
measured datasets. The third stage finally is an extra chance for par
ticipants who intend to fine-tune the implementations of material 
properties (mainly), algorithms (if applicable, particularly within per
sonal codes) and other factors. The information and data provided in the 
previous stages are carried forward. The measured hygrothermal re
sponses as well as simulation results from other groups are supple
mented as benchmarks and references. It also allows the participants to 
diagnose and/or tackle difficulties in HAM modelling through trial and 
error, and in analyzing the sensitivity of different factors. Table 1 shows 
the data series provided (as inputs) to and required (as outputs) from the 
contributors over the three stages. The ticks (√), circles (O), and 
crossings (×) indicate “fully provided/required for submission”, 
“limited information provided/optional for submission”, and “not 
given”, respectively.

Simulated hygrothermal responses, including temperature (T), rela
tive humidity (RH) and heat flux (HF) at interfaces and moisture mass 
(MM) of each material layer (see Fig. 1b), are collected in time series for 
comparison.

2.3. Participation overview

This project received no direct funding, so all participants contrib
uted voluntarily. The registration started in February 2023, initially 
attracting 55 groups from 22 countries. As Fig. 3a) shows though, the 
actual participation (in at least one stage of the tasks) involves 38 groups 
from 19 countries (for cross-national groups, the number only counts 1/ 
N for each country, N = number of the countries): Austria (AT), Australia 
(AU), Belgium (BE), Brazil (BR), Canada (CA), China (CN), Czech Re
public (CZ), Germany (DE), Denmark (DK), Estonia (EE), Finland (FI), 
France (FR), Hungary (HU), Japan (JP), The Netherlands (NL), Portugal 
(PT), Slovakia (SK), the United Kingdom (UK), and the United States 

(US). Groups may submit multiple results (from different models, or 
based on different trials, or by different persons). Each submission result 
is denoted by the group number (as assigned after the registration) and a 
letter (to distinguish different results from a single group). The entire 
process remains anonymous, meaning that one cannot link the numbers 
to the real participants. KU Leuven (BE), as the institutional coordinator, 
is responsible for task distribution, result collection and data analysis. 
Fig. 3b additionally illustrates the proportion of the employed models in 
the three stages of this project. Two commercial models, WUFI and 
DELPHIN, are the primary choices. Other models, including personal 
codes, have been employed in one third of the submissions.

2.4. Performance indicators

In addition to plotting the results in line charts, two statistical 
indices, the normalized root-mean-square-error (NRMSE) and Pearson 
correlation coefficient (r), are employed to quantify and visualize the 
deviations and correlations between the simulated and measured data
sets as heat maps. 

NRMSE =
1

mmax − mmin
⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(mi − si)
2

n

√

(1) 

r =
∑n

i=1[(mi − m)⋅(si − s)]
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(mi − m)
2

√

⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(si − s)2
√ (2) 

where, i and n are the ordinal number and amount of the entries within 
one data series; m and s are the measured and simulated data; max and 
min are the maximum and minimum.

The root-mean-square-error (RMSE) describes the average absolute 
error of the differences between simulated and measured values, but this 
value is sensitive to the variation amplitudes. Therefore, its adapted 
form, normalized root-mean-square-error (see Eq. (1)) is employed to 
avoid misinterpretation and to ensure the same order of magnitude [66] 

Fig. 3. Participation overview: a) numbers of the groups and b) numbers of submissions and employed models.
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across the variables. There is no standardized value for the NRMSE, but 
suggested thresholds of RMSE are 1 or 2 (for temperature) and 2 or 5 (for 
relative humidity) for “high” or “low” accuracy, respectively [67]. The 
Pearson correlation coefficient (see Eq. (2)) indicates the strength of a 
linear relationship between two data series, ranging from − 1 (opposite 
trend) to +1 (similar trend). A near-zero value indicates no relation 
between both. There is no fixed threshold, but suggested values for 
building behavior are reported in literature, for instance, r > 0.5 [68] or 
its square r2 > 0.75 [69]. As both indices require the same quantities in 
the paired data series, only non-null values are included for their 
calculation (since some measured data are missing, for instance, due to 
logger errors).

