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Abstract

Earth-based materials are promising candidates for balancing thermal performance, hy-
grothermal regulation, and environmental sustainability. The objective of this study is
to evaluate and compare the hygrothermal behavior of two earthen materials, structural
cob and lightweight insulating earth, against conventional reference concrete, taking into
account not only their insulating properties but also their ability to regulate coupled
heat and moisture transfers. Experimental tests show a significantly higher hygroscopic
buffering capacity for earth-based materials, with an MBV of 2.23 g/(m?-%RH) for the
structural material and 1.21 g/(m?-%RH) for the insulation material, compared to less
than 0.5 g/(m?-%RH) for concrete. The sorption isotherms confirm distinct water storage
behaviors, with an average sensitivity to relative humidity of 10.47% for the insulation
material, compared to 3.8% for concrete and 2.25% for the structural material, in addition to
an average reduction of 26% in the adsorption capacity between 23 °C and 45 °C for both
earthen materials. Coupled heat-moisture simulations in COMSOL quantitatively demon-
strate the hygrothermal superiority of bio-based materials over conventional concrete, as
concrete promotes interstitial moisture accumulation due to its low vapor permeability.
The parametric sensitivity analysis highlights the effect of hygrothermal properties, where
diffusivity controls transport kinetics and sorption governs water storage, while thermal
conductivity modulates the spatial redistribution of thermo-hygric fields. The next and
final step made it possible to link the phenomena observed at the material scale to the
actual energy performance of the building, confirming the potential of the double-wall
cob + lightweight earth system to reduce heating and cooling requirements and maintain
stable indoor comfort, where the annual heating demand is reduced by approximately 24%
compared to the conventional prototype.

Keywords: earthen materials; low thermal conductivity; MBV; sensitivity analysis; transport
properties; storage properties; double-layer wall; energy performance

1. Introduction

In a context where a reduction in energy consumption and carbon emissions has
become an important matter for climate change mitigation and sustainable development,
construction materials are one of the key parameters of energy balance. The construction
sector contributes approximately 36% of the global energy consumption [1] and 39% of
carbon dioxide emissions in 2018 [2]. This makes the decarbonization of buildings through
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their entire life cycles a major research goal. It is from this perspective that bio-based mate-
rials emerged, combining performance, sustainability, and low environmental impact [3].
Their potential is not limited to reducing the carbon footprint, as their complex physical
behavior is strongly governed by their composition and porous structure. As mentioned by
Latapie et al. [4], bio-sourced materials have a nonlinear hygroscopic interaction marked
by hysteresis phenomena between absorption and desorption due to their porosity and
raw materials, allowing them to offer an adaptive capacity to temperature and humidity
variations. These properties make their behavior intelligent and better performing than
conventional materials. Bio-based insulation materials like hemp and straw have demon-
strated better thermal properties and lower embodied carbon compared to conventional
insulation [5].

Among these bio-based materials, those based on raw earth go back a long time
to traditional construction, making them capable of delivering a good performance [6].
This has led to the renewed interest and popularity of traditional earth buildings today;,
where many researchers have started studying and confirming their remarkable properties
and affordability due to their local availability and recyclability [7,8]. Offering more
sustainable and healthier construction, with the use of compressed earth blocks, rammed
earth, adobe blocks, cob, etc., Hamard et al. [9] presented the role of earth construction
techniques, particularly cob, as a solution for reducing the environmental impact of the
building sector. They are also characterized by better thermal comfort, stability, and
moisture-buffering capacities, improving indoor thermal comfort and passive heating and
cooling [10]. Zeghari et al. [11] demonstrated the thermal potential of cob by maintaining
interior temperatures down 6 °C from the exterior in summer. Experimental measurements
on unfired clay bricks incorporating barley straw, hemp shiv, and corn cob show that
these composites consistently achieve an excellent moisture buffering capacity superior to
2[g/ (m2-%RH)] [12]. Other studies reported that raw earth with 10% hemp shives offers
an MBV up to 3.16 [g/(m?-%RH)], in addition to lowering the thermal conductivity by a
factor of four, confirming the hygrothermal potential of these composites [13].

In modern earthen architecture, the aim is to develop a construction technique that
combines both the mechanical role and insulation role, which can be achieved with op-
timized composition and reinforcement by natural fibers, improving the toughness and
strength of earthen materials [14]. Several studies show the significant mechanical gain that
the use of fibers can provide [15]. They can increase the open porosity, useful for sorption,
and lower thermal conductivity [16]. The literature indicates that reed fibers have a good
thermal performance, with the ability to reduce mortar’s density by 75 kg/m? and elevate
its porosity and adsorption capacity by 1.5%. But they did not improve the compressive or
flexural strengths [17]. Therefore, the need arises to find complementary material solutions
that ensure both mechanical and thermo-hygric performance. This is one of the main chal-
lenges accepted by the European CobBauge project, aiming to develop building materials
based on local raw earth and natural fibers and providing better comfort, durability, and
low environmental negative effects [18]. The CobBauge project redesigned the use of cob
via a double-layer wall combining structural cob on the inside and lightweight insulating
earth on the outside. The carefully studied design of the mixtures makes it possible to
achieve the required mechanical properties while maintaining a good thermal performance
and desired vapor permeability [19].

Despite these advantages, earth-based materials still present challenges that are the
main target of researchers, including limited data on performance [20], variability of their
properties and complex behaviors making their characterization and dimensioning difficult,
particularly regarding moisture regulation. Their hygroscopic behavior remains poorly
documented compared to conventional materials such as concrete or mortar. Controlling
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moisture behavior is crucial, as it is one of the main causes of envelope degradation. It
can lead to water vapor condensation, mold growth, structural damage [21,22], reduced
thermal insulation [23], and deterioration of indoor air quality [24], which can adversely
affect the comfort and health of occupants [25]. However, understanding this behavior
cannot be reduced to static analysis while heat and moisture transfer through walls are in-
trinsically coupled. Numerical investigations applied to renovated walls in humid climates
showed that peaks in moisture content within the insulation layers can cause increases
in thermal transmittance of more than 22% compared to dry state values [26], which will
cause additional transmission losses at the building scale. Bucklin et al.’s work showed
that in hygroscopic bio-based materials, moisture absorption alone can increase thermal
conductivity by 20% [27]. Thus, ignoring moisture dynamics systematically underestimates
actual heat loss. When the coupling is properly modeled, hygroscopic materials can reduce
heating and cooling consumption by 5 to 30% by attenuating indoor humidity variations
through latent heat effects [28]. Beyond energy consumption, excessive moisture triggers
biological degradation processes. Mold growth begins between 80 and 95% relative humid-
ity depending on temperature, exposure time, and the nature of the material [29]. Given
these challenges, a multiscale approach can be beneficial as each scale captures phenomena
that the others cannot. At the material level, experimental tests provide the essential input
parameters. Coupled heat—air-moisture (HAM) transient simulation captures latent heat
effects, dynamic variations in thermal transmittance, and moisture-related risks that cannot
be obtained by a static calculation. At the building scale, dynamic energy simulation
evaluates the overall impact on heating and cooling consumption.

