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Abstract

In order to better predict the hygrothermal behavior of porous building envelopes, it is essential
to develop reliable mathematical models which accurately capture the coupled heat, air, and
mass (HAM) transport and its influence on the indoor atmosphere. Recently, numerous models
have been developed to predict the performance of bio-based building envelopes. However, the
large number of input parameters and lack of knowledge of the intrinsic characteristics of the
materials mean these models are quite difficult to implement. To determine the most influential
hygrothermal parameters for a hemp concrete wall, a sensitivity study was conducted on the
input parameters, based on the probability density distribution of Gaussian centered law; the
results are presented herein. A reduced model was developed by eliminating the parameters with
little or no influence on HAM transfer. Then, a dimensionless study of the reduced model was
carried out. This generated an indicative parameter ¢, which can be used to classify building
materials and identify the most suitable. In MATLAB software, the simulated results for a hemp
concrete wall showed satisfactory concordance with the experimental results found in the
literature. The temperature profiles are accurately estimated. Note that the model must always
take account of the evolution of water content to ensure accurate RH predictions.

1. Introduction

The external surfaces of building envelopes are constantly subject to numerous environmental
stresses. These stresses cause heat, air, and moisture to be transported through the wall. To
predict certain aspects of building performance, such as indoor air quality, structure durability,
moisture growth, and energy consumption, one must carefully assess coupled HAM transfer in
porous building materials.

Over the years, a variety of models and simulation tools have been developed to predict the
hygrothermal behavior of porous building materials. Mostly, these focus on heat and moisture
transport [1]-[11]. Recently, in view of the significant impact of air on heat and moisture
transport through lightweight constructions, a great deal of effort has been invested in developing
coupled HAM models based on numerous mathematical models and discretization techniques for
numerical approximation [12]-[25].
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However, it is often difficult to put these models into practice, due to lack of knowledge of the
intrinsic characteristics of the materials under study. A further complicating factor is the large
number of input parameters, which often cannot easily be measured either analytically or
experimentally, because they are strongly interconnected and vary simultaneously. Experimental
measurement of these parameters may give rise to errors, which may influence predictive
performance. Moreover, early models have not ranked the parameters by their degree of
influence on hygrothermal transfer. Consequently, a number of researchers have applied
parametric sensitivity criteria to improve numerical estimations of both temperature and RH
(relative humidity), as far as possible [26]—[43]. Other researchers applied a scale analysis study
to simplify the physics parameters to identify the dominant sources of transfer [44]- [45].

For instance, In the study of Seng et al. [44], the heat and moisture transfer model through hemp
concrete was studied based on experimental data. A scale analysis was applied to simplify the set
of equations describing the physics by providing, in an order of magnitude sense, the dominant
sources of transfer. For different classes of relative humidity, the material was submitted to a
variation in temperature and relative humidity on its surface. The results show a significant
change around a relative humidity of 95%. It was concluded through this study that the dominant
mechanism becomes the capillary pressure gradient for this case of high relative humidity. In the
latter relative humidity range, phase change enthalpy becomes in the same order of magnitude as
conduction heat transfer.

In another research work of Seng et al. [45], the behavior at wall scale of a hemp-based
hygroscopic material under various temperature and moisture dynamic conditions was studied
through numerical and experimental study using a climatic chamber. The performed experiment
demonstrated the coupling effect of heat and moisture transport phenomena and how a
temperature difference can be a sufficient driving force for the release of moisture. The impact of
moisture adsorption on heat release and on the temperature changes within the wall was also
pointed in this study. The numerical study highlighted the moisture dumbing capability of the
material and its thermal insulation capacity.

Mendes et al. [26] applied parametric sensitivity to their model, which is based on Phillip and De
Vries’ model, to reduce computational time. Different simplified sub-models are defined, in
which specific transport coefficients are set as constant or disregarded to evaluate their influence
on predicting loads in porous walls. They found that neglecting moisture transfer led to an
underestimation of the yearly integrated heat flux by up to 59%, which skewed the estimation of
the building’s energy consumption.. Bart et al. [27] carried out a sensitivity study on Kunzel’s
model to assess the impact of uncertainties in physical properties for a hemp concrete wall. The
distributions of RH and temperature within hemp concrete in the reference case are compared to
cases with properties altered by +20%. This change in dry density, thermal conductivity, and
heat capacity produces no significant differences in terms of temperature and RH distributions
with the reference case. Similar results were found by Olutimayin and Simonson [28] for
cellulose insulation, with shifts of +5%, and by Van Belleghem et al. [29] for gypsum board.



However, changing the vapor resistance factor or sorption isotherm by +20% has major impacts
on the RH profiles and a negligible effect on the temperature fields. Oumeziane et al. [30]
presented the impact of density and hysteresis on hygrothermal transfer in a hemp concrete wall,
based on Kunzel’s model. By applying different conditions, the work showed that these
parameters influence both the theoretical temperature and RH profiles. Othmen et al. [31] studied
the influence of the input parameters of the Kunzel model using local sensitivity analysis (LSA).
The parametric analysis was applied on two single-layer walls made of limestone and hemp
concrete, by varying the hygrothermal properties of the materials, the surface transfer
coefficients and the initial conditions by 5%.

In these studies of the parametric sensitivity of hygrothermal models, the authors consider a
representative range of variation of the input parameters/ conditions with respect to their
reference values. In addition, some parameters were set as constant, such as sorption capacity
and thermal conductivity.

