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Abstract
We notice a significant disagreement between sim-
ulated results and the one measured, chiefly in
dynamic configurations, when it comes to hygrother-
mal modeling. The analysis of these results led us
to two essential weaknesses in the current methods:
an underestimation of the water vapor permeability
of materials (linked to an experimental bias), and a
non-consideration of the hysteretic nature of moisture
sorption in hygrothermal models (Duforestel (2015)).
Therefore, a national project SmartRéno (2019) aims
to complement our theoretical and experimental
background to create reliable tools for hygrothermal
simulation.
Accordingly, this paper will present the different
problematics to which we expect to respond and the
methodology we will use. Then, we will put forward
the first results of the work concerning the objectives
of this project.

Key Innovations
• Material characterisation;
• Hygrothermal modeling;
• Sorption isotherms;
• Transfer coefficients;

Practical Implications
In renovation, we are interested in thermal transfer in
old buildings less known but with energetic issues. It
could lead to a hydric imbalance. Thus, we should in-
tegrate the hygrothermal dimension, in parallel with
thermal concerns, in this process.
For that, we need simple and yet reliable tools to sup-
port professionals. Providing this tool is our objec-
tive.

Introduction
In this paper, we are looking to improve hygrother-
mal modeling by studying the impact of two mate-
rial’s characteristics on simulation: vapor coefficient
diffusion and water sorption hysteresis.

This work was motivated by the results of the
HYGRO-BAT project (VIRGONE (2014)). Indeed,
in this project, three types of boundary conditions
(isotherm, non-isotherm and cyclic) were tested on
four configurations of fiber wood panels to simulate
coupled heat and moisture transfer. Then the exper-
imental results were used to evaluate the numerical
performance of the different tools used by the partic-
ipants (Woloszyn et al. (2014)). From models/mea-
sured comparison, we drew these conclusions:

• The software programs have similar responses to
the different solicitations;

• The responses to isotherm and non-isotherm so-
licitations were acceptable for the three com-
pared potentials (RH, PV, and T);

• The responses to cyclic solicitations were ac-
ceptable for Pv and T , but they showed a non-
negligible gap for the relative humidity;

Therefore, in the project SmartRéno (2019), we
work on improving the simulation tool SYRTHES
(SYRTHES)(this software was developed by EDF
R&D and was also used in HYGRO-BAT). First, we
will be identifying the four transport parameters (The
water vapor diffusion coefficient, the gas and liquid
relative permeabilities, and the sorption hysteresis.)
accurately and integrating each one individually into
SYRTHES to compare: the original version of this
software, the modified version, and the experimental
results. This comparison allows seeing the impact of
integrating this parameter on the simulation results
and highlighting the importance of this change with
measured results. Then, updating the four parame-
ters’ values at the same time to perform another com-
parison. The latter will show the overall impact of
improving these coefficients on the prediction of the
simulation tool.
In this paper, we will only focus on:

• The impact of integrating the sorption hysteresis
in the SYRTHES tool;

• The definition of a new experimental method to
measure, simultaneously, water vapor permeabil-
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ity and relative gas permeability;

The physical model of coupled heat and moisture
transfer used in SYRTHES comprises the three equa-
tions of conservation:

• Water mass conservation equation;

• Dry air mass conservation equation;

• Heat conservation equation: We take into ac-
count the mass contribution in the heat transfer;

The elaboration of the three equations is detailed in
Duforestel (2015).
Accordingly, we will talk about the methods used to
integrate sorption hysteresis into SYRTHES. Then,
we will show how we evaluate the tool’s performance
after integrating this phenomenon. Afterward, we will
explain the new experimental method to simultane-
ously identify the water vapor permeability and the
relative gas permeability. Later, we will show the re-
sults we have had so far regarding these coefficients.
Finally, we will conclude and discuss the results ob-
tained and present the work left to achieve the stated
objectives.
The wood fiber was chosen for HYGRO-BAT because
of wood construction and more globally biobased ma-
terials, which by their maximum hygroscopic proper-
ties are the configurations that seem to us the most
delicate to treat. Also the wood fiber has particular
characteristics: It is a very insulating material, very
hygroscopic and very permeable at the same time. In
all biobased materials, we do not know of materials
that meet all three criteria at the same time.