Many literature reviews present hygrothermal data [30], but provide an incomplete
understanding of the actual contribution of each of the properties. This justifies the need
for sensitivity analyses focused on transport/storage parameters to identify the dominant
levers and quantify their effect on heat distribution and water content. This work has
two objectives. The first is to experimentally characterize the two earth-based materials
based on their physical and hygroscopic properties, and then to compare their behav-
ior with that of a conventional reference material, concrete. The second objective is to
numerically analyze the influence of the main thermo-hygric properties on changes in
water content, in order to identify the parameters governing transfer kinetics, moisture
storage capacity, and the redistribution of thermo-hygric fields within the material. Finally,
to go beyond the material-level scale, this study also seeks to assess the extent to which
the observed behaviors can translate into benefits at the building scale, through dynamic
energy simulation of a prototype incorporating these materials.

2. Measured Thermal and Hygric Properties of the Studied Materials
2.1. Materials

Two materials were studied: a bio-based structural material and an insulating material,
and were compared to a conventional reference, concrete. Their thermal and hygric proper-
ties were collected from experimental data presented in previous work [31-33] and from
the literature for concrete [34]. (The reference values for concrete presented for comparison
are derived exclusively from the literature and are mentioned solely to provide context for
the results obtained.) These properties are essential inputs for modeling, as they govern
the kinetics of vapor transport, storage capacity and thermal response. Each has a specific
porous architecture and composition, reflecting how it stores, exchanges and transfers heat
and moisture. The materials’ properties are presented in Table 1.

The bio-based materials studied are materials from the European CobBauge project,
whose first phase consisted of developing earth-based materials reinforced with fibers for
construction purposes, with the aim of achieving better energetic performances, a low
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carbon footprint and occupants’ comfort. This phase ended with the development of two
materials with distinct roles: a structural material as the load-bearing material, which
consists mainly of cob and a low percentage of straw fibers, while the insulation consists of
a high percentage of reed fibers and lightweight earth (Figure 1).

Table 1. Material properties.

Properties Structural [31-33] In[sétil_e;c;?n Concrete [34]
Thermal conductivity [W/(m-K)] 0.295 0.104 2.74
Specific heat [J / (kg-K)] 832 1090 940
Density [kg/m?] 1492 541 2200
Water vapor permeability [Kg/(m-s-Pa)] 3.53 x 10711 3.14 x 101 454 x 10712
Diffusion coefficient [m2/s] 4.09 x 107? 1.44 x 107° 2.19 x 10710
Porosity [-] 0.30 0.64 0.16

)

Figure 1. Pictures of the earthen materials studied: (a) insulation; (b) structural.

The structural material consists of a mixture of two soils: raw sand (50%) and brown
silt (100%); these proportions were determined to ensure sufficient mechanical strength.
These soils were first dry-mixed to ensure a homogeneous distribution. Water was gradually
added up to 20% of the dry mass of the soil mixture. The mixture was kneaded until a
homogeneous and uniform consistency was obtained. Flax straw fibers were incorporated
at a percentage of 2.5% to reinforce the mixture. They were incorporated gradually in small
quantities by trampling the mixture, ensuring a uniform incorporation.

The preparation of the insulation material consisted of mixing the lightweight soil
with 80% water by weight of its dry mass, and the mixture was left to rest. The reed
fibers (50% of soil dry mass) were then incorporated manually in small quantities to ensure
homogeneity. The mixtures were then poured into molds of defined dimensions and left
to dry.

The selected fiber contents for the materials studied were determined based on pre-
vious studies [35] that identified the optimal balance between mechanical strength and
thermal performance. An increase in fiber percentage improves insulating properties by
reducing bulk density, but leads to a significant decrease in compressive strength, with
mixtures with 5% fibers for the structural material generally falling below the 0.9 MPa
threshold required for two-story constructions.

Based on the parameters of the different materials presented in Table 1, the structural
material with a 30% porosity combines a higher permeability, and thus a high diffusivity,
which can therefore allow it to exchange and equilibrate quickly, making it a good short-
term buffer. The insulation, with a higher sorption capacity, has a low density and high
porosity, promoting surface exchanges, with internal variations occurring slightly more
slowly than with the structural material. However, concrete has the highest vapor resistance,
which can cause more moisture accumulation under a vapor gradient. Regarding thermal
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conductivity, the insulation has higher thermal resistance, slowing down the heat transfer
throughout the material.

2.2. Moisture Buffering Value

To analyze the role of materials in regulating indoor humidity, the Moisture Buffer
Value (MBV) was measured, as it serves as a key indicator of materials’ ability to mod-
erate humidity fluctuations in the built environment. Tests were conducted using the
NORDTEST standard method [36] to characterize their hygroscopic behavior through
humidity and mass variation measurements. One sample per material was prepared with
an exchange surface area equal to 103.5 cm? (£0.5 mm), in accordance with the protocol’s
minimum requirements.

The test specimens were manufactured according to the formulation protocol de-
scribed in Section 2.1, ensuring the homogeneity of the composition and microstructure.
Prior to testing, the samples were dried in an oven at 40 °C until a constant mass was
achieved (criterion: mass variation less than 0.1%/24 h). The literature shows that the
drying temperature and duration influence the initial water content of samples but do
not significantly affect the obtained MBV value, with an observed difference of less than
1% [37,38]. The samples were sealed with aluminum tape on all the side surfaces, except for
the top one, to ensure unidirectional heat and moisture transfer during the tests (Figure 2).
Then, they were placed on a precision balance with a 0.001 g sensitivity, inserted in a
climatic chamber. The climatic conditions were set at 50% relative humidity and 23 °C until
the samples’ mass variation fell below 0.1%/24 h.

Figure 2. The structural material sample used in the MBV experiment test.

The NORDTEST protocol cycles were then applied. During the 24 h cycle, humidity
is set to 33% for 16 h and then to 75% for 8 h, at a constant temperature of 23 °C. Cycles
are repeated over several days, and the instantaneous mass of each sample was monitored
and recorded throughout the test. The test was maintained until the equilibrium condition
defined by the protocol had been reached, corresponding to a mass variation of the samples
of less than 5% during the last three cycles.