In this paper, to more precisely evaluate the influence of input parameters on the findings of
hygrothermal transfer in building envelopes, a sensitivity study is carried out based on the
probability density distribution described by a beta law defined by two parameters of form, a and
B. This distribution is bounded based on variation intervals for each input parameter, in
accordance with all values found in the literature. The work starts with a sensitivity analysis on a
bare hemp concrete wall. Using MATLAB, the parameter values are randomly chosen from the
beta distribution. The correlation between parameters and driving transfer potentials is
determined by the slope coefficient of variation of inflection points. The present method is
different from the one applied in the study of Seng al [44]- [45] where a scale analysis was
applied by submitting the material to a variation in temperature and relative humidity on its
surface. The two methods are complementary and lead to similar results. After the sensitivity
study, a reduced model is developed by eliminating the parameters with little or no influence on
HAM transfer. Next, a dimensionless study of the reduced model is conducted. This study
identifies dimensionless thermal and hydric coefficients that give an indication of wall
performance (thermal insulation and hygric regulation). From these two coefficients, a factor ¢ is
identified to classify building materials in order to identify the most suitable. Then, the simulated
results of the reduced model are compared to the experimental results found in the literature for
hemp concrete walls. In addition, the developed reduced model is applied to cellular concrete to
test its validity for dealing with different building materials. Finally, the reduced model is used to
predict the hygrothermal behavior of a hemp concrete wall subjected to the stresses generally
encountered in the building sector (winter, summer, and day-to-day stresses).

2. Modeling of coupled heat, air and moisture transfer in building envelopes

Several models of heat, air and moisture transfer were provided in the literature by Luikov [46],
Whitaker [47] and Philip and De Vries [48]. These proposed models were adapted to building
materials [49], [50]. The model of Philip and De Vries [48] is considered in the present work for
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predicting the hygrothermal behavior of hemp concrete. This model considers that the moisture
transport occurs under two phases (liquid and vapor). The following assumptions were made:

The phases (solid, liquid and gas) present are in local thermodynamic equilibrium.
The solid medium is undeformable.

The gas phase obeys the ideal gas law.

Radiative heat transfer is negligible.

Moisture transfer under the influence of gravity is negligible.

M e

The model considers temperature T [K], water vapor pressure P, [Pa], and total pressure P [Pa]
as driving potentials of heat, hydric, and air transfer, respectively. In addition, this model takes
account of the variation of hygrothermal material parameters depending on water content and
temperature, to improve the accuracy of the study.

The following coupled equations represent the energy, air, and mass balances, respectively. The
heat transfer is expressed by considering transfer by conduction and advection due to water
vapor and total pressure gradients:

or . ap, ‘
Cy, ps Frin div(AVT +a VP, +yVP)+ L, pso me Eq. 1
apP . .
Caa= dl‘l](KfVP) Eq.2
o, _ |
Cmpsw = div[K,,VP, + K; VT + K;VP] Eq.3

The material properties are: heat capacity C, [J/kg.K], density ps [kg/m?], thermal conductivity 4
[w/m.K], heat transfer coefficient by advection due to the water vapor pressure gradient a [m?%/s],
heat transfer coefficient by advection due to the total pressure gradient y [m?%s], latent heat L,

[j/kg],  phase-change  criteria g =40 %v () [-[], moisture  storage  capacity

c, =(} ).(a% ¢) [kg/kg.Pa], humid air capacity C, [s*/m?], total infiltration coefficient Ky
t

P

[kg/(m.s.Pa)], total moisture permeability K, [kg/(m.s.Pa)], and liquid water conductivity K7
[kg/m.s.K].

So that the model can be used with confidence, both analytical and experimental validations have
been carried out for a hemp concrete envelope, on a one-dimensional case, using the finite
element method implemented in MATLAB. This method relied on the extensive programming
freedom and high level of parameter visualization, since the solving methodologies found in the
literature are used as black boxes, having predefined equations that require no intervention from
the user in the resolution process. The simulated results showed satisfactory agreement with one-
dimensional numerical benchmark case N°2 [51] and experimental results found in the literature
[52]. The evolution of temperature and relative humidity profiles within the hemp envelope were
predicted accurately with the finite element method. This concordance showed the efficiency of
the numerical resolution software MATLAB.



These coupled HAM equations show wide variability of the measured material parameters
involved in the hygrothermal transfer. These parameters are strongly related and often cannot be
easily measured, making the implementation of this transfer model more difficult. Therefore, a
sensitivity study of parameters is conducted in order to address such a problem.

3. Sensitivity analysis of the HAM model

After the HAM model was validated with satisfactory results compared to the results found in
the literature, we conducted a sensitivity study of the model parameters in order to study the
influence of each on the hygrothermal transfers in building envelopes. The sensitivity study
depends on determining the change in output data as the result of variations in input data.
Generally, sensitivity study of the input parameters for a coupled heat, air, and moisture transfer
model consists of varying one parameter relative to a reference value and keeping the others the
same. In reality, these parameters are strongly related and vary at the same time. Thus, some
parameters cannot be found analytically or experimentally. From this viewpoint, it will be
interesting to conduct a sensitivity study of parameters to evaluate their influence on the
hygrothermal behavior. It can simplify the number of input parameters which have little or no
influence on hygrothermal transfer. This study focuses on a bare hemp concrete wall. Indeed, the
sensitivity study is based on the probability density distribution of a centered Gaussian law. This
distribution is bounded and defined on a variation interval for each of the hygrothermal
properties (input parameters). The distribution is described by a beta law, defined by two
parameters of form, typically written as o and B (in our case, a=B=2). The choice of this
approach is due to the major disparity of the hygrothermal properties imposed by the
morphological structure of hemp concrete. In this approach, the variation intervals of each input
parameter to the model are estimated according to all the values found in the literature for bio-
based materials. The variation intervals of the input parameters for a density p = 450-550 kg/m?
are presented in Table 1.

