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Abstract. In a global warming context associated to the abuse of energy consumption, actual researches 
focus more and more on reducing energy costs in the building sector. This target could be achieved by using 
innovative building materials, such as hemp concrete, due to its positive impacts on thermal and 
environmental levels. The aim of this work is to carry out a numerical study of a hemp concrete wall subjected 
to several indoor and outdoor conditions of temperature and relative humidity using the program object 
oriented SPARK.  The hygrothermal behaviour of the wall is investigated taking into account heat and 
moisture transfer within the wall as well as hysteresis phenomenon between the sorption and desorption 
curves and their temperature dependency.  

1 Introduction  
Actually, as mentioned in the French Thermal 
Regulations of 2012 [1] and in the United Nations 
Environmental Program of 2016 UNEP [2], buildings are 
the most energy consuming sector. In France, they are 
responsible of almost 43 % of the total energy 
consumption. In a context of promoting energy efficiency, 
building sector has undergone a notable evolution towards 
innovative construction insulation materials [3] [4] such 
as the hemp concrete. 

Hemp concrete is obtained by mixing hemp shives to 
a mineral binder (lime), water and some additives. 
Plentiful works are carried out on hemp concrete at the 
material and wall scales and its experimental 
characterization is widely available [5][6][7]. Recent 
works have shown also the importance of including 
hysteresis effect [8] [9][10] and temperature dependency 
[9][11][12] in modelling its hygrothermal behaviour to 
assess relative humidity profiles within the walls.  

In this context, the aim of this work is to investigate 
numerically the hygrothermal behaviour of a hemp 
concrete wall subjected to real weather conditions [8] and 
to assess the impact of different modelling approaches on 
the prediction of temperature and humidity conditions 
within the wall. For this purpose, four models are 
compared: a standard model for heat and moisture 
transfer, a model with hysteresis effect, a model with 
sorption temperature dependency and finally a global 
model taking into account both aspects. The oriented 
object simulation tool SPARK [13] is used to solve the 
different models using the finite difference method. 
 
 
 

2 Numerical study 

2.1 Review on moisture transfer in a single 
building material 

Coupled heat and moisture transfer models for a simple 
layer building materials are studied in several researches: 
Künzel [14] developed a model in which moisture transfer 
is due to relative humidity and temperature gradients. In 
1997, Mendes and al. [15] showed a model based on the 
theory of Philip and De Vries [16], with similar 
assumptions as Künzel, but this time moisture transfer is 
governed by volumetric moisture content gradient. Thus, 
Umidus model [15] is created : both diffusion and 
capillary regimes are taken into account and the transfer 
of water in the vapor and liquid phases through the 
material can be analysed for any climate. Moreover, in 
1989, Kerestecioglu and Gu [17] investigated the 
phenomenon using the evaporation-condensation theory 
in unsaturated liquid flow stage. In addition, Burch and 
Thomas [18] developed a computational model using 
finite-difference method able to estimate heat and mass 
transfers through composite walls under non-isothermal 
conditions. Morover, the model of Ozaki and al. [19] takes 
into account the moisture transfers in both liquid and 
vapor phases coupled to the heat generated by the phase 
change due to the moisture sorption process.  

2.2 Mathematical model 

In this study, Umidus model, where moisture is 
transported under liquid and vapor phases, is used. The 
mass conservation equation is given by: 
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𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝜕𝜕

𝜕𝜕𝜕𝜕 (𝐷𝐷𝑇𝑇
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕) + 𝜕𝜕

𝜕𝜕𝜕𝜕 (𝐷𝐷𝜃𝜃
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕) (1) 

 
 

With the following boundary conditions (x = 0 and x 
= L): 
 

− 𝜌𝜌𝑙𝑙 (𝐷𝐷𝑇𝑇
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝐷𝐷𝜃𝜃

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)|

𝑥𝑥=0,𝑒𝑒
= ℎ𝑀𝑀,𝑒𝑒(𝜌𝜌𝑣𝑣,𝑎𝑎,𝑒𝑒 − 𝜌𝜌𝑣𝑣,𝑠𝑠,𝑒𝑒) 

(2) 

 

−𝜌𝜌𝑙𝑙 (𝐷𝐷𝑇𝑇
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝐷𝐷𝜃𝜃

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)|

𝑥𝑥=𝐿𝐿,𝑖𝑖
= ℎ𝑀𝑀,𝑖𝑖(𝜌𝜌𝑣𝑣,𝑠𝑠,𝑖𝑖 − 𝜌𝜌𝑣𝑣,𝑎𝑎,𝑖𝑖) 

(3) 

 
 “e” and “i” represent respectively the outside and inside, 
“s” refers to the wall surface, and “a” to the ambient air. 
𝐷𝐷𝑇𝑇 = 𝐷𝐷𝑇𝑇𝑙𝑙 + 𝐷𝐷𝑇𝑇𝑣𝑣 and  𝐷𝐷𝜃𝜃 = 𝐷𝐷𝜃𝜃𝑙𝑙 + 𝐷𝐷𝜃𝜃𝑣𝑣, where 𝐷𝐷𝑇𝑇𝑙𝑙   is the 
liquid phase transport coefficient associated to a 
temperature gradient, 𝐷𝐷𝑇𝑇𝑣𝑣, the vapor phase transport 
coefficient associated to a temperature gradient, 𝐷𝐷𝜃𝜃𝑙𝑙 , the 
liquid phase transport coefficient associated to a moisture 
content gradient, 𝐷𝐷𝜃𝜃𝑣𝑣 , the vapor phase transport 
coefficient associated to a moisture content gradient, 𝐷𝐷𝑇𝑇 , 
the mass transport coefficient associated to a temperature 
gradient and 𝐷𝐷𝜃𝜃 , the mass transport coefficient associated 
to a moisture gradient [20]. 
 

𝐷𝐷𝜃𝜃 = 𝛿𝛿𝑎𝑎
𝜇𝜇

𝑃𝑃𝑣𝑣𝑠𝑠
𝜌𝜌0

1


   (4) 

 
Vapor transport coefficient under a temperature 

gradient is given by the relation: 

 𝐷𝐷𝑇𝑇,𝑣𝑣 = 𝜙𝜙 𝛿𝛿𝑎𝑎
𝜌𝜌𝑙𝑙𝜇𝜇

𝑑𝑑𝑃𝑃𝑣𝑣𝑠𝑠
𝑑𝑑𝜕𝜕   (5) 

 

10) 

𝐷𝐷𝜃𝜃𝑣𝑣  is expressed as follows: 

  
𝐷𝐷𝜃𝜃𝑣𝑣 =  𝐷𝐷