To verify that the thickness of the samples is sufficient for the MBV to be an intrinsic
property, the penetration depth pd was estimated using Equation (1) [39,40]:

Dyt
pd =461/~ )
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where Dy, is the moisture diffusivity (m?/s) and t is the period of the shortest exposure
phase (s).

For the structural material, the estimated penetration depth is pd = 2.82 cm, and it is
1.67 cm for the insulation. These values are lower than the thickness of the samples, which
is equal to 11.5 cm, confirming that the condition is satisfied and that the measured MBVs
are indeed intrinsic properties of the materials, independent of the thickness of the samples.

The moisture buffering value [g/(m?-%RH)] of each material is obtained from the
mass variation measured at the end of the adsorption and desorption cycles during the last
five stabilized cycles. MBV is calculated using Equation (2):

Amsample

M= A (4’High - ¢Low)

(2)

In this equation, Ammigay e [g] is the average between the absorbed and released water
contents during the last cycles, A [m?] is the exposed surface area, and ¢, and Proq [%]
are the high and low relative humidity values occurring during the cycles.

The time variation in the masses of the structural and insulation samples during the
tests is shown in Figure 3. A significant increase in mass is observed during the first three
cycles. After the fourth cycle, a slight increase in mass is observed during the adsorption
and desorption cycles, which may indicate that the samples can store moisture in an almost
stable manner. The required stationary state is obtained for cycles 4-8, as the mass variation
is less than 5% and the difference between the weight gain and the weight loss in each cycle
is less than 5%.

8 100
~———RH% = Structural material = |nsulating material L 90

7 4
- 80
r 70

4 4 I 50

RH (%)

L 40

r 30

Water mass absorbed (g)

r 20
F 10

0 1 2 3 4 5 6 7 8 9
Time (Days)

Figure 3. Absorbed mass variation of the structural and insulation materials during the eight
adsorption cycles.

An assessment of temporal repeatability was performed by calculating the MBV
independently for each of the stabilized cycles, providing a direct estimate of cycle-
to-cycle variability under identical experimental conditions. For the structural ma-
terial, the average desorption MBV is 2.158 + 0.069 [g/(m?-%RH)], and during ad-
sorption, it is 2.292 4 0.057 [g/(m?-%RH)]. For the insulating material, the average
MBYV during desorption is 1.233 + 0.032 [g/(m?-%RH)], and during adsorption, it is
1.192 4 0.055 [g/(m?-%RH)].

The NORDTEST protocol provides a scale that interprets the results by classifying
the values into levels, as shown in Figure 4. The structural material can be considered an
“excellent moisture regulator”, with an MBV of 2.23 & 0.032 [g/ (m?-%RH)]. The insulation
material has an MBV of 1.21 £ 0.017 [g/ (m?-%RH)], which makes it a “good moisture
regulator”, as is the case for spruce wood, with an MBV higher than 1 [g/ (m2-%RH)]. Other
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common materials such as concrete and brick have an MBV of less than 0.5 [g/(m?-%RH)],
and are thus considered “weak moisture regulators” [36]. These results fall within the
ranges reported in the literature for comparable materials. The structural material is
consistent with the values for earthen materials and hemp—clay composites, for which
MBVs ranging from 1.9 to 3.4 [g/ (m2-%RH)] have been documented [39,41,42]. The insula-
tion material also falls within the same range as bio-based insulators such as wood fiber
(161 [g/ (m2-%RH)]), grass (1.79 [g/ (m?-%RH)]) as well as spruce wood, as mentioned
earlier [43]. These results confirm the good hygroscopic properties of earth-based materials
and their suitability for passive indoor humidity control.

2.5

15 4 Good MBV zone

Average & limited MBV zones

Insulating material Structural material Brick Concrete Spruce wood

0.5 4

MBV (g/mZ2.%RH)
o =
i
I
I
I
I
I
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Figure 4. Moisture buffer values of earthen materials and other building materials.

2.3. Sorption Isotherms

To model the sorption capacity of the materials under study, the Guggenheim—
Anderson—de Boer (GAB) model was fitted using experimental data from sorption tests
conducted at different relative humidity levels in the climatic chamber. For each specified
humidity level, the samples were held until a state of mass equilibrium was reached, that
is, until their mass stabilized. The equilibrium mass obtained at each relative humidity
level was then used to determine the material’s equilibrium water content, expressed in kg
of water per kg of dry material [kg/kg].

Wy -K-C-¢p

W= (1—-K-¢)(1 - K¢+ CKg)

®)

where wy,, C and K represent the fitting parameters of the GAB model. Relative humidity
¢ is calculated as a fraction in the equation.

The GAB model was fitted using MATLAB’s (R2025b) Curve Fitter tool. This procedure
allowed for the estimation of the model parameters, making it possible to quantitatively
describe the sorption behavior of the studied materials over the considered relative hu-
midity range, by establishing a relationship between the hygrometric environment and the
material’s water storage capacity.

To evaluate the GAB model’s ability to accurately represent the sorption behavior
of the materials studied, an analysis of the fit accuracy was performed by comparing
the experimental water content values with those predicted by the model. The quality
of the fit was quantified using statistical indicators commonly used in the analysis of
nonlinear models, notably the coefficient of determination R? and the root mean square
error RMSE. A high value of RZ, close to 1, combined with a low RMSE value, indicates that
the GAB model is capable of accurately reproducing the experimental data and describing
the relationship between water activity and the material’s water content. This is the
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case for the fitted model in this study, where R% = 0.9959, RMSE = 0.002 kg/kg and
R? = 0.9975, RMSE = 0.007 kg /kg respectively for the structural and insulation materials,
demonstrating a good fit for both materials.

Results are gathered in Table 2, representing the values of the fitting parameters
ww, C and K. Figure 5 shows the sorption isotherms for the structural and insulation
materials studied in this work, compared with the concrete sorption isotherm taken from
the literature [34]. The position of the concrete curve between those of the structural
material and the insulation material reflects the physical differences in water storage
capacity between these materials. Bio-based and fibrous insulation materials generally have
high porosity, promoting water vapor adsorption and leading to higher water contents for
a given relative humidity. The structural material, on the other hand, has a lower moisture
storage capacity than concrete itself.

Table 2. GAB fitting parameters.