Methodology for integrating and eval-
uating the sorption hysteresis effect
Methods
Materials absorb or dry out of water when they are in
an environment with a changing water potential (rel-
ative humidity, capillary pressure, etc.). The process
of water sorption is characterized by hysteresis phe-
nomenon. For the same water potential, we can have
different values of moisture content.
We can estimatete the moisture content of materials
using experimental methods. But to predict every sin-
gle potential situation is time-consuming. Therefore,
several models exist in the literature to calculate the
moisture content for every probable situation. But
despite the diversity of these models and their ap-
proaches (conceptual, empirical, etc.), we still over-
look this phenomenon in digital tools. Given the com-
plexity of these models, and the input data requested
for their functioning. We often use a single sorption
isotherm, whether adsorption, desorption, or the av-
erage of the two, to calculate the moisture content in
hygrothermal software programs.
In this work, we start by investigating the water sorp-
tion hysteresis. The sorption isotherm slope repre-
sents this phenomenon in the coupled transfer mod-

Figure 1: The tested panel in HYGRO-BAT project.

els. This parameter plays the same role in moisture
transport as the heat inertia in the heat transfer.
In calculations, considering the water sorption hys-
teresis appears in the isotherms’ slope and the mois-
ture content. For the slope value, hysteresis causes a
decrease in its value. And the moisture content value
changes depending on the isotherm position to the av-
erage curve of the two main isotherms.
Thus, in this part of the work, we carry out a compar-
ison between experimental results and four versions of
SYRTHES (we will present hereafter the four versions
of SYRTHES). We used experimental results from the
HYGRO-BAT project. But, we only used one type of
configuration with one type of boundary conditions
Figure 1:

• A panel of fiber wood (146Kg/m2): 80mm× 1m;
• A dynamic boundary conditions:

– Interior Temperature:20◦C, and interior rel-
ative humidity: 70∓ 7.5%;

– Exterior Temperature:15∓ 10◦C, and exte-
rior relative humidity: 82.5∓ 7.5%;

We did the comparison in three positions of the panel,
but we only show results at 20mm:

• at 20mm from the exterior surface of the wall;
• at 40mm from the exterior surface of the wall;
• at 60mm from the exterior surface of the wall.

To take hysteresis into account, we reviewed the mod-
els in the literature for main isotherms (Genuchten
(1980),Fredlund and Xing (1994),etc.) and scanning
curves. We classified them into conceptual or do-
main models (physical-based models) (Poulovassilis
(1962),Philip (1964),Mualem (1974), etc.), and em-
pirical ones (models with parameters to fit with ex-
perimental results: Li (2005),Jaynes (1984),Rémond
et al. (2018),etc.). Based on review articles, which
compared different models and validated them with
experimental results for different materials (cemen-
titious materials (Zhang et al. (2014)), soils and
sands(Pham et al. (2005)), etc.), we chose a con-
ceptual model to integrate into our numerical tool,
Mualem (1974). This model is a conceptual indepen-
dent model that only needs the main isotherms to pre-
dict scanning curves and loops. This data is experi-
mentally accessible.
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In this model, the scanning curves and their starting
points (or inversion points) are ordered. The main
isotherm is always of order 0, whether adsorption or
desorption. These orders are imprtant to identify the
curve to use to calculate the moisture content during
a sorption process.
Mualem’s independent model equations:

• For adsorption scanning curves:

θ(RH) = θw(RH) + [θw(RHN−1)− θw(RH)]

θd(RHN )− θw(RHN )

θu − θw(RHN )
+

(N/2)−1∑
i=1

[θw(RH2i−1)− θw(RH2i+1)]

θd(RH2i)− θw(RH2i)

θu − θw(RH2i)
.

(1)

• For desorption scanning curves:

θ(RH) = θw(RH) + [θw(RHN )− θw(RH)]

θd(RH)− θw(RH)

θu − θw(RH)
+

(N−1)/2∑
i=1

[θw(RH2i−1)− θw(RH2i+1)]

θd(RH2i)− θw(RH2i)

θu − θw(RH2i)
.