Table 1: The characteristic of the distribution function Beta: Mean u, standard deviation o and
the interval distribution

Material properties Variation interval 1] c

A[W.m™.K? [0.05 0.15] 0.01 0.015

Cp [).kg™.K] [1000 1500] 1250 100
Kyr[kg.m™.s™.Pa’] [5.10!2 4. 10] 2.25. 10" 0.6. 10!
Ca[s>m?] [5.10° 4.5. 104] 2.5.10% 0.6. 10

K [kg.m'stPa?l] [1.1072 9.10'1 4.5.101" 1.10"
Cn [kg.kg™.Pa?] [5.10° 4. 104 5.107 1. 107

ol [0.8 1] 0.9 0.05

a [m%s?] [1.10% 4.104 5.10° 1. 107
Y [m2s?] [1.10® 4.109] 5.107 1.5. 107




Krlkg.mtstKY] \ [1. 1076 4. 1074 | 5.10°15 1.10°15

10,000 values of input parameters are randomly selected from each Gaussian centered
distribution. This value represents the number of iterations defined by the counter m in
MATLAB. For each iteration, the coefficients of the model take a new arbitrary value from
within its interval. The goal is to determine the correlation between the parameters of the model
at the input and the transfer motors at the output. This method allows us to determine the
influence of each coefficient on the hygrothermal transfer in a hemp concrete wall and to
simplify the HAM model. The study configuration, in 3 positions and treated for 20 days,
consists of applying a T and RH gradient on a hemp concrete wall (Figure 1).

T=23°C T=44°C
RH=40% RH=85%
Pimp_im=101325 Pa =101329 Pa

imp_int imp_ext’

Figure 1: The study configuration

For each iteration, we obtain an evolution of temperature T, vapor pressure Py and gas pressure
Ps, during the simulation time at different mesh nodes. For this purpose, we fix our spatial
counter in the middle of the wall (i=n/2) to observe the changes in the material’s response over
time at each iteration. At each iteration, we detect a representative point on each profile curve of
T, Py, and Py, called the inflection point (Figure 2), on which the sensitivity analysis is based. Yet
if we vary all values of one parameter at the same time, the inflection point varies 10,000 times
according to the number of iterations and forms a cloud of points. For instance, the inflection
points of temperature, vapor pressure and gas pressure as a function of the variability of the
thermal conductivity are shown in Figure 3. Therefore, there is obviously a correlation between
the temperature and the conductivity determined from the slope coefficient of the red line
representing the correlation value, whereas, for vapor and gas pressure, there is no correlation
(the slope coefficient is null).
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Figure 2: The inflection points of T, P,and P, when thermal conductivity is varied
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Figure 3: Cloud of inflection points of T, P., and P, when thermal conductivity is varied

The shape of this cloud reflects the impact of the random variation of the input parameters of the
model on the evolution of T, Py, and P,. For this reason, we determine the correlation which
represents the slope of the trend lines of each cloud of points. Thus, through correlation value,
we deduce the impact of the hygrothermal properties on the hygrothermal behavior of hemp
concrete (Figure 4).

T enliemPy =8P

Cm = 08 = -Cp

Kt‘f KF
[ Strong correlation
[ Weak/medium correlation
‘ 1 No correlation
/ Ca

Figure 4: Correlation between the outputs (T, Pv, P) and the inputs (the hygrothermal properties)



Figure 4 classifies the hygric and thermal properties according to their influence on the
hygrothermal behavior. This is reflected in the correlation rate which varies between 0 and 1.
The most influential parameters on the hygrothermal behavior have a correlation rate that tends
towards 1. For instance, if we look at the evolution of the temperature (red line), we find a
correlation with thermal conductivity A and calorific capacity Cp, but also see a correlation with
the parameter Km which represents the water vapor permeability. Therefore, some parameters do
not influence the hygrothermal transfers. This study allows us to simplify the HAM model by
eliminating the parameters with low correlation (less than 0.3). We also note that in construction,
the gas pressure gradients are small, so the gas transfer equation can be eliminated from the
HAM model. On this basis, we distinguish the four most influential parameters on heat and mass
transfer: thermal conductivity A, specific heat C,, water storage capacity Cn, and water vapor
permeability K.

Where we started with a system of three equations with twelve parameters, we finally end up
with a simple system of two coupled equations with six parameters, called the “Reduced Model”
(R.M):

oT _ 0P, o

Cpps E = dlU[/lVT] + vasCm E Eq. 4
P, ‘

PsCm ot = div[K,,VP,] Eg. 5

Therefore, this reduced model will be the subject of a dimensionless study that consists of
separating the variables. The transfer motors will be the position, time, temperature, vapor
pressure, and the hygrothermal parameters as a function of the base unit. This reduced model
yields satisfactory results with reduced computation times.

4. Dimensionless study

Often, the dimensionless approach can greatly simplify a model by providing indicative
parameters for transfer phenomena. Indeed, the dimensionless study is a procedure whereby units
can be removed from an equation by appropriate substitution of parameters and normalization of
variables to simplify the parametric representation of physical problems. This approach aims to
reduce the computation time by reducing the number of parameters and provide indicators able
to establish a correlation between thermal insulation and water regulation from the most
influential hygrothermal properties. Until recently, few dimensionless studies on hygrothermal
transfer models have been reported [47]-[54]. However, these case studies were elaborated by
introducing dimensionless numbers such as Biot (Bi), Posnov (Pn), Peclet (Pe), Kossovitch (Ko)
and Luikov (Lu). Thus, the present dimensionless study proposes new scale numbers that are
attributed to a combination of the hygrothermal parameters of the studied material. Table 2
presents the parameters and variables of the problem and their appropriate base units.



Table 2: Base units of variables and parameters

Variables Parameters
Py ML . T2 Cm M1, L. T?]
T [O] G [L2T2.671
X [L] Km [T]
t [T] L, [L2T2]
A [M.L.T3.67']

A new nomenclature is proposed to identify the normalized variables. The variables were
normalized by dividing each by a scale number with the same unit, such that:

t X . B, . T
T=_;X=_;Pv=_;6=_
te Xc Pvc TC

with the scale numbers:

telsl xc[m], Pc[Pa], Tc[K]

Depending on the base unit, each of the scale numbers is attributed to a combination of the
hygrothermal parameters of the studied material (in our case, hemp concrete) to obtain the same
base unit (Table 3).