3. Results and discussion

The analysis is result-oriented and stepwise. Firstly, a global assess
ment is conducted based on the normalized root-mean-square-error 
(NRMSE) and the Pearson correlation coefficient (r) between the 
measured and simulated hygrothermal responses from all models in the 
three stages. The comparisons between the measured and simulated 

results of two wall assemblies are plotted in line charts to highlight 
deviations across variables, models, and stages. Secondly, the diversity 
in the implemented material properties in stages 1 and 2 is visualized, 
and its impact on the deviations in simulated hygrothermal responses is 
quantified. Finally, adjustments with valuable insights in stage 3 are 
summarized.

3.1. Overall assessment

Line charts in Figs. 4–7 confront the simulated hygrothermal re
sponses of WA1 and WA4 with the measured datasets. These two wall 
assemblies are selected because most participants set the minimal de
viations in WA1 as the optimization condition for fine-tuning in stage 3 
while WA4 is representative for the other three wall assemblies, given its 
similar material order and the vapor barrier that makes the moisture 
transport more complex. To highlight the impact of the adjusted 
implementations, results from those groups who did not participate in 
all three stages are temporarily removed. Heat maps in Figs. 8 and 9
depict the normalized root mean square error (NRMSE) and Pearson 
correlation coefficient (r) between simulated and measured 

Fig. 4. Simulated heat-related responses of WA1.
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hygrothermal responses of the four wall assemblies in each of the three 
assessment stages. In each subgraph, each vertical grid corresponds to a 
different submission, which are grouped into three categories according 
to the employed models (DELPHIN, WUFI, and others). A star (“*”) is 

assigned to empty boxes where the submitted data are missing, while an 
additional hyphen (“-”) is marked in boxes with negative r values. As 
explained previously, a small NRMSE and a large r value (“bluer” boxes) 
indicates a good agreement between measurement and simulation. Note 

Fig. 5. Simulated moisture-related responses of WA1.
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that, three groups (using WUFI) only submitted the results of WA1 in 
stage 3, purely focusing on enhancing the predictive accuracy for this 
specific wall assembly through adjustments in their implementations.

There is a clear trend that the agreement between measurement and 
simulation increases from stage 1 over stage 2 to stage 3, observable 
from a horizontal view in Figs. 4–9. In stage 1, the flexibility to generate 
or select material properties and surface transport coefficients yields 
disparity in the NRMSE of the hygrothermal predictions (Fig. 8, left 
column) [16]. Even so, most outputs are in good correlation with the 
measured datasets, except for r of the moisture masses (MM) of CS and 
MW (see Fig. 9, left column). In stages 2 and 3, implementing the 
measured material properties as inputs effectively reduces the di
vergences. This optimization effect is much more obvious in the 
heat-related variables (T and HF) than in the moisture-related variables 
(RH and MM). In stage 3, nearly all heat-related variables satisfy the 
criteria NRMSE < 0.1 and r > 0.5. On the other hand, the 
moisture-related variables, particularly for MMs of MW, remain roughly 
uncorrelated, although RH predictions are improved. Complementarily, 
it seems that WUFI results are slightly better in line with the measured 
data than the outcomes from DELPHIN and other models.

While all in all good agreement and a considerable improvement 
over stages are observed for heat-related responses, the simulated heat 
fluxes from three model categories obviously deviate (Figs. 4g-i and 6g- 
i). Particularly around the 748th hour (when the boundary conditions 
are switched), some heat fluxes from DELPHIN (in red) experience a 
sharp increase before dropping, whereas most results from WUFI (in 
blue) remain closer to the measured results and have a smoother in
crease. Those from other models (in green) are mostly intermediate. To 
diagnose this disparity, Fig. 10 presents detailed outputs of the tem
perature profiles and heat fluxes in WA1, as simulated by the coordi
nator with WUFI and DELPHIN. There are roughly no differences 
between the temperature profiles in the two models when the boundary 
conditions are switched. This infers that the conduction heat flows 
simulated by WUFI and DELPHIN must be similar, and that these thus 
are not the origin of the noted disparity. In DELPHIN, the heat flux can 
be output as total flux and or as any of its components, including the 
conduction flux and the enthalpy fluxes associated with liquid convec
tion, vapor diffusion and vapor convection [70]. In WUFI, on the other 
hand, only an unspecified “heat flux” can be output. The deviation be
tween DELPHIN’s outputs and the measured results hence stems from 