Material Wy C K
Structural 0.0096 2.104 0.6639
Insulation 0.033 2.5218 0.7683
Concrete 0.0108 13.503 0.8023

0.10 : . ; ; . ,

A Structural — Experimental
0.09 | — Structural — GAB fit

® Insulation — Experimental
Insulation — GAB fit

—== Concrete — Literature equation

0.08 -

-
-

Water content w (kg/kg)

-
-
-
-
-

0'0%.2 013 Oj4 015 0j6 017 O.l8 0.9
Relative humidity ¢ (-)

Figure 5. Comparison of GAB sorption isotherms of the bio-based and conventional materials.

2.4. Effect of Temperature and Relative Humidity on Water Vapor Accessible Porosity

Water vapor accessible porosity refers to the amount of accessible void space within a
material’s volume capable of participating in adsorption, capillary condensation, and water
transport phenomena under given temperature and relative humidity conditions, making
it a relevant indicator for interpreting the hygrothermal behavior of porous materials. The
method used to measure this indicator consists of a sorption test in the climatic chamber,
under various temperature and relative humidity conditions. The samples were exposed to
relative humidity levels varying from 40 to 80% at three temperatures (23 °C, 30 °C, and
45 °C). It is calculated as the ratio of the volume of water vapor absorbed V;, to the total
apparent volume of the material V;:

fal-) = 1 @
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where Vy, is determined from the difference between the mass at a given relative humidity
and the dry mass of the material divided by water density (1000 kg/m?). V; is the total
apparent volume of the sample determined from its external dimensions.

Two consistent trends are observed for both materials: ¢, increases with relative hu-
midity, reflecting the progressive filling of the pores as vapor pressure increases. However,
it decreases with increasing temperature at the same relative humidity, with an average
reduction of 26% between 23 °C and 45 °C. These findings are in accordance with the litera-
ture on earthen and bio-based materials, which report a reduction of 12% between 15 °C
and 35 °C [44]. This behavior can be attributed to changes in vapor-liquid equilibrium
within the pores.

The results shown in Figure 6 indicate that the insulating material has higher water
vapor accessibility than the structural material. For the insulation, &, ranges from 0.83%
to 3.20% compared to 0.54% to 2.14% for the structural material. This difference can be
explained by the high fiber content of the insulation material, inducing a high porosity per-
centage and a lower bulk density, thus promoting a greater water vapor retention capacity.

3.6
@ Structural T=23°C @ Insulation T=23°C
g 3.2 4 [ ]
Structural T=30°C X Insulation T=30°C
] 228 -
% Structural T=45°C I X Insulation T=45°C ®
i 824
°® @
Q0
4 @ 2.0 A ¢
wv
o g o
i S 16 A
PY o
Q.
- 1.2 1
° < ¢
3
J PY & 0.8 4
. 2
g 0.4 4
T T T T T O-O T T T T T
30 40 50 60 70 80 90 30 40 50 60 70 80 90
Relative Humidity % Relative Humidity %

Figure 6. Impact of temperature and relative humidity variations on water vapor accessible porosity.

3. Comparative Analysis of Coupled Heat and Moisture Transfer in
Bio-Based and Conventional Materials

3.1. Numerical Methodology

The numerical approach is based on the coupled modeling of heat and moisture
transfer in porous materials, performed in COMSOL Multiphysics 6.3, using the Heat
and Moisture Transport in Porous Media physics. This interface combines two physics:
Heat Transfer in Moist Porous Media and Moisture Transport in Porous Media, to model
simultaneously thermal conduction, vapor diffusion, and liquid water transport within
the porous media, considering the latent heat effects related to condensation/evaporation
dynamics. These physics were chosen over the Building Materials physics to obtain a more
accurate representation of the actual behavior of the bio-based earthen materials, whose
porous structure and hygroscopic behavior require a multiphase description. The governing
partial differential equations of the coupled heat and moisture transfer are presented in
Appendix A. The assumptions associated with these physics are as follows: terms related
to capillary flow of liquid water and convection are neglected; thermal conductivity A and
vapor permeability §, are considered constant for each material, independent of water
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content and temperature; and the local water content is assumed to be in instantaneous
equilibrium with relative humidity, in accordance with the measured sorption isotherms.

The geometry studied is a 2D domain (Figure 7). The dimensions of the geometry
under study are 10 x 10 cm?, and the sample was simulated over 10 days in order to
capture the transient response specific to each material. The impact of the time step on
the simulation was evaluated by comparing three values: 30 s, 60 s, and 600 s. The
results obtained showed no variation in the temperature nor the relative humidity maxima
and minima, indicating full convergence of the hygrothermal solution. Furthermore, the
computation time ranges from 58 s for a 600 s time step to 7 min 47 s for a 30 s time
step, a factor of 8 with no gain in accuracy. A 60 s time step was therefore selected for all
simulations, with a computation time of 4 min 18 s.

Tmp A ¢top

Text
¢ext

hfoxt ; ﬁ"‘o:r>

Tint
d)int

<hcmt ; B"'int

¢ Tpor & Pvot £

Figure 7. Model geometry and applied boundary conditions.

A mesh independence analysis was performed using three Physics-controlled mesh
levels: Fine, Extra Fine, and Extremely Fine. As shown in Table 3, the maximum and
minimum temperatures and the maximum and minimum relative humidity show negligible
variation due to changes in mesh size. Since the Extremely Fine mesh significantly increased
the computation time without yielding significant improvements in the results, the Extra
Fine mesh was selected for the study.

Table 3. Mesh independence study.

Mesh Level Number of Elements Tiax °C Tyin °C Pmax %o Piin %o Simulation Time
Finer 1856 11.166 5.4841 86.785 72.598 2min 10 s
Extra Fine 6282 11.165 5.4839 86.824 72.569 4 min 18 s
Extremely Fine 24912 11.165 5.4841 86.812 72.578 11 min 33 s

Table 4 presents the different parameters of the model. The boundary conditions
are constant, where the exterior side is exposed to harsh and humid winter conditions
and the indoor conditions were chosen below the comfort range, thereby evaluating the
hygrothermal performance of the materials under critical conditions. The upper and lower
boundary conditions represent the conditions of adjacent unheated spaces. The initial
conditions (T, RHy) correspond to a homogeneous state of the material prior to exposure,
an assumption that ensures numerical stability and reproducibility of results. For the heat
and water vapor diffusion transfer coefficients, typical values were considered following
EN 15026:2023 [45]. This choice of conditions imposes a sustained thermal and hygric
gradient, representative of a cold and humid period, which is conducive to revealing the
mechanisms of vapor and water diffusion and possible episodes of moisture accumulation.
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This simulation was applied successively to the three materials studied, in order to compare
their hygrometric behavior under the same conditions.

Table 4. Model parameters.