Table 3: Base unit of scale numbers

Scale number Base unit
tc = km [T]
Xc = km \/L_v (L]
Puc = — [M. LT
_ Ly
s (6]

Replacing each of these variables and parameters in the system of equations (Eq. 4 and Egq. 5),
based on this new nomenclature, yields the following system:



a(T.9) 0(Py..P,)  9*(T0) ‘
Cop———="LypCn =1 Eq. 6
a(t.7) a(t.7) 9% (xc. X)
| a(Py,..P,) _ 3%*(P,..P,)
Pim = ot ™ 92 (x ) fa
T.00 P,. 0P, T, 3%0
Cp———L,pCp—— —— = A——— Eq. 8
pP t, ot vPom t, ot x.2 0%y !
c P, 0P, ﬁazﬁv
PLlm t, ot - mxcz azx Eq.9
( —CP'Km'L” @__af),, _ﬁ Eq. 10
A at o9t | 9%y
opP, 0?P, fo 11

L,pC,,. =
l v P Cm ot aZX

By making the necessary simplifications and replacements, the reduced dimensionless system of
the two parameters will be:

90 0P, 920 |
at =073, Eq. 12
Jt Ot 92x
op, 9P, .
FrEn Eq. 13
l ot azx
with:
6= S — : Dimensionless thermal coefficient
p-Cp-Km.Ly
B = pCl — Dimensionless hydric coefficient

These two coefficients give a representation of wall performance (thermal insulation and hygric
regulation) and lead to an appropriate choice of building construction materials. Therefore, the
approach adopted in this work consists of identifying an indicator from the most influential
thermal and hygric properties on the hygrothermal response of building envelopes (thermal
conductivity, specific heat, water storage capacity, and water vapor permeability). This indicator
is obtained from a ratio of § and £3:

Table 4 presents the hygrothermal properties of hemp concrete and other building materials
(Cellular concrete, normal concrete and polystyrene).

10



Table 4: Comparison of hemp concrete with conventional materials

Parameter

P A Cp Cm Km ¢
kg/m? W/(m.k) | (j/kg.k).m | kg/kg.Pa | kg/(m.s.Pa) -
Material
Hemp concrete 320 0.091 1250 | 2.14.10° 1.10°10 15.5792
H t led
cmp conerete seate 320 0091 | 1250 |[2.14.105| 110" |1557.92
with a waterproof film
Date palm concrete 954 0.185 1500 |8.57.10% | 3.16.10"" | 33.44
Cellular concrete 600 0.14 850 1.07.10° | 2.29.10"" | 76.9586
Concrete C12/C25 2200 2 850 1.42.10° | 2.17.10"" | 1539.71
Polystyrene 304 0.042 1500 3.57.10° | 1.87.10'2 | 0.05345
Hemp concrete
Polystyrene (1 te » Concrete C12/C25  sealed with a
@ waterproof film
¢=om | | | | | —
[
0.05 16 33 78 1540 1558

Figure 5: The evolution of ¢ as a function of construction materials

Figure 5 represents the classification scale of building materials depending on the value of the
parameter ¢. The two bio-based materials, hemp concrete and date palm concrete, sit between
polystyrene and cellular concrete. On the other hand, this parameter has a high value for hemp
concrete sealed with a waterproof film, so it behaves like normal concrete. Consequently, the
indicator parameter ¢ links the thermal and the hygric performances of a material; ¢ >>1 indicates
the dominance of thermal diffusion and the insignificant contribution of mass transport at a
macroscopic level in the hygrothermal transfer process. Indeed, under adiabatic conditions, this
process is controlled by the evolution of heat by conduction. Indeed, this dimensionless indicator
¢ allowed us to select the most compatible building material to ensure a pleasant indoor
environment while consuming less energy (thermal insulation and hygric regulation).
Furthermore, hemp concrete is an ideal material for optimizing building envelope performance
for a ¢ value between those of polystyrene and cellular concrete. The thermal and hygric qualities
of a material expressed by ¢ can be associated with its MBV value to finally ensure hygroscopic
properties which allow the material to absorb occasional surpluses of water vapor, without
damage, and release it when conditions allow.
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5. Experimental validation of reduced model

To validate the model of hygrothermal transfer in a hemp concrete building envelope, the results
of the proposed model are compared to the experimental results found in the literature. The main
objective of this comparison is to verify the reliability of the numerical resolution proposed by
the simulation tool. For this purpose, two terms have been identified: a short term of 48 hours
and a long term of 85 days. In both cases, a hemp concrete wall is exposed to simultaneous
stresses of T and RH. The idea of applying these types of stresses is to estimate the hygrothermal
behavior of the material before it reaches a quasi-steady state. This allows us to determine the
material’s intrinsic thermal and hygric characteristics.

5.1. Experimental validation of the model for a hemp concrete wall subjected to short static
stresses of temperature and relative humidity

The first validation consists of comparing the numerical results of the developed model to the
experimental data obtained by Samri [61]. The reason for this choice is the availability of input
data necessary to feed our model and the proposed hygrothermal history. This history is based on
so-called static stresses which correspond to constant temperature and relative humidity
evolutions over each 24-hour period. Based on [61], we first present the validation of the model
on a 30cm-thick unplastered hemp concrete wall. The climatic stress imposed on the chamber by
Samri is shown in Figure 6. This Dirichlet-type stress of temperature and humidity is applied on
the external side of the wall. The study consists of simultaneously imposing levels of
temperature and humidity. After stabilization at (23°C, 30%), the outdoor environment
conditions are raised to (30°C, 70%) for 24 hours and then lowered to (20°C, 30%) at point E.
The rise in temperature and relative humidity in the core of the wall during the first step is
attributed to sorption. On the other hand, the interior side of the wall is in contact with the
laboratory environment. It should be noted that for the latter, the hygrothermal conditions are not
controllable, making it more difficult to numerically reproduce the hygrothermal behavior of the
wall with MATLAB. In this case, it is assumed that the interior conditions are identical to the
initial conditions of the wall, which is maintained at 23°C and 30% relative humidity. The
simulation is carried out with a mesh size of 50 nodes and a time step size of 600s. The
hygrothermal properties used in this case study are given in Table S. These parameters are used
to feed our reduced model (R.M.) implemented in MATLAB.
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Temperature at E
T(°C)

30°C |
- L_50ec
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Relative humidity at E
RH (%)
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Figure 6: Configuration of the wall for study [61].