(2)

The Mualem independent model takes into account
the history of moisture change to calculate new val-
ues of moisture content. Implementing the latter in
our numerical tool requires considering the moisture
change during the simulation, and using this history
to calculate a new value of moisture content in ev-
ery step of the calculations. This alternative method
of computation increased the simulation time of the
SYRTHES tool.
The four versions of SYRTHES:

• Basic version: It uses the average curve of the
main isotherms;

• Version with hysteresis: It uses a physical model
based on literature;

• Version with a purely linear model: It uses a
modified version of the physical model from the
literature. This version calculates the same val-
ues of the moisture content as the ones calculated
with the physical model, but a decreased value of
the slope.;

• Version with a mixed model: It uses a combina-
tion of the pure linear model and the physical
one;

After integrating Mualem’s model in SYRTHES and
testing its functioning, we made the first comparison
between SYRTHES’s basic version, SYRTHES with

Mualem’s model version and experimental results.
Second, we changed Mualem’s model to improve our
simulation results by decreasing the slope calculated
using Mualem’s model. This means we found a lin-
ear model that can calculate the same moisture con-
tent of the conceptual model of Mualem but allows
us to have smaller values of the slope. To do so, we
used a linear curve defined by two points (RH1, θ1);
the point we need to calculate at this stage. And
(RH2, θ2) the next point on the Mualem’s curve: the
same curve used to calculate the first point (RH1, θ1).
After integrating this model in SYRTHES and test-
ing its functioning, we made a second comparison be-
tween SYRTHES basic version, SYRTHES with pure
linear model version and experimental results (3).

θ(RH) = a×RH + b. (3)

and a (4):

a =
θ1mualem − θ2mualem

RH1 −RH2
. (4)

and b (5):

a = θ1mualem × a−RH1. (5)

Third, to show the importance of slope reduction, we
combined the two earlier models to create a single
one. We can simulate various combinations of the two
models by changing the coefficient of contribution (α)
of each model (6).

θ(RH) = αθlinear(RH) + (1− α)θmualem(RH). (6)

Last but not least, we compared the four versions of
SYRTHES with the experimental results. This com-
parison shows how these changes allow approaching
the experimental results.

Results
As mentioned in the previous section, we carried out
four comparisons between numerical simulations and
experimental results of the HYGRO-BAT project. We
obtained the characteristics of fiber wood experimen-
tally in the same project.
The figures below show the comparison results
between SYRTHES’s versions (average of main
isotherms, pure linear model, Mualem’s model, and
combined model) and experimental results at 20mm
from the exterior side of the panel. We show in this
paper the mixed model for two values of α=0.2, 0.6.
In order to improve the readability of the results, we
have chosen to normalize the studied parameters. So
that each of them vary between −1 and 1. The coding
formulas preserve the shapes of curves (7).

Codedvalue =
Actualvalue − Centervalue

0.5 ∗Rangevalue
(7)

Centervalue =
maxvalue +minvalue

2
(8)
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Figure 2: T comparison between SYRTHES’s versions
and experimental results.
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Figure 3: Pv comparison between SYRTHES’s ver-
sions and experimental results.

Rangevalue = maxvalue −minvalue (9)

Figure 2 shows results for the temperature and the
calculated error (10). We notice from this figure that
the impact of hysteresis is negligible on the temper-
ature simulation. Since the error values lie between
−0.15 and 0.15 for the five versions of SYRTHES.

Error =Modelcoded −Measuredcoded. (10)

Figure 3 shows results for the water vapor pressure
and the calculated error for this potential. We observe
that the error value decreases with the slope, it goes
from −0.30 to −0.20. Decreasing the slope with the
linear model improves the water vapor results. But
the Mualem’s model does not change the simulation
results.
Figure 4 shows results for the relative humidity and

the calculated error for this potential. We see that de-
creasing the slope value allows the simulation results
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Figure 4: RH comparison between SYRTHES’s ver-
sions and experimental results.

to approach the experimental ones. We also notice the
decrease of the error values with the slope.
We also notice that Mualem’s model doesn’t change
the simulation results. We can explain this by the
slope calculated using this model, which is slightly
smaller than the main isotherm’s slope.