Fig. 6. Simulated heat-related responses of WA4.
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Fig. 7. Simulated moisture-related responses of WA4.
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including enthalpy heat flux due to vapor diffusion in the output, 
because DELPHIN’s conduction heat flux as well as WUFI’s heat flux 
approximate to the measured heat flux quite well. A cautious conclusion 
that both models can predict the heat flow well can be drawn. Users 
should though always verify what is output by the models versus what is 
measured by the loggers, before assuming them to be equivalent.

The moisture-related responses express much larger deviations, but 
an overall trend agreement is achieved. The calculated moisture masses 
of CS are obviously piled into two model categories in stage 1: DELPHIN 
results (red curves) and WUFI results (blue curves) concentrate at 
different values, while the results from other models have a larger 
spectrum. Since this distinction is not obvious in the relative humidity 
courses, the limited material items in the databases and/or similarity of 
their properties are presumably the primary reasons (Figs. 5g and 7m). 

As measured material properties are provided in stage 2, the agreement 
in most moisture masses of CS and WF (Figs. 5h, i, n, o, and 9k, l, n, o) 
are improved, while there are still mismatches between the calculated 
and measured moisture masses of MW (Figs. 5k, l and 7q, r). Relative 
humidity or its equivalent parameters (vapor pressure, capillary pres
sure, water chemical potential [71], etc., which can be translated by 
physical and/or mathematical relations) is the actual potential in the 
moisture balance equation. As this quantity also heavily depends on the 
moisture flows from neighboring materials/air, a more accurate imple
mentation of the material properties from stage 1 to stage 2 reduces the 
deviations between measured and simulated relative humidity results. It 
should also be noted that some relative humidity predictions roughly 
remain similar or become worse, presumably due to user impact. This is 
proven by the results calculated by fine-tuned models in stage 3, as 

Fig. 8. Normalized root-mean-square-error (NRMSE) between the simulated and measured hygrothermal responses.
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mistakes might be diagnosed and corrected by the users themselves 
(Figs. 5b, c, e, f, and 7b, c, e, f, h, i).

It is obvious that the implemented material properties have a sig
nificant influence on the simulated moisture masses. Whether the ma
terials are selected from the databases of HAM models or translated from 
the measured datasets, there are always uncertainties. That of the former 
is mainly the mismatch between the hygrothermal properties of the 
actual materials and the material entries in the databases. That of the 
latter corresponds to the translation from the measured material prop
erties made by different tests (and some untested properties with sug
gested values) to the respective formulations required by the different 
models, during which specific assumptions, simplifications and ap
proximations are made. In addition, human errors and preferences also 
significantly contribute [16].

It should be noted that some outputs likely include the data on wrong 
positions, for the opposite directions or wrong looping statements, as 

deduced by visual analysis by the coordinator. In addition, more obvious 
errors occur, such as relative humidity results between 0 and 1 (shown in 
dashed lines) instead of the required percentage and moisture contents 
in kg/m3 instead of the required moisture masses in kg/m2, judging from 
the trends and orders of magnitude. These kinds of deviations can be 
easily distinguished in this case but may be difficult to detect in more 
complicated scenarios and can lead to misinterpretation. Note that raw 
data are used for calculating NRMSE and r.

3.2. Impact analysis

3.2.1. Implementation of material properties in stage 1
Obvious deviations in simulated hygrothermal responses are 

observed in stage 1, in which detailed material properties are not pro
vided. This reproduces an engineering scenario wherein the model user 
lacks measured hygrothermal properties, but one can turn to material 

Fig. 9. Pearson correlation coefficient (r) between the simulated and measured hygrothermal responses.
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databases as provided by HAM models like DELPHIN and WUFI. Their 
built-in databases allow users to select materials with “similar” prop
erties as the ones used in the experiment or to define new materials 
based on technical sheets from the manufacturers (provided for the 
participants as in Table 2). As some crucial hygrothermal properties 
(particularly moisture storage and transport functions) are not or only 

partially provided, the participants have flexibility in defining their 
criteria of “similarity”. Note that though similarity in one property may 
coexist with deviations in other properties [16], and therefore this 
variation in selection may lead to deviations in predictions. Another 
uncertainty is that deviations are also observed between those declared 
values and those measured in the characterization tests [53,54].