Material p 2 Cp K., Con
Hemp kg/m? W/(m.K) J/(kgK) ke/(msPa) | ke/kgPa
concrete
-10 -6
(23°c, 30%) 329.7 0.088 11223 5.10 3.79.10

Table 5: Properties of hemp concrete for validation [61].

The hygrothermal behavior was modeled in the middle of the hemp concrete wall, at point C.
The comparison of the numerical and experimental results is shown in Figure 7 and Figure 8.
Due to the static stress in E, the first sequence is 24 hours of adsorption, accompanied by a phase
change. This leads to a rise in temperature due to condensation. Subsequently, a desorption phase
manifests itself, when the relative humidity starts to decrease, continuing to do so until the 48-
hour point. Thus, a drop in temperature is observed due to evaporation.
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Figure 7: Comparison between experimental and numerical results of the temperature evolution
at the center of the wall C.
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Figure 8: Comparison between the experimental and numerical results of relative humidity
evolution at the center of the wall C.

For the hemp concrete wall, the numerical and experimental results conform when we consider
that the mass exchange of water vapor represents half the total mass exchange (¢ = 0.5). In this
case, the evolution of T and RH obtained numerically over 48 hours at the center of wall C
follows the same trend obtained experimentally in Samri’s work. On the other hand, if we
consider that the total mass transfer corresponds to mass exchange of water vapor (o = 1), we
observe a phase shift between the numerical and experimental results. Indeed, two temperature
peaks are observed in the middle of the wall: a positive peak at the beginning of adsorption and a
negative peak during desorption. These peaks are induced by condensation (exothermic) and
evaporation (endothermic) within the material. These phenomena influence the distribution of
water within the wall and create phase shifts related to the variation of relative humidity.
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Therefore, it is necessary to consider the amount of water trapped in the pore network, so as to
improve the numerical prediction of the hygrothermal behavior of a hemp concrete wall. This
results in accurate modeling of the storage kinetics (hysteresis).

In conclusion, we noted significant agreement between the numerical and experimental results
when we have an accurate estimation of 0. Hemp concrete is at half of its storage capacity when
o = 0.5, due to the adsorption and desorption cycles that occur before starting the experiment.
Moreover, the numerical results are strongly impacted by the initial water content and its
evolution in the wall because we are examining the hygrothermal behavior of partially saturated
materials.

5.2. Experimental validation of the model for a hemp concrete wall subjected to long static
stresses of temperature and relative humidity

The second investigation of the reduced model of the coupled heat and moisture transfers
compares the numerical results obtained by MATLAB to the experimental results found on an
unplastered hemp concrete wall by Leliévre [62]. The Dirichlet-type thermal and humidity
stresses are applied to both sides of a 36cm-thick hemp concrete wall (Figure 9), using a bi-
climatic chamber (Figure 10). Measurements are carried out with constant temperature
conditions on one side (indoor environment) and variable temperature and humidity on the other
(outdoor environment).

Interior , J Exterior

chamber : H s 1 chamber @ Thermocouple
4 J O ] « B Sensirion

g S

Wood H .

= —— m
{ { } I } P X (cm)
0 5 18 29 36

Figure 9: Study configuration [62] Figure 10: Bi-climatic chamber [62]

The hygrothermal behavior of the unplastered hemp concrete wall is evaluated over 85 days,
during which the temperature and relative humidity of the interior chamber are fixed at 24°C and
49%, while those of the exterior chamber vary in four successive phases (Figure 11). Each
measurement sequence is about 20 days long, allowing the system to reach a quasi-steady state.
For better numerical modeling with MATLAB, we endeavored to match the history of T and RH
on the external side as closely as possible (Table 6).
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Figure 11: Experimental conditions of temperature and relative humidity [62].

Tt Indoor Outdoor conditions
condition conditions Phase 1 Phase 2 Phase 3 Ph:se
05t 0<t<85 0<t<5 | 5<t<10 | 10<t<20 | 20<t<55 | 55<t<70 | T>70
days days days days days days days
B - 15os 0.045.t%-
0=0U. X+
°C) 24 389 24 30.7 30.2 31 30 6.048.t+ 21.8
219.81
9.107.¢2-
I({_I; PVOjﬁZ&“'X 049 | 054 | 051 | 05 |o00091t| 086 | 053
+0.508

Table 6: Variations of outdoor and indoor T and RH as entered into MATLAB.

Before beginning the simulation, Leliévre monitored the temperature and relative humidity in the
material, allowing them to stabilize. Figure 12 shows the temperature and vapor pressure
profiles at time t=5 days. The fact that these two profiles are linear, as well as the slight
variations of temperature in the material between 5 and 20 days (Figure 13), bear out the choice
of the temperature and relative humidity in the material at t=5 days as initial conditions.
Therefore, the simulation covers the period for which t is between 5 and 85 days. These two
profiles of temperature To and vapor pressure Pvo are described by two linear functions
(equations 14 and 15) in the MATLAB code.
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To=0.1398.x+24.389 Eq. 14

Pvo=22.714.x+1548 Eq. 15
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Figure 12: Initial temperature and vapor pressure Figure 13: Measured temperatures in the
profiles at t=5 days [62]. material [62].