A new experimental method for esti-
mating the water vapour diffusion co-
efficient
Methods
The water vapor permeability is an important coef-
ficient in coupled heat and mass transfer. It charac-
terizes the ability of a material to allow water vapor
to pass through it. We often measure this coefficient,
in the construction field, by the normalized cup test
method (ISO (2016)).
It is a simple experiment that consists of subjecting
the two sides of the material to a relative humidity
gradient while keeping the temperature constant. So,
we use salt solutions inside the cup and a climatic
chamber outside the cup to control the relative hu-
midity. Furthermore, the sample and the salt solution
are sealed to each other to force a unidirectional flow
through the material. The assembly consisting of the
sample and the solution is what we call a cup.
It is good to note that inside the cup, there is no
source of dry air. Thus, the only flow that can oc-
cur is the water vapor flow.
In this test, we also consider that the total gas pres-
sure is uniform. Hence, the water vapor flow can only
be diffusive (11), and we can neglect the advective
part of the transfer (12)(DARCY law). Therefore, we
use a simplified expression of gas diffusion, very close
to the GLASER expression (Glaser (1959)), for which
the total gas pressure has no impact on diffusion.
However, Duforestel (2015) has demonstrated that as-
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suming total gas pressure uniformity is contradictory
with the special conditions of this experiment (the
non-existence of a dry air source inside the cup). Its
demonstration comprises two parts:

• A phenomenological analysis: He showed that if
one has uniform total pressure on both sides of
the sample and a water vapor pressure gradient,
using the formula Pt = Pv+Pda, we will also have
a dry air gradient and then a diffusive flow. This
is impossible in the cup test method since there
is no sink or source of dry air inside the cup.

• A physical demonstration: takes the complete
formulas of the two flows (water vapor and dry
air) and rewrites the vapor flow rate formula as
a function of the total gas pressure gradient only.
Hence, assuming that, in steady-state, this gradi-
ent is zero, we will end up with a zero water vapor
flow. Which is absurd and in contradiction with
the experimental statements.

−→g v,diff = −π∗
v

−→
5 pv
pt

(11)

−→g v,adv = −ωmvKt
−→
5pt (12)

Duforestel (2015) has concluded that neglecting this
total gas pressure non-uniformity may cause, chiefly
for materials with low gas permeability, an under-
estimation of the water vapor permeability. Thus, we
should in this experiment consider the total gas pres-
sure difference between the two sides of the material,
and use the complete formula of the water vapor flow
rate to calculate the water vapor permeability (13).

−→g v = −π∗
v

−→
5 pv
pt
− ωmvKt

−→
5pt. (13)

And:

Kt = ρt
Kkrg
µt

. (14)

ωv =
ρv
ρt
. (15)

Moreover, using the complete formulation of water va-
por flow rate will allow calculating another transport
coefficient: the relative gas permeability krg. Dufores-
tel (2015) presented the detailed methodology to cal-
culate the two mentioned coefficients using the water
vapor flow rate and both pressure gradients (total gas
pressure and water vapor pressure).
All this theoretical analysis of the cup test method
led us to think about using this standardized experi-
ment to measure both water vapor flow and total gas
pressure. We can do that by adding total gas pressure
sensors in both test environments (inside and outside
the cup) or a differential sensor allowing direct mea-
surement of the total gas pressure difference in steady-
state. Testing this modified cup test method is one of
the objectives. We divide the work on this modified
test into two principal parts:

• Theoretical part: it will include the demonstra-
tion presented at the beginning of this chapter
and numerical simulations, allowing the analysis
of this method through the two coefficients that
we are trying to identify to highlight their im-
pacts on this test.

• Experimental part: It concerns testing this new
experiment to validate all the theoretical work
done beforehand. Several tests are in place
for several materials that have different proper-
ties. We will perform these tests as part of the
SmartRéno project that aims at making the act
of renovation more reliable through the reliability
of hygrothermal approaches.