Fig. 10. Detailed outputs of heat-related responses in WA1: a) temperature profiles of WA1 at the 748th and 752nd hour, and b) detailed components of HF2.

Table 2 
The claimed values of material properties in the technical sheets.

Material properties CS MW WF VB

Density, ρ [kg/m3] 230 ~ 265 35 110 –
Specific heat capacity, c [J/(kg⋅K)] 1030 – 2100 –
Thermal conductivity, λ [W/(m⋅K)] 0.067 ~ 0.073 0.037 0.037 –
Vapor resistance factor, μ [-] 2 1 3 > 5 × 107

Capillary absorption coefficient, Aw [kg/(m²⋅s0.5)] 0.85 – ≤ 1 –

Fig. 11. The implemented: a) – f) sorption isotherms w(φ), and g) – l) moisture retention curves w(Pc) in DELPHIN (in red) and WUFI (in blue) in stage 1.
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Figs. 11–12 illustrate the wide spectrum of the moisture storage and 
transport properties applied in DELHIN and WUFI during stage 1 and 
confront these with the measured properties. Note that those from the 
other models are not presented due to translation complexity under 
different driving potentials. For the moisture storage capacities of CS in 
DELPHIN and WUFI, the differences go up to 20 kg/m3 in the hygro
scopic range (see Figs. 11a&b) and 200 kg/m3 in the over-hygroscopic 
range (see Figs. 11g&h), which may lead to significant deviations in 
relative humidity changes and moisture storage. Even larger deviations 
are found for MW (see Figs. 11c, d, i, j), a non-hygroscopic material. Due 
to the unique pore network, where capillary pressure is not evident, 
typical methods of describing moisture storage rarely apply to fiber- 
based materials. This leads to more assumptions, simplifications and 

approximations that generate more deviations as well. In some imple
mentations, simple linear interpolation is applied to its moisture storage 
functions ending with arbitrary saturation values, while others assume 
MW to be purely “water-tight” and non-hygroscopic. Neither imple
mentation is perfect in view of the simulated hygrothermal responses 
(Figs. 5j-l and 7p-r). Deviations can also be observed in moisture 
transport properties, even up to several orders of magnitude (Fig. 12).

3.2.2. Implementation of material properties in stage 2
In stage 2, for the simple single-valued parameters, most participants 

directly assign the measured values as inputs, but a few mistakes are 
made in some submissions (e.g., allocating density ρ of material A to 
material B). For the “indirect” parameters or “functions” (e.g., moisture 

Fig. 12. The implemented: a) – f) vapor resistance factor μ(φ), g) - h) vapor permeability Kv(w), i) - j) liquid diffusivity Dw(w), and k) - l) liquid permeability Kl(w) in 
DELPHIN (in red) and WUFI (in blue) in stage 1.
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storage and transport properties), there are much larger deviations as 
certain assumptions, simplifications and approximations as well as 
human errors might be made when translating the material properties 
into the forms required by different models. Considering the poor 
agreement in moisture-related outputs, the implemented moisture 
storage and transport coefficients in DELHIN and WUFI are confronted 
with the provided (measured or declared) properties in Figs. 13 and 14.

Fig. 13 illustrates the implemented sorption isotherms w(φ) and 
moisture retention curves w(Pc) in the two HAM models. The assignment 
for moisture storage function is compulsory for all materials including 
non-hygroscopic fiber-based materials (e.g., MW). In DELPHIN, either 
function can be applied, while WUFI only supports sorption isotherms. 
The coordinator has converted these into moisture retention curves, by 

applying Kelvin’s law (with additional interpolation), to facilitate a 
comprehensive comparison. Due to the non-overlapping nature of the 
experimental results from the hygroscopic desiccator test, the mercury 
intrusion test and vacuum saturation test (due to inherent restraints of 
the experiments [72]), one needs to select among the provided results 
[53,54], for instance, by setting one dataset as the baseline (assumed to 
be the most accurate), while scaling or shifting partial data from other 
experiments. Fig. 14 illustrates typical simplification methods in 
implementing moisture storage properties in this case. Both WUFI and 
DELPHIN disregard the sorption hysteresis, forcing the users to apply 
single (ab-/de-sorption or their average) curve (Figs. 14a&e). This 
simplification seems to have little impact given that the hysteresis is 
fairly negligible for the materials involved here. The desiccator results 

Fig. 13. The implemented: a) – f) sorption isotherms w(φ), and g) – l) moisture retention curves w(Pc) in DELPHIN (in red) and WUFI (in blue) in stage 2.