Boundary Conditions (Critical Winter Conditions) Heat Transfer Coefficients (EN 15026:2023 [45])
Toxt Exterior temperature 4°C he,y Heat transfer 17 W/ (m?-K)
Tint Interior temperature 13°C he;, coefficients 8 W/ (m?K)
Gext Exterior relative humidity 95% Bittos Vap?;aiisfff;sion 75x107% s/m
Pint Interior relative humidity 65% B coefficients 25 x 1077 s/m
Ttop,bots Proppot  Top and bottom conditions (10 °C, 75%) Ty, RHy Initial conditions (4 °C, 50%)

The indoor surface heat transfer coefficient h¢,, = 8 W/ (m2~K) takes into account
the convective and radiative components. This standard value [45] corresponds to low
indoor convection conditions (air velocity ~ 0.1 m/s). It should be noted that air velocity
has a significant impact on the moisture buffering capacity of hygroscopic materials: A
study [37] has shown that the MBV of bio-based materials increases, for thermo-hemp,
from 2.09 to 4.34 g/(m?-%RH) with increasing air velocity from 0.099 m/s to 0.981 m/s.
The moisture regulation performance presented in this study is therefore a conservative
estimate, as higher air velocities lead to even more effective regulation.

3.2. Model Validation

To verify the reliability of the hygrothermal numerical model developed in COMSOL
Multiphysics, an experimental validation was conducted by comparing numerical results
with the experimental data from previous work [33]. These results were obtained from
7 cm cubic samples of structural and insulating material in a wet cup experimental setup.
Each sample was preconditioned and tested at ambient temperature for 6 days until it
reached the hygric steady state. The relative humidity was fixed at 80% in the bottom
ambient environment. Relative humidity is recorded during the experiments at four
experimental points within the materials: on upper and lower surfaces of the sample and
inside the material at 2 cm and 5 cm from the lower surface. Figure 8 shows that the
water content distribution is in close agreement with the numerical water content, with
an RMSE of 0.1401 kg/m? for the insulation and 0.8694 kg/m? for the structural material,
which indicates good agreement between the numerical results and the experimental data,
confirming the model’s ability to accurately reproduce the behavior of the studied materials.

30

A Exp. Insulation ¥ Exp. Structural

25 4 ——Simulation. Insultaion ——Simulation. Structural

20 A

15 A

10 A

0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Figure 8. Model validation through water content distribution across the earthen samples.
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3.3. Thermo-Hygric Behavior of Bio-Based and Conventional Materials

The objective of this section is to compare the thermo-hygric behavior of the three
materials subjected to the same climatic conditions. Figures 9-11 show surface plots
of the three materials, representing the spatial distribution of relative humidity. The
line contours represent the temperature distribution, in addition to the maximum and
minimum temperatures and relative humidities, respectively, in red and blue, after a 10-day
simulation. The profiles for the three materials highlight marked differences in behavior
related to their properties.
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Figure 9. Thermo-hygric behavior of structural material under winter conditions.

Fy 11.8

11.4

11

10.7

Insulation

10.3

9.98
10°C 75%
9.63

82 9.28
8.92
13°C
65%

8.56 min: 4.84 degC max; 11.9 degC

4°C
95%

80
821 min: 69.7%
78 7.86

7.5

76

10°C 75%

6.79

74 6.44

6.08
72 5.73

5.37

CIT T T T T T T 7T P V7 vvTd

A 5.02

Figure 10. Thermo-hygric behavior of insulation material under winter conditions.
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Figure 11. Thermo-hygric behavior of concrete material under winter conditions.

For the structural material in Figure 9, the temperature varies from a minimum of
5.48 °C to a maximum of 11.2 °C, showing a moderate gradient due to its intermediate
thermal conductivity. Relative humidity ranges from 86.8 to 72.6% from the exterior to the
interior, while the color map shows a progressive internal diffusion, showing the influence
of the local temperature, without marked localized accumulation on either side. Small
zones of high humidity are observed in the top and bottom cold corners. This can be
explained by the corner effect, where the heat flux coming from the center of the material
decreases approaching the corners, causing the moisture flux to encounter colder zones,
and thus, with a decrease in psq, ¢ increases locally.

The insulation material (Figure 10), on the other hand, has a more marked temperature
gradient, with a variation from 4.84 °C to 11.9 °C, which is due to its higher thermal
resistance compared to the other two materials, reducing heat diffusion and thus fulfilling
its role in slowing heat dissipation in order to maintain a warmer interior. A high vapor
accumulation is observed on the cold side, which is favored by its high sorption capacity
and a lower diffusion coefficient and permeability compared to the structural material.
Furthermore, because the temperature on the exterior side remains lower, it results in a
lower saturated vapor pressure and therefore a greater possibility of saturation along the
exterior surface.

For concrete (Figure 11), the temperature ranges from 7.38 °C to 9.03 °C, which is the
smallest difference, due to its high thermal conductivity. Heat diffuses quickly through the
thickness, lowering the interior surface temperature. Its low diffusion coefficient indicates
slow moisture diffusion, confirmed by the observed gradient, showing high heterogeneity
of relative humidity throughout the sample. Moisture accumulation is observed at the
outer corners and locally on the inner surface. This can be explained by the combination
of higher vapor partial pressure p, and low temperature. At the corners, heat escapes
more easily, making the area colder than the rest. The local temperature drops, and thus,
the saturated vapor pressure decreases, which makes the corners critical for condensation
and mold growth. Regarding moisture accumulation on the interior surface, when heat
migrates through the wall, the interior temperature drops faster than the vapor content can
diffuse. This time lag can cause an apparent accumulation of ¢ on the interior side.
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This confirms that the assumptions made based on the thermal and hygric properties
of the studied materials are validated by these figures, demonstrating a better performance
of the bio-based materials compared to concrete. The structural and insulation materials
showed greater hygrometric regulation and buffering behavior, while concrete increases the
risk of vapor accumulation indoors in cold conditions due to its lower vapor permeability
and higher thermal conductivity.

3.4. Parametric Investigation of Coupled Heat and Moisture Transfer

In order to better understand the behaviors of the materials under study, this section
provides a parametric decomposition aiming to analyze the influence of certain key prop-
erties on the performance and response of each material, which will help to identify and
quantify each property’s contribution to heat and moisture transfer.

Three parameters were separately varied to transition from observation to causation:
diffusion coefficient, sorption capacity, and thermal conductivity. During these tests, every-
thing else remained the same, as indicated in Section 3.1 (geometry, boundary conditions
and other properties). The objective is to analyze the roles of each one of these parameters.