In this paper, we only present the theoretical part
of this work. We set forward a summarized physical
demonstration in this section. And in the results sec-
tion, we will show the results of the cup test method
modeling. These simulations will put forward the in-
fluence of Kt and π∗

v on the steady-state values of wa-
ter vapor flow rate and the total gas pressure differen-
tial.
Results
Herein we analyze numerically, using the SYRTHES
tool, the total gas pressure non-uniformity during a
cup test method.
We couple boundary conditions in SYRTHES in a way
we impose a zero dry air flow rate, and a non-zero wa-
ter vapor flow rate inside the cup.
We chose to simulate the cup test method for a con-
crete sample with the characteristics in Table 1. Then
compared the total gas pressure and the water vapor
flow rate with four other simulations of the same ma-
terial and the same conditions, except for the perme-
abilities values. Hence, we have chosen to increase
the Kt=Kt × 10 value once and decrease it another
time Kt=Kt×0.1 while keeping the other parameters
unchanged. And do the same thing with the π∗

v coef-
ficient: π∗

v × 10 and π∗
v × 0.1.

The tested conditions for these simulations:

Table 1: Concrete’s characteristics used in SYRTHES
Kt π∗

v π∗
da

6.5× 10−12 8.5× 10−7 10.5× 10−7

• For temperature: 20◦C everywhere.
• For total gas pressure: 101325Pa everywhere.
• For water vapor pressure: 1500Pa inside the cup,

and 1000Pa outside the cup.

The simulation with real concrete characteristics show
that we have a total pressure differential of 15000Pa
in the steady-state (Figure 5 the purple curve).
Figure 5 shows also the calculated total gas pressure
difference of four SYRTHES simulations with differ-
ent values of Kt and π∗

v . The analysis of the results
shown in Figure 5 shows that the total gas pressure
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Figure 6: Water vapor flow rate comparison by chang-
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v .

differential changes with the values of the two coeffi-
cients. Furthermore, we notice that the air permeabil-
ity influences total gas pressure difference more than
the water vapor diffusion coefficient. Also, we see that
the pressure difference increases with the increase of
the diffusion coefficient π∗

v and the decrease of the air
permeability Kt.
Indeed, increasing the water vapor diffusion coeffi-
cient increases the water vapor pressure inside the
cup. Thus, the total gas pressure also increases. De-
creasing the air permeability decreases its ability to
evacuate air from the cup, which increases the pres-
sure inside.

Figure 6 shows the water vapor flow rates of the
five SYRTHES simulations with different values of
Kt and π∗

v . We notice from this figure that chang-
ing these coefficient values changes the calculated flow
rate. We also see that the smaller the air permeabil-
ity, the smaller the flow rate. And the same thing is
observed for the water vapor permeability. And for an
overall comparison, the air permeability has a greater
influence on flow rate than the water vapor coefficient
diffusion.
According to these comparisons, gas pressure cannot

be uniform in the cup test method. And its value de-
pends on both coefficient Kt and π∗

v . Therefore, it is
important to consider the advective water vapor flow

in the cup test method. Chiefly for materials with
low air permeability or high water vapor coefficient
diffusion. The experimental part of this project will
prove the theoretical part and help estimate new val-
ues of π∗

v , and compare them to the existing ones to
estimate the measurement error of the ”standard” cup
test method.