Fig. 14. Typical simplifications in implementing moisture storage properties: a) – d) sorption isotherms w(φ), and e) – h) moisture retention curves w(Pc).
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are more straightforward and generally presumed to be more reliable for 
the hygroscopic range. Many participants simply connect the equilib
rium moisture content at 97 % RH with the vacuum saturation moisture 
content when implementing sorption isotherms w(φ) (Fig. 14b). Unless 
presented as a function of capillary pressure or other equivalent po
tentials (e.g., water chemical potential [71]) that can enlarge the scope 
of X-axis, the deviations in over-hygroscopic range are unlikely to be 
diagnosed. Similar linear connection may be applied when implement
ing moisture retention curves w(Pc) (Figs. 13g, i, k, 14f). On the other 
hand, determining moisture storage properties in the over-hygroscopic 
range via the mercury intrusion test (or the pressure plate test, etc.) is 
more equipment-intensive and expertise-demanding [72], leading to 

uncertainties in data manipulation. Some participants predominantly 
rely on results from the mercury intrusion test due to its completeness, 
with connection to the saturation moisture content (Figs. 13a and 
14c&g). Given the different sensitivity and reliability of different char
acterization tests, there is another implementation that processes 
measured datasets as a piecewise function: (1) in the hygroscopic range, 
applying measured results from the hygroscopic desiccator test, (2) in 
the "sharp changing" part, applying partial results from mercury intru
sion test (with necessary scaling or shifting), and (3) connecting the 
saturation moisture content with the second part of the curve 
(Figs. 14d&h).

Water vapor transport properties can be written as vapor resistance 

Fig. 15. The implemented: a) – f) vapor resistance factor μ(φ), g) vapor permeability Kv(w), h) - l) liquid diffusivity Dw(w), and m) - n) liquid permeability Kl(w) in 
DELPHIN (in red) and WUFI (in blue) in stage 2.
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factor μ(φ) or translated into vapor permeability Kv(w), while liquid 
transport properties can be expressed as liquid diffusivity Dw(w) or 
liquid permeability (liquid conductivity) Kl(w). All functions above are 
applicable in DELHIN, while only vapor resistance factor μ(φ) and liquid 
diffusivity Dw(w) are applicable in WUFI. Fig. 15 illustrates these 
implementations in DELPHIN and WUFI. For vapor transport properties, 
the measured results from the cup test are directly assigned by most 
participants, while additional linear interpolation and averaging are 
applied in some models. A small number of DELPHIN users translate the 
measured vapor resistance factor at dry state μdry into Kv(w) via Eq. (3)
[42] (see Fig. 15g): 

Kv =
Dva

μdryRvT
⋅

1 −
w

wsat

0.503⋅
(

1 − w
wsat

)2

+ 0.497

=
26.1 × 10− 6

μdry⋅462⋅293.15
⋅

1 −
w

wsat

0.503⋅
(

1 − w
wsat

)2

+ 0.497

(3) 

where Dva [m2/s] is vapor permeability in air; Kv [s] is vapor perme
ability; Rv [J/kg⋅K] is water vapor gas constant; T [◦C] is temperature; w 
[kg/m3] is moisture content; wsat [kg/m2] is saturation moisture con
tent; μdry [-] is the vapor resistance factor at dry state.