To analyze the spatial distribution of the hygrothermal fields within the material,
three locations are considered across the thickness: the outer surface (x = 0), the center
(x = 0.05 m), and the inner surface (x = 0.10 m).

3.4.1. Influence of the Diffusion Coefficient on Thermo-Hygric Behavior

The objective here is to isolate and analyze the influence of the diffusion coefficient on
moisture transfer. Three simulations were conducted in which only the diffusion coefficient
of the structural material was varied around its reference value, considering three distinct
values: the reference case, a 50% increase, and a 50% decrease. The comparison is based on
the water content variation.

The results presented in Figure 12 show that when the diffusion coefficient increases,
and therefore the mass diffusivity as well (since the sorption capacity is constant here
(Equation (5)), the water content curves rise more quickly, and the internal point catches up
with the surface sooner. On the other hand, the equilibrium value does not change. The
more the diffusivity coefficient increases, the more the slope increases, and the material
arrives at a stable state more rapidly. The decrease from 6 x 107? m?/sto4 x 1072 m?/s
results in a 34% increase in the stabilization time, which increases from 4.7 to 6.3 days.
Similarly, the reduction from 4 x 107? m?/s to 2 x 10~? m?/s results in a 54.8% increase
in stabilization time, reaching 9.75 days. Despite these differences, the water content equi-
librium value remains identical for all cases, confirming that the diffusion coefficient acts
on the propagation and stabilization speed. This means that a higher diffusion coefficient
reduces the internal humidity gradients, causing better moisture redistribution and a lower

risk of accumulation.
Dy,

Dy z

(5)

where Dy, = 0p-Psqt(T) and ¢ = ‘g—i‘;.

Dy [m?/s] is the diffusion coefficient, D, [kg/(m-s)] represents the moisture dif-
fusivity, 5, [kg/m-s-Pa] is the permeability, and ¢ [kg/m?] is the sorption capacity of
the material.
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Figure 12. Influence of diffusion coefficient on the moisture response of structural material.

3.4.2. Influence of Sorption Capacity on Thermo-Hygric Behavior

Figure 13 shows the effect of variations in sorption capacity on the hygric response. It
highlights the clear difference in the overall water content, and a slight difference in the
diffusion kinetics as well. As with the diffusion coefficient, three values of sorption capacity
were tested. Case 1 represents the actual sorption capacity of the structural material, which
is the derivative of the water content with respect to relative humidity. For comparison
purposes, this parameter was decreased by 50% for Case 2 and increased by 50% for Case
3. The curves show that when sorption capacity increases, the equilibrium value of water
content rises, and the material needs more time to stabilize. The water content varies
between 5 and 13 kg/ m?3 for Case 2, 12 and 23 kg/ m? for the reference Case 1, and 17 and
36 kg/m? for Case 3.
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Figure 13. Influence of sorption capacity on the moisture response of structural material.
Sorption capacity represents the sensitivity of the material’s water content to changes
in relative humidity, which explains why, when it increases, the water content increases.

Consequently, the material’s moisture inertia increases when the sorption capacity increases,
which prolongs the time required to reach a steady state. The stabilization time increased
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Temperature (°C)

from 4.7 days to 8.6 days, an increase of nearly 83%, indicating that a decrease in sorption
capacity promotes faster hygric stabilization.

3.4.3. Influence of Thermal Conductivity on Thermo-Hygric Behavior

The sensitivity study of thermal conductivity for the three values considered shows,
first, regarding the temperature distribution in Figure 14, that the higher the thermal
conductivity, the smaller the overall temperature variation across the thickness. The gray
lines show, for example, that for 0.14 W/m/K, the temperature varies between 5 °C on
the exterior and 11.73 °C on the interior surface. However, for the reference thermal
conductivity of 0.29 W/m/K, it varies between 5.5 °C and 11.13 °C. This means that the
more conductive the material, the more homogeneous the gradient.
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Figure 14. Influence of thermal conductivity on (a) temperature and (b) water content distribution of
the structural material.

Regarding the water content distribution in Figure 14, the diffusion time across the
material is nearly identical for the three cases. On the other hand, minor variations were
observed in the equilibrium values, due to the indirect relationship between thermal con-
ductivity and sorption capacity, where a higher conductivity homogenizes the temperature
gradients, which modifies the saturation vapor pressure Ps;:(T) and thus influences the
rate of accumulation.

The previous interpretations highlight the following principle: sorption capacity de-
termines the equilibrium level, and transport parameters such as the diffusion coefficient
control the time of diffusion of humidity, while thermal conductivity affects the temperature
field and therefore indirectly modifies local relative humidity and moisture accumulation
through the temperature dependence of saturation vapor pressure. The sorption capacity
is the dominant parameter for the final water content, where a £50% variation in sorption
capacity induces a nearly proportional £50% variation in water content at the center point
(0.05 m) and a ~ 30% change in the stabilization time, confirming that this parameter
governs the amount of water stored at equilibrium. In contrast, water vapor permeability
and thermal conductivity have only a minimal influence on the final water content, with
variations of less than 0.9% for a £50% change in these parameters. Water vapor perme-
ability primarily affects the transient dynamics, where a 50% reduction in water vapor
permeability extends the stabilization time by +55%, while a 50% increase reduces this time
by —25%.
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The results obtained from the parametric decomposition provide a better understand-
ing of the differences in behavior identified between the three materials studied in this work.
The structural material, with its higher diffusivity, allows faster moisture diffusion but
stores less. The insulation material, with a lower diffusivity coefficient (1.44 x 1072 m?/s)
than the structural material (4.09 x 10~? m?/s) but a greater sorption capacity and porosity,
promotes greater capillary adsorption and absorption, leading to greater water storage and
slower diffusion. Yet it remains effective and acts as a good buffer compared to concrete,
which combines lower permeability and intermediate sorption capacity, and with its high
thermal conductivity, causes faster heat transfer, but slow vapor migration, promoting
interstitial moisture accumulation on the cold side. These results demonstrate the greater
efficiency of bio-based earthen materials in comparison with conventional concrete.

4. From Material Scale to Building Scale: Energy Simulation of the Raw
Earth Prototype Using TRNSYS

The materials” observed behaviors will have a direct effect on the overall thermal
performances of real buildings. In fact, transport and storage properties govern the coupled
heat-moisture transfer through walls, influencing the internal climatic conditions of a
building and thus the occupant comfort. A transition to numerical modeling through
TRNSYS allows the evaluation of the differences in energy performance due to the intrinsic
differences between the building materials.