Results and discussion

In order to investigate the validity of our reduced model, we ran two confirmatory experiments:
with and without taking the adsorption-desorption isotherm (Hysteresis) into account.

5.2.1 Results without taking the sorption isotherm into account

The first simulation is carried out without considering the evolution of the water content within
the material. The reduced model implemented in MATLAB is used to numerically predict the
hygrothermal behavior. A uniform mesh of 100 nodes is used, with a time step of 600s. The
characteristics of the hemp concrete used in this study, based on the hygrothermal properties
proposed by [62], are presented in Table 7.

P P G, Kom Cnm
(kg.m?) (W.m3K-1) (J .kg-1K-Y) (kg.m-1.s-'Pa-1) (kg.kg-1Pa-1)
454 0.1166 1070 3.71 10! 3.336 10!

Table 7: Properties of hemp concrete input into MATLAB.
The results obtained by numerical simulation are compared to those found experimentally.

Figures 14 and 15 show the simulated and measured T (°C) and RH profiles at three positions
within the wall: 5cm, 18cm, and 29cm.
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Figure 15: Simulated and measured relative humidity without considering the sorption isotherm.

The comparison between the numerical and experimental results of the temperature in the wall
shows satisfactory accuracy. The temperatures at 29cm and 18cm reach a quasi-steady state
during heating, with high values near the external temperature. On the other hand, the
temperature variation at Scm from the interior closely mirrors the set points imposed on the
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interior side. This confirms the effectiveness of hemp concrete in attenuating external
temperature variations and ensuring good thermal insulation for the interior environment.

As regards the relative humidity, the results show significant deviation between the simulated
and measured RH, especially at 29cm, but at Scm, the evolution of RH was close to the
fluctuations imposed from inside. The difference is due to overestimation of the water transport
in the wall. The water content distributed through the wall can affect the numerical responses.

Note that in the numerical results, we do not observe random fluctuations of indoor and outdoor
temperatures and relative humidity, as observed in the experimental results, because we do not
have access to the weather files used in this test.

5.2.2. Results taking the sorption isotherm into account

When studying the hygrothermal behavior of a porous wall, it is essential to consider the initial
water content (Win) and its variation within the wall. It is difficult to pinpoint the initial amount
of water in the material. The water content of a porous material with hysteretic behavior cannot
be evaluated independently of the material’s hydric history. However, it is possible to deduce an
approximate value from its history. In [62], Lelievre started by saturating the hemp concrete with
water, then dried it to 50% relative humidity. During this phase, the water content in the hemp
concrete followed the main desorption curve W(RH)=Wgqes(RH). On the other hand, the hemp
concrete reached a minimum of 40% RH for the three measuring positions at Scm, 18cm, and
29cm, owing to the uncontrolled fluctuations of the atmosphere in the vicinity of the wall.
Therefore, for any RH greater than 40%, the water content of hemp concrete is between the
curve reflecting the evolution of water content of primary adsorption from RH=40%, named
Wad prima0% (RH), and the main desorption curve Wqes. The initial values of water content in the
wall for the two cases in question are represented by [62] in Figure 16.
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Figure 16: Initial water content profile [62].

From a numerical point of view, it is possible to create a fictional history to reproduce the
humidity and temperature cycles experienced by the material. Based on the GAB model
(Guggenheim, Anderson, and De Boer) whose coefficients are given by [62] in Table 8, we
propose two curves: primary adsorption Wad prims0%(RH) and main desorption of hemp concrete.

W(RH) =
(RH) (1 — Kgap-RH). (1 — Kgap. RH + Cgap- Kgap- RH)

Eq. 16

where W(RH) is the water content at a relative humidity, W, is the maximum adsorbed water
content, Cgag is the GAB coefficient, and K¢ap is the correction factor.

Wn C K
Wad 0.02 7 0.86
Waes 0.08 200 0.68

Table 8: GAB coefficients of sorption-desorption isotherms for hemp concrete

The coefficients W, Ccab, Kcas, of a material for a reference temperature allow us to model
sorption isotherms for any temperature (Staudt et al. [63]) (Eq. 16 and Eq. 17).

Waa primacss (RH) = Wyes(40%) + (Woq(RH) — W,oq (40%)) Wy = Waes(40%) -
ad,prim40% des 0 ad ad 0 Wf — W, (40%) q.

Wr. is the water content at 100% RH.
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From these formulas, we deduce the real adsorption and desorption equations for the hemp
concrete wall. These two equations have been implemented MATLAB to show the evolution of
the water content. The numerical adsorption and desorption curves are presented in Figure 17.
This figure shows the evolution of the water content in the wall, obtained by integration of the
sorption isotherm according to the GAB numerical model. In addition, the variation of the water
content in hemp concrete has a strong influence on the hygrothermal properties such as thermal
conductivity [64]. The characteristics of hemp concrete used in this study, based on the
hygrothermal properties proposed by [62], are presented in Table 9.

C K
.m? AW. m3K 1 ! " w(kg. kg~ tPa~?
plkg.m?) (W.m ) (J.kg™ K1) | (kg.m t.s7tPa™1) Cin (kg-kg™"Pa™")
0.0818+0.000276.T(°C) daw 1
454 1070 3.71.10°1! —_—.
+0.24.W dHR Pyoe

Table 9: Properties of hemp concrete introduced in MATLAB.

Based on the input parameters in the numerical study of [62], the simulation is performed in
MATLAB with a uniform mesh of 100 nodes and a time step of 600s [62]. The results are shown
in Figures 18 and 19, which compare the simulated and measured variations of temperature and
relative humidity at Scm, 18cm, and 29cm in the wall. The simulation is carried out by taking
Wint = Wadprima0% (RHine) as the initial water content. The influence of temperature on the
isotherms is not taken into account.

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 17: Sorption isotherm
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Figure 19: Simulated and measured relative humidity, taking the sorption isotherm into account.