The imlementation of liquid transport properties is subject to un
certainties stemming from both the users and the material properties’ 
providers, as these properties are not directly measured but instead 
characterized with combined experiments to then mathematically 
“bridge the gaps”. Due to deficiencies in the X-ray and NMR equipment, 
the provided moisture content profiles and liquid diffusivity of CS is 

obtained from capillary absorption experiment in combination with the 
ruler method [64], and may hence deviate from the actual properties. 
Presumably with this suspicion or other considerations, a proportion of 
participants assign other data series to CS (see Fig. 15i). In WUFI, two 
liquid diffusivities, Dws for suction and Dww for redistribution, are 
applied. The former is activated only when the structure is exposed to 
rain flux, otherwise (in this case) the latter is used [73]. As default, Dws is 
generated by diffusivities at 0, 80 %, and 100 % relative humidity, while 
Dww is based on Dws at 0 and 80 % relative humidity and 0.1 times Dws at 
100 % relative humidity. A common simplified formula of Dws [74] is 
recommended by WUFI developers as shown in (see Eq. (4)), and the 
corresponding liquid permeability Kl obtained by multiplication of 
liquid diffusivity with the slope of the moisture retention curve ∂w

∂Pc 
is 

shown in Eq. (5), which again can lead to considerable deviations. 

Dws = 3.8⋅
(

Aw

wf

)2

⋅1000
w
wf

− 1
(4) 

Kl = Dw⋅
∂w
∂Pc

(5) 

where, Aw is capillary absorption coefficient [kg/(m2⋅s0.5)]; Dws [m2/s] 
is liquid diffusivity for suction; Kl [s] is liquid permeability; Pc [Pa] is 
capillary pressure; w [kg/m3] is moisture content; wf [kg/m3] is the 
“free” saturation moisture content (normally equivalent to the capillary 
saturation moisture content wcap).

Fig. 16 compares the liquid transport coefficients of CS obtained 
from capillary absorption experiment in combination with the ruler 
method and WUFI’s simplified formula (Eq. (4)). WUFI asks for liquid 
diffusivity values at 80 % and 100 % RH to draw a linear curve of liquid 
diffusivity in logarithmic scale, which remains higher than that obtained 

Fig. 16. Comparison between liquid transport coefficients of CS obtained from the ruler method and WUFI’s simplification formula: a) liquid diffusivities and b) 
liquid permeabilities.

Fig. 17. Implemented equivalent permeability Kv+l in WUFI and DELPHIN in stages 1 and 2.
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from the ruler method. This deviation leads to significant overestimation 
of the translated liquid permeability particularly in the over-hygroscopic 
range. Although MW is assumed to be non-capillary-active, some par
ticipants still assign values to their liquid transport coefficients 
(Figs. 15j). Due to the equipment deficiency, only the capillary ab
sorption coefficient (Aw = 0.02 kg/(m²⋅s0.5)) of WF is measured and 
provided as the indicator for liquid transport, yielding different con
siderations: neglecting liquid transport properties or estimating a liquid 
diffusivity or a permeability (Figs. 15k, l, n).

Another issue is the double inclusion of liquid transport. Vapor 
transport is dominant in the dry cup test, while liquid transport often 
becomes non-negligible in the wet cup test. The latter should be split 
into vapor and liquid transport, to keep the values for pure vapor 
transport properties, or merged into a total moisture transport coeffi
cient. As suggested by the WUFI developers, the implementation should 
be either based on a constant μ value (from the dry cup test) together 
with liquid transport properties, or alternatively it should use μ(φ)
function without implementing additional liquid transport properties 
[75]. However, a considerable proportion of the participants apply both 
μ(φ) function and a liquid diffusivity. A similar concept should be 
complied within DELPHIN: the vapor permeability Kv (translated from 
dry cup test, considering pure vapor transport) should be accompanied 
with liquid permeability Kl. According to statistics, this double inclusion 
exists in 20 CS’s material property files and 11 WF’s material property 
files, out of the 26 WUFI/DELPHIN submissions in stage 2.