As part of the CobBauge project, the structural cob and the insulation light earth
were tested in a real-scale prototype built in Normandy, France, where the climate is a
humid oceanic climate with low temperatures. This prototype, with a surface of 13 m?,
was designed as a test cell in order to evaluate the thermal, hygrometric, and structural
performances of the double-layer walls under real climatic conditions (Figure 15).

Figure 15. The building prototype under construction.

The walls are composed of an internal layer of the structural material, providing
load-bearing capacity and hygrothermal regulation before encountering the interior envi-
ronment. The external layer is made of the insulation material, acting as a thermal insulator
and hygrometric regulator. The more porous outer insulating layer buffers variations in
humidity and temperature, while the denser inner layer stores heat and regulates vapor
transfer to the interior.

Figure 16 presents the building prototype modeled using SketchUp and then imple-
mented in TRNSYS 18, a software dedicated to studying the thermal behavior of transient
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systems. It is used to recreate experimental conditions and simulate the building’s thermal
performance. Once implemented, the model is represented as a diagram composed of
several components called “Types” interlinked with each other. Each Type corresponds
to a specific element of the system: the thermal simulation of the building under study is
carried out by Type 56, Type 15 is used to integrate meteorological data usually generated
from software such as Meteonorm 7.3, Type 9 is used to read external data files, and Type 65
is used to display and print results.

e

Figure 16. Three-dimensional representation of the building prototype in SketchUp.

Real meteorological data, including temperature and humidity, from the prototype’s
location in Normandy, France, were imported into TRNSYS, which ensures more accurate
results. The study site is classified as Cfb (temperate oceanic climate) according to the
Koppen-Geiger classification, characterized by mild temperatures throughout the year,
the absence of a dry season, and cool summers. The building characteristics were then
specified in Type 56. Each wall was defined layer by layer, specifying for each material its
thickness, thermal conductivity, heat capacity and density.

4.1. Comparative Analysis Between Cob and Conventional Materials

To determine the energy performance of the building under study, heating and cooling
demands were simulated using TRNSYS software. These calculations are based on a
comfort temperature range defined between 19 °C and 26 °C, as stipulated in articles
R241-26 and R241-30 of the French Energy Code [46]. In the absence of a specific legal
text governing the heating period, it is generally set as between October 15 and April 15.
However, this period may differ according to the region, the local climatic conditions, and
the policies or regulations established by local authorities or building managers. For the
purposes of this study, this period was used as a reference for the analysis.

The assumptions used in the simulations are as follows:

- The infiltration rate is fixed at 0.6 air changes per hour.

- No mechanical ventilation or internal gains are taken into account.

- The prototype is maintained at 19 °C during occupied hours and at 12 °C during
unoccupied periods.

- The cooling setpoint is set to 26 °C.

This analysis allowed us to compare the energy performance of two prototypes: one
built from cob and the other from conventional materials. Table 5 illustrates the composition
of the structural elements of these two prototypes, highlighting the differences in the
materials used. In order to ensure a reliable comparison between the cob and conventional
buildings, both share identical floor and roof configurations, differing only in their external
wall composition. This approach isolates the thermal contribution of the wall system. The
thermal transmittance (U-value) of the cob wall ranges between 0.232 W/m?K for the West
and South walls and 0.290 W/m?K for the East and North walls due to thickness variations.
While the conventional wall yields a value of 0.262 W/m?K. These values are comparable,
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confirming that the two prototypes operate under thermally equivalent envelope conditions.
Furthermore, both prototypes were assigned identical solar orientations. Window openings,
with a U-value of 2.95 W/m?K, were placed on the south-facing wall, with a total glazed
area of 4.80 m?, representing the largest opening to maximize solar gains during winter.
Two additional smaller windows were placed on the north facade (1.1 m? and 0.9 m?).

After simulating with TRNSYS, the results show a heating demand for both proto-
types, but no cooling demand, which can be explained by the cold climate of the region
studied. Figure 17 shows that the heating energy demand for the year 2023 is higher for
the conventional prototype for the entire heating period, with a total of 79 kWh/m? /year,
than for the cob prototype, with a total of 60 kWh/m?/year. These results demonstrate the
better energy performance of the cob prototype, which can be attributed to the ability of
bio-based materials to store and slowly release heat, thus reducing thermal fluctuations
inside the building. To summarize, this comparison illustrates that buildings incorporating
bio-based materials, such as cob, offer a high-performance, sustainable alternative to con-
ventional construction. These results reinforce the promotion of the use of these materials
in the building sector, with the goal of reducing energy consumption and the associated
environmental impacts.
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Figure 17. Total heating energy demand in 2023 for the cob and conventional prototypes.

Table 5. Structural composition of cob and conventional prototypes.

L . Thermal Thickness (mm)
Building Component Composition Resistance
(m2.K/W) E-N 5-W
Lime 0.010 20
COB Cob_Structural 0.841 [25 cm] 450 250
building Cob_Insulation 2.404 [25 cm] 270 250
Coated raw earth 0.027 20
External Wall
Plasterboard 0.052 13
Conventional Rockwool 3.191 150
building Concrete blocks 0.385 200
Exterior mortar plaster 0.012 15
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Table 5. Cont.

. .. Thermal Thickness (mm)
Building Component Composition Resistance
(m2.K/W) E-N 5-W
Reinforced concrete slab 0.114 200
Floor Expanded cork insulation 0.250 10
Rammed earth finishing slab 0.091 100
Corrugated steel roofing sheets 0.000 18
Wood 0.252 58
s Wood fiber rain barrier 0.400 22
Ceiling
Wood fiber insulation 7.500 300
Polyethylene vapor barrier 0.003 1
Wood 0.039 9

4.2. Energy Demand Analysis of the Cob Prototype Across Climate Zones

This section compares the heating and cooling requirements for the cob prototype in
the three climatic zones of France. This classification is based on the French Thermal Regu-
lations (RT). The city of Dijon was chosen as the cold climate zone, marked by cold winters
and moderate summers, classified as Cfb. Saint-L6, located in Normandy, was selected
as the temperate and humid climate zone because of the location of the prototype under
study in this zone, enabling direct experimental evaluation of the building performance.
Nice was chosen to represent the Mediterranean climate zone (Csa), known for its hot, dry
summers and mild winters, which enables the assessment of the cob prototype’s ability to
regulate temperature and limit air-conditioning requirements.