For the second simulation in which the GAB numerical sorption model was integrated, the
results showed close correspondence with the experimental results. The simulated RH profiles
exhibit satisfactory agreement with the measurements. The variations of RH during the first
desorption phase (between 20 and 55 days) are less significant than in the first simulation.
second adsorption phase (between the 55th and 70th days), the simulated RH
variations are greater than those measured. This is due to a sharp drop in the RH of the outside
air on day 67. This drop was not taken into account in the numerical simulation. On the other
hand, we observe that the thermal evolution in the wall is not impacted by taking the initial water

During the

content and variation of water content into account.
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In conclusion, the sorption isotherm is an important factor in improving numerical prediction of
the hygrothermal behavior of hemp concrete. In addition, our model is able to correctly predict
the hygrothermal behavior of an unplastered hemp concrete wall under various climatic
conditions if we estimate the correct value of the initial water content.

6. Comparison with cellular concrete

In order to test the validity of the reduced model on different building materials, a numerical
study using the reduced model is carried out on cellular concrete: a conventional building
material. This will extend the validity, which initially applies only to hygroscopic hemp concrete.
The validation is based on the experimental work of [61], with the same configuration of hemp
concrete as presented in section 4.1. Figure 6 shows the climatic stresses of T and RH imposed
by Samri. The characteristics of a 30cm-thick cellular concrete wall used in the dry state are
shown in Table 10. The simulation is performed with a 50-node mesh and a time step size of
600s.

Table 10: Properties of cellular concrete input into MATLAB [61]

p A CP K -1 _1
m(kg. kg™ P

(kg.m?) (W.m3K™1) (J.kg™*K™Y) | (kg.m 1.5 *Pa~1) Cn(kg.kg— Pa™")
429.5 0.118 915.3 2.4.10M 5.07.10*

We compare the numerical and experimental results on the hygrothermal behavior of cellular
concrete. The profiles of T and RH at point C (middle of the wall) are shown in Figures 20 and
21. It is also interesting to compare the behavior of the cellular concrete wall to the results found
with hemp concrete, presented in section 4.1 (Figures 7 and 8), as well as the hygrothermal
properties to show the superiority of hemp concrete over conventional concrete.
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Figure 20: Comparison between experimental and numerical findings of temperature evolution at
point C for hemp concrete and cellular concrete.
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Figure 21: Comparison between the experimental and numerical findings of the evolution of
relative humidity at point C for hemp concrete and cellular concrete.

The comparison between the numerical and experimental results of the temperature profile of
cellular concrete at point C shows a good consistency (Figure 20). On the other hand, the
reduced model does not correctly predict the evolution of the local relative humidity in a cellular
concrete wall. There is a major deviation between the simulated and measured results, with the
simulated values being much lower than those measured (Figure 21). This may be due to the
absence of some parameters that were eliminated from the reduced model, such as the coefficient
of advective heat transfer due to the vapor pressure gradient .

In addition, the response of the cellular concrete wall is radically different from that of the hemp
concrete wall. From a thermal viewpoint, the hemp concrete delays and attenuates the perception
of heat inside the building. During the first six hours, the temperature of the hemp concrete rises
to 27°C and remains constant for the rest of the sequence, whereas the temperature of cellular
concrete continues to rise until it reaches the outdoor temperature of 30°C. Thus, during this first
stage, characterized by the increasing in outdoor temperature to 30°C, an increase of vapor
pressure was observed within the hemp concrete wall, resulting in evaporation. This was
accompanied by heat absorption, which attenuates the temperature variations within the wall.
These phenomena remain very limited in cellular concrete and therefore do not significantly
influence heat transfer. This confirms that hemp concrete is a better insulator than cellular
concrete, and is likely to create a greater thermal phase shift due to phase change.

From a hydric viewpoint, hemp concrete allows better circulation of relative humidity. The hemp
concrete absorbs the variations in relative humidity imposed on both sides of the wall due to its
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moisture absorption capacity. Hemp concrete’s capacity of water regulation is greater than that
of cellular concrete.

7. Numerical study of the hygrothermal behavior of a hemp concrete wall subjected to
real sequences of T and RH

After validating our reduced model’s overall performance on a hemp concrete wall, we analyzed
the hygrothermal response of hemp concrete wall under real atmospheric conditions generally
encountered in construction (summer, winter, and daily stresses). For this analysis, we used the
same configuration of [62] as in section 4.2 and the same interior and initial conditions, but on
the exterior side, we imposed different gradient configurations to represent summer and winter
conditions. Also, we look at the evolution of T and RH over the course of a day to predict the
heat and humidity flows with the day/night cycles. The simulation configuration is based on the
NORDTEST experimental protocol [65].

7.1. Summer sequence study

The 36cm-thick hemp concrete wall is subjected to a numerical sequence reflecting the
atmosphere generally encountered in summer, for 12 days, consisting of four stages of 72 hours
each. The values taken for T and RH at each stage are shown in Table 11. The purpose of these
different configurations is to highlight other drivers of water transfer that may come into play
besides the vapor pressure, and evaluate its ability to redistribute the RH in the wall.

Table 11: Variations of outdoor T° and RH input into MATLAB

Phase 1 Phase 2 Phase 3 Phase 4
Time 1<t<3d 3<t<6d 6<t<9d T>9d
T (°C)
RH (-)
Gradient
configur
ations

INT

Based on the same numerical protocol (mesh and time step) used previously (section 4.2), the
numerical responses of temperature and relative humidity in the three positions in the wall
(5cm,18cm, and 29cm) are presented in Figures 22 and 23. These results compare the reduced
model’s performance with and without taking the sorption isotherm into account; the influence
of the temperature on the sorption isotherm is not considered.
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Figure 22: Comparison of simulated temperature (with and without hysteresis).
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Figure 23: Comparison of simulated relative humidity (with and without hysteresis).