3.2.3. Impact of input uncertainties on output accuracies in stages 1 and 2
To quantify the impact of the deviations in the implemented material 

properties on the deviations in the simulated hygrothermal responses, 

two series of NRMSE results of WA1 and WA4 from stages 1 and 2 are 
combined. As the heat-related responses are often simulated relatively 
accurately, the assessment targets the moisture-related responses 
particularly, by relating the accuracy of the implemented moisture 
storage or transport properties to the accuracy of the simulated 
moisture-related responses. On the one hand, the NRMSE between the 
measured and implemented moisture storage properties (specifically, 
w(φ)|φ<97%, since most materials act mainly in the hygroscopic range) or 
moisture transport properties (specifically, a newly introduced param
eter, equivalent vapor plus liquid permeability Kv+l|φ<97%, under the 
vapor pressure gradient) is used. On the other hand, the NRMSE between 
the measured and calculated moisture-related responses is applied. The 
Pearson correlation coefficient (r) of the two series of NRMSE then in
dicates which inputs have crucial impacts on which outputs, and how 
influential the impacts are. Some extreme outliers are removed ac
cording to the 1.5-IQR rule.

The equivalent permeability Kv+l under the gradient of vapor pres
sure Pv is applied to harmonize moisture transport properties in different 
forms and/or under different gradients (Eq. (6)). The four different 
implementation approaches of moisture transport properties in WUFI 
and DELPHIN are translated according to Eqs. (7–10), wherein δa is 
assumed 1.9×10–10 s and Pv,sat is assumed 1706.3 Pa, at 15 ◦C. The 
translation results are confronted with the baseline results obtained by 
transforming the measured data from the cup test, as shown in Fig. 17. 

gv+l = −

(

Kv +Kl⋅
(

∂Pc

∂Pv

))

∇Pv = − Kv+l∇Pv (6) 

Fig. 18. Pearson correlation coefficient (r) between inputs and outputs in stages 1 and 2: a) r between (1) NRMSE between measured and implemented w(φ) and (2) 
NRMSE between measured and simulated moisture-related responses, and b) r between (1) NRMSE between measured and implemented Kv+l and (2) NRMSE be
tween measured and simulated moisture-related responses.
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Kv+l ⇒
μ δa

μ (7) 
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μ & Dw δa
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(9) 

Kv+l ⇒
Kv & Kl Kv + Kl⋅

(
∂Pc

∂Pv

)

(10) 

where, Dw [m2/s] is liquid diffusivity; gv+l [kg/(m2⋅s)] is overall mois
ture flux; Kl [s] is liquid permeability; Kv [s] is vapor permeability; Kv+l 
[s] is the equivalent permeability for overall moisture transfers; Pc [Pa] 
is capillary pressure; Pv [Pa] is vapor pressure; Pv,sat [Pa] is the satu
ration vapor pressure; w [kg/m3] is moisture content; δa [s] is air 
permeability; φ [%] is relative humidity; μ [-] is vapor resistance factor.

Fig. 18 illustrates the correlations between (1) the NRMSE between 
measured and implemented moisture storage properties (Fig. 18a) or 
moisture transport properties (Fig. 18b) and (2) the NRMSE between 
measured and simulated moisture-related responses: a higher r value 
indicates a larger impact of the implemented hygric material property 
on the corresponding simulated moisture-related response. A first strong 
expression is that both moisture storage and transport properties have a 
significant impact on the moisture mass and relative humidity of pri
marily the material itself and sometimes of the neighboring materials. 
Specifically, implemented moisture storage properties influence the 
amount of moisture flows between materials and thereto relative hu
midity at the interfaces, while the moisture transport properties influ
ence the speed of moisture flows. The impact of implemented WF’s 
moisture transport property on its moisture mass is an exception. A 
possible explanation is that the moisture transport in WF also occur in 
over-hygroscopic condition, which are excluded in the correlation 
calculation.

This analysis underscores that the accuracy of moisture-related re
sponses is highly dependent on the precise implementation of hygric 
material properties. Further sensitivity analysis can provide deeper in
sights into these associations. In terms of model validation, prior studies 
typically rely on temperature and relative humidity as key indicators. 
However, incorporating measured moisture mass as a benchmark is 
essential for validating simulated results influenced by hygric material 
properties. Without this, the credibility and reliability of the validation 
remain uncertain.

3.2.4. Insights from model fine-tuning in stages 3
The provided measured hygrothermal responses in stage 3 allow 

investigating whether the simulation results are close to the experi
mental observations. While there are also uncertainties in the mea
surement (e.g., logger errors, inherent limitations in experiment 
protocols, etc.), the measured hygrothermal responses can be used as a 
reference to modify the implementations for a “more satisfied” result. 
Since multi-factors are involved in most submissions, it is difficult to 
evaluate the impact on each specific adjustment with other variables 
controlled, but these adjustments with positive effects reported by the 
participants are summarized below.