Figure 18 illustrates outdoor (dark blue bars) and indoor (light blue bars) temperature
ranges for the three cities, highlighting the temperature regulation capabilities of the cob
prototype. The results show that Nice has the highest outdoor temperatures, ranging from
3 °C to 36 °C over the course of the year. Dijon has the widest temperature range, with a
minimum of —6.5 °C and a maximum of 36 °C. And Saint-L6 shows outdoor temperatures
ranging from —5 °C to 31 °C. Inside the cob prototype, the figure shows a significant
reduction in temperature fluctuations due to the thermal properties of the cob materials.
The variations recorded for Nice are between 8 °C and 28 °C, showing better protection
against heat peaks. For Dijon, despite its harsh winter, the indoor temperatures were
regulated between 4 °C and 25 °C, which is also the case for Saint-L6, with temperatures
ranging from 5 °C to 21 °C. These results confirm that the cob material acts as a thermal
buffer, limiting extreme variations and promoting a stable, comfortable indoor environment
regardless of the climatic conditions outside.

The simulation results presented in Figure 19 show that the heating demand is higher
in cities with a cold climate (Dijon) and a humid climate (Saint-L6), where winters are colder,
with a total energy demand for the cold climate of 74 kWh/m?/year and 60 kWh/m?/year
for the humid and temperate climate. Meanwhile, for the Mediterranean climate, a lower
demand of 42 kWh/m? /year is obtained. Regarding cooling, in Dijon and Saint-L0, there
is no cooling requirement, reflecting their cold summers. On the other hand, Nice, which
experiences hot summers, shows a moderate cooling demand, mainly over a few days
in July, August, and September, with a total of 1.5 kWh/m?/year. These low cooling
requirements demonstrate the cob prototype’s effectiveness in limiting indoor temperature
peaks despite harsh outdoor climatic conditions.
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Figure 18. Thermal regulation: Indoor vs. outdoor temperatures in the three climatic zones. (Cold
climate = Dijon, Humid climate = Saint-L6, Mediterranean climate = Nice).
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Figure 19. Total heating and cooling energy demand in 2023 for Dijon, Saint-L6, and Nice.

These observations highlight the ability of cob construction to effectively regulate in-
door temperatures, reducing discrepancies between minimum and maximum temperatures.
This underlines the effectiveness of bio-based materials as a high-performance alternative
for limiting energy requirements across a variety of climatic contexts. Furthermore, the
results demonstrate that the local climate has a significant influence on the energy perfor-
mance of buildings, underlining the importance of taking regional climatic conditions into
account when designing constructions using natural materials.

5. Conclusions

This article establishes a clear link between the hygrothermal behavior of the bio-
based earthen materials studied at the material scale and the overall energy performance
observed at the building scale through a combined experimental and numerical approach,
contributing to the hygrothermal characterization of bio-based earthen construction materi-
als. The results highlighted the remarkable ability of cob materials to regulate temperature
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and humidity, thanks to their high thermal inertia and their ability to absorb and release
water vapor. Their MBV values further confirmed their good buffering behavior, with
2234+0.032¢g/ (m?2-%RH) for the structural material and 1.21 + 0.017 g/ (m2-%RH) for the
insulation. The sorption isotherm characterization revealed a reduction of 26% in sorption
capacity between 23 °C and 45 °C for both materials, demonstrating the self-regulating
properties of soil-fiber materials, where, in summer conditions or in heated spaces, these
materials naturally release previously stored moisture, thereby contributing to the passive
regulation of indoor humidity on a seasonal basis.

Their performance depends strongly on key parameters such as thermal conductivity,
sorption capacity, porosity, and diffusion coefficient. Sensitivity studies demonstrated that
the bio-based materials studied outperform conventional concrete under severe winter
conditions, not only because of their thermal conductivity, whose influence on the final
moisture content is less than 0.9%, but also due to the combination of their high sorption
capacity and their porous structure. Moisture diffusivity emerges as the key parameter in
transient dynamics: at 4.09 x 10~? m? /s for the structural material and 1.44 x 10~% m?/s
for the insulation, it governs the rate of moisture equilibration, with the stabilization time
varying from 4.7 to 9.75 days depending on vapor permeability. In contrast, concrete,
combining low vapor permeability with high thermal conductivity, promotes interstitial
moisture accumulation.

These properties, observed during sample testing, translate directly to the prototype
scale in the form of a significant reduction in indoor temperature fluctuations and improved
hygrothermal comfort. During the heating period, the energy requirements for the cob
building showed a decrease of 24%, reflecting its good thermal performance. These results
help address the lack of quantitative data on local earthen materials and provide validated
input data for hygrothermal simulations, paving the way for the broader integration of
these materials into sustainable construction practices in France and Europe.
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Appendix A

The temperature equation used in COMSOL Multiphysics is the classic convection—
diffusion equation, taking into account the solid matrix, liquid water, and moist air proper-
ties, and is valid when all phases share the same local temperatures (thermal equilibrium
Ttiuia = Tsotia = T) [47]. This equation is written as

oT
(pcp)effﬁ + (chp,gug +plcp,lul>'VT+ V~q =Q+ Qevup (Al)

with
q= *dzkgffVT (AZ)
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(Pcp)eff = 0505Cps +¢p [(1 —51)pgCpg + SlPlcp,l} (A3)

The three-phase porous domain is described by volume fractions 6; and porosity
¢p, with a liquid water saturation s;, which represents the fraction of the pore volume
occupied by liquid water; it varies between 0 and 1, influencing the effective thermal and
hydraulic properties of the material. pg and p; [kg/m?] represent the moist air and liquid
water densities, Cp,¢ and C, [J/(kg-K)] are the moist air and liquid water heat capacities at
constant pressure, (0Cp), £ [J/(m3-K)] is the effective volumetric heat capacity at constant
pressure, taking into account the solid matrix, the moist air, and the liquid water properties,
q[W/ m?] represents the conductive heat flux, 1y and u; [m/s] are the moist air velocity
field and the liquid water velocity field, respectively, ks [W/(m-K)] is the effective thermal
conductivity, and Q and Qevap [W/ m?3] are respectively the sum of the diffusive flux of
enthalpy and of the liquid capillary flux and the heat source.

The equation for the transport of the total moisture can be written as Equation (A4),
combining transfer by liquid transport (capillary and convective flux), and vapor convection
and diffusion.

dzw + dngug‘vwv +V-gw +du;-Vo +d;V-g. = d,G (A4)
with
w(¢w) = ep (0151 + pgwo(1 —51)) (A5)

where w(¢) [kg/m?3] is the total moisture content, @y, is the relative humidity, p, [kg/m°]
is the moist air density, w, represents the vapor mass fraction in moist air, g, is the
moisture diffusive flux, g, is the liquid water capillary flux, and G [kg/(m3-s)] represents a
moisture source.
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