Discussion
The importance of this work lies in the global
improvement of numerical tools for hygrothermal
modeling. Thus, the sorption hysteresis and water
vapor diffusion coefficient were trails to reach this
goal.
We observe in figure 2 that for the temperature, the
error values lie between −0.30 and 0.30 and for water
vapor pressure between −0.15 and 0.15 in figure 3.
But for RH in figure 4, the error is sometimes higher
than 100%. This can be explained by the small
time shifts between measured and calculated values
of T an Pv (Figures 2 and 3). Since in real life,
professionals are mainly interested in relative humid-
ity and temperature, a reliable hygrothermal tool
should be characterized by accurate results for both
temperature and relative humidity. Obviously, our
present modeling process (including the model itself
and the parameters as they are presently measured)
is not efficient enough regarding relative humidity.
Furthermore, we can see that integrating the hys-
teresis phenomenon improves the simulations, chiefly,
the calculated relative humidity. Since the hysteresis
shifts the calculated Pv values to the left and desyn-
chronizes T and Pv in time. This desynchronization
helps calculating bigger amplitude in relative humid-
ity. However, the hysteresis linear model isn’t enough
to improve the simulation results, since the error with
linear model lies between −0.20 and 0.80.
To understand these results, we are currently analyz-
ing the physical model used in the SYRTHES tool to
find coefficients and parameters to enhance to obtain
more satisfactory results. One trail we are checking
is the importance of the isosteric heat of sorption in
the hygrothermal modeling. And we can say that this
parameter could improve the simulation results.

We believe that we systematically underestimate the
π∗
v value with the standard cup test method. We also

believe that increasing the value of this coefficient
could improve numerical simulations. Except that,
we have not yet completed the various tests carried
out in the SmartRéno (2019) project. But we are still
tempted to see if changing this parameter improves
the simulation results. To do this, we simulate the
HYGRO-BAT test case using two increased values of
π∗
v : 1.5 × π∗

v and 2 × π∗
v . And we compared the ex-

perimental results of HYGRO-BAT with the following
versions of SYRTHES:
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• SYRTHES basic version.
• SYRTHES basic version with 1.5× π∗

v .
• SYRTHES basic version with 2× π∗

v .
• SYRTHS Mualem model with 1.5× π∗

v .
• SYRTHES Mualem model with 2× π∗

v .
• SYRTHES pure linear model with 1.5× π∗

v .
• SYRTHES pure linear model with 2× π∗

v .

Figure 7 shows that increasing the π∗
v improves the

simulation results for temperature.
Figure 8 shows that increasing the π∗

v also improves
the simulation results for water vapor pressure.
Figure 7 shows that increasing the π∗

v also improves
the simulation results for relative humidity.

Conclusion
Numerical hygrothermal modeling tools neglect sev-
eral physical phenomena linked to moisture transfer.
These tools simplifications work well with new build-
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Figure 9: RH comparison between SYRTHES’s ver-
sions by changing π∗

v and experimental results.

ings using modern, not that hygroscopic materials.
But for existing ones using very hygroscopic materi-
als, these tools often fail to predict materials behavior
for heat and moisture transfer. Then, we started
looking for areas of improvement in these models.
Finally, we are integrating these theoretical studies
into the tools and validating them with experimental
results.
So far, our work on hysteresis showed that in dynamic
configurations, considering this phenomenon par-
ticipates in the tool’s improvement. But, it doesn’t
fix the whole problem. This result led us to explore
other areas of the coupled heat and moisture physical
model, such as the isosteric sorption heat.
On the other hand, we continue to work on the
water vapor diffusion coefficient by completing the
theoretical part with the experimental one. Once
we measure the new water vapor coefficient diffusion
of fiber wood, we will integrate it in SYRTHES and
re-validate the results.
Finally, we will compare SYRTHES with other
experimental results for dynamic configurations to
approve the work done thus far.
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Table 2: Nomenclature
Kt Gas water permeability (s)
gv Water vapor mass flow rate in the

porous material (Kg/(m2.s)
π∗
v Water vapor diffusion

coefficient (kg/(m.s))
ωmi Mass fraction of

gas i ( ρiρt )
K Intrinsic permeability (−)
krg Relative gas permeability (−)
µt Dynamic viscosity of

the gas phase (Pa.s)
pv water vapor partial

pressure (Pa)
pt Total pressure of

the gas phase (Pa)
RH Relative humidity (−)
θ Moisture content (Kg/Kg)
θd Moisture content for

main desorption (Kg/Kg)
θw Moisture content for

main adsorption (Kg/Kg)
θu Maximum moisture content (Kg/Kg)

Nomenclature
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tion hygro-thermique des batiments performants
hygro-bat.

Woloszyn, M., N. L. Pierrès, Y. Kedowidé, J. Virgone,
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