Out of the 28 submissions, five remained unchanged as in stage 2. 
These contributors were satisfied with the agreement between simula
tion results and the measured datasets or avoided further adjustment to 
prevent artificial fitting without physical accuracy. Among the rest 23 
complete submissions, a range of strategies are implemented to refine 
the simulation models. Most adjustments are made in moisture storage 
functions (10, the number of submissions, same below), liquid transport 
functions (10), surface transport coefficients (9), and thermal conduc
tivities (5). The frequency order of the adjusted materials is CS (16), MW 

(10), WF (7) and VB (1). Some participants mentioned that an improved 
accuracy is observed after refining the grid discretization (6) and cor
recting sensor positions (2) to better capture the physical setup. Some 
participants took the chance to correct previous errors (5) in imple
menting surface transport coefficients, initial conditions, and boundary 
conditions as well as in outputting positions or units.

4. Conclusion

This study evaluates the robustness and reliability of HAM models in 
predicting one-dimensional hygrothermal responses of building com
ponents under controlled conditions. A comprehensive round robin ac
tion, involving 38 groups from 19 countries, highlights the influence of 
implemented material properties on simulation outcomes.

The first impression is that while good agreement is achieved in heat 
transport predictions across models, moisture transport predictions are 
highly sensitive to implemented hygric material properties. Variations 
in moisture storage and transport properties, stemming from user- 
defined inputs or database selection, lead to notable deviations in 
simulated hygrothermal responses, emphasizing the need for precise 
material characterization and implementation.

This three-stage approach, progressing from engineering-based 
robustness assessment to more rigorous reliability evaluation, provides 
insights into common challenges and opportunities for improving HAM 
modelling. In stage 1, discrepancies in moisture-related predictions arise 
from user impact on estimating material properties and database reli
ance. In stage 2, providing measured material properties reduces de
viations but reveals challenges in physically and/or mathematically 
translating them accurately into model-specific forms. In stage 3, fine- 
tuning in assignment somehow improves accuracy, albeit limited by 
user expertise and persistent issues with material properties like mois
ture storage and transport functions. User-induced errors (including 
incorrect units or values, inconsistent parameter definitions, and wrong 
or incomplete boundary conditions) are identified but may remain un
detected in complex scenarios and potentially yield misinterpretations.

It is crucial to combine experimental validation with inter-model 
comparison for a comprehensive model assessment. Moisture mass 
should be prioritized as a benchmark indicator due to its critical impact 
on moisture-related responses. A reliable implementation of moisture 
storage and transport properties should receive more attention, partic
ularly when the properties are not directly measured or the measured 
results from different tests mismatch each other. Sensitivity analysis 
approach, which may mitigate the impact of intrinsic limitations of 
material characterization techniques and the uncertainties introduced 
by data manipulation, can be integrated with conventional validation 
and inter-model comparison methods.

For model users, the primary suggestion is to cautiously implement 
material properties. If choosing material properties from databases of 
HAM models or other sources, they should be aware that different 
batches of the same material available (in the market or in the data
bases) exhibit large deviations in moisture storage and transport prop
erties, to which the hygrothermal responses of building components are 
sensitive. If performing material characterization tests on their own, 
they should note the intrinsic limitations in measurements as well as 
uncertainties in data processing. In addition, the gaps between actual 
and implemented material properties, and the usage differences in units, 
symbols, directions, orders of magnitudes, conceptions and definitions 
should be considered.

Admittedly, the virtual models can never perfectly reproduce the real 
world, and the varied approaches of interpretation among models make 
the model assessment complicated. While extensive models have been 
evaluated by this dedicated experimental dataset, it is still impossible to 
tackle all uncertainties (e.g., implementation of boundary conditions, 
material homogenization and dimensional reduction, etc.) in a single 
study. There is a clear need to extend this work with additional bench
mark datasets and inter-model validation studies to achieve a more 
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reliable application of HAM models.
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