The temperature results showed that the temperature evolution is not affected by the sorption
isotherm or the variation of the water vapor distribution in the wall. The hemp concrete is found
to reduce the temperature to the greatest extent possible. Therefore, at Scm from the internal side,
the temperature oscillates between 23 and 25°.

Concerning the distributions of RH, we observe that the first two phases are strongly impacted
by the numerical modeling of the water content in predicting the material’s hygrothermal
behavior. The first phase of adsorption is accompanied by a release of energy, generating a
temperature increase at the external surface of the wall. This decreases the amount of water on
the external side of the wall (at 29cm). Then, the relative humidity increases when the
temperature begins to stabilize. At the end of the first phase, the RH at 29cm changes rapidly,
because both the temperature and RH drop sharply. Conversely, when the evolution of the water
content is not considered, we do not observe this phenomenon. This indicates an overestimation
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of the storage capacity, especially in the first two phases. Therefore, it is important to take the
variation of the water content into account when determining the hygrothermal properties, in
order to better predict the hygrothermal behavior. In addition, the RH Scm from the interior side
is of the order of 50%, so hemp concrete is able to regulate the humidity in the building and
guarantee a comfortable interior atmosphere, due to its ability to dampen external variations.

As a result, hemp concrete is able to reduce variations of humidity and temperature as far as
possible, and maintain comfortable conditions in the building during summer. Moreover, the
temperature governs the distribution of water content in the wall. These results highlight the
importance of the dynamics of thermal transfer on water transfer.

7.2. Winter sequence study

In order to evaluate the impact of low temperature on the wall, we ran a winter sequence
composed of an adsorption phase (RH=85%) and a desorption phase (RH=30%) lasting four
days each, while the outside temperature is kept constant at 12°C (Table 12). Using this stress,
we can predict the influence of extreme variations of humidity on the temperature.

Table 12: Variations of external T and RH input into MATLAB.

Phase 1 Phase 2
Time 1<t<4d 4<t<8d
T (°C) 12
RH (-) 0.85
T T
Gradient gvﬁ EVH
configurations
EX INT EX INT

The numerical results in terms of the hygrothermal behavior for both cases (with and without

consideration of the sorption isotherm) are shown in Figure 24 and Figure 25.
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Figure 24: Comparison of simulated temperature (with and without initial water content).
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Figure 25: Comparison of simulated relative humidity (with and without initial water content).

The simulated temperatures at 18cm and 29cm reach a quasi-steady state during the cooling
phase, with low values near the outer surface, whereas the temperature at the interior surface is
similar to the indoor conditions. In addition, we observe that the simulated temperature is not
impacted by water content, except for a slight decrease during the desorption phase at the
external position. On the other hand, the evolution of relative humidity is more significant for the
simulation that integrates the sorption isotherm model. The water content at 29cm increases to
the point of saturation, but as we move nearer to the internal surface, it decreases progressively.
Therefore, it is recommended to use a layer of plaster to avoid condensation on the external side
of the wall during winter.
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7.3. Daily sequence study

In accordance with the NORDTEST experimental protocol [65], the hemp concrete is subjected
to 75% RH for 8 hours (night) and 33% for 16 hours (day), at a constant temperature of 23°C
(Figure 26). This protocol is replicated on two days so as to compare and analyze the real
hygrothermal behavior of hemp concrete and evaluate the influence of water content evolution
on hygrothermal behavior on a daily basis. The results are shown in Figures 27 and 28.
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Figure 27: Comparison of simulated temperature (with and without initial water content).
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Figure 28: Comparison of simulated relative humidity (with and without initial water content).

Evidently, the temperature on the outside part of the wall is strongly influenced by variations in
RH. However, such variations are greatly attenuated on the internal side, at depths of 5cm and
18cm. Moreover, temperature peaks are observed, which are due to the phase change effect. The
negative peaks correspond to the desorption phase characterized by heat absorption; the positive
ones represent the adsorption phase characterized by heat release.

On the other hand, for the two cases with and without integration of the numerical sorption
model, the RH profile of the wall is roughly consistent in the three positions, while the outdoor
relative humidity varies widely. Greater accuracy is attained when hysteresis is taken into
consideration.

Therefore, hemp concrete is able to create a thermal and hydric phase shift during the day
(day/night). In addition, the numerical prediction of hemp concrete’s behavior requires a sound
description of the hygrothermal properties as a function of the water distribution in the wall.

8. Conclusion

In this work, a sensitivity analysis was performed to study the influence of HAM model
parameters on the hygrothermal transfers in a building envelope made of hemp concrete. The
developed HAM model is inspired by the work of Philip and De Vries [48]. Using MATLAB,
the parametric sensitivity analysis was carried out based on bounded probability density
distribution according to the beta law. The analysis was based on the inflection points detected
after each iteration. The correlation between parameters and driving transfer potentials (T, Py,
and P) was determined by the slope coefficient of variation of these inflection points. The results
revealed the four most influential parameters on HAM transfer: thermal conductivity A, specific
heat C,, water storage capacity Cpn, and water vapor permeability K. Armed with this

30



information, we were able to develop a reduced HAM model. A dimensionless study of the
reduced model was carried out. This study identified a factor which links the thermal and the
hygric performances of building materials and can classify them by their behaviors. Bio-based
materials are found to be ideal for optimizing building performance. In order to validate the
reliability of the reduced model, the simulated results were compared to those of experiments
reported in the literature. The comparison showed that the model is effective at predicting the
hygrothermal behavior of a hemp concrete wall, when the evolution of water content in the wall
is taken into account. On the other hand, the model failed to predict the hygric behavior of
cellular concrete. In addition, this work studied the hygrothermal behaviors of a hemp concrete
wall subjected to stresses generally encountered in the construction sector (winter, summer, and
daily stresses). The results showed the effectiveness of hemp material in thermal insulation and
moisture regulation. To ensure accurate RH predictions, the evolution of water content
(hysteresis) must always be taken into account in the model.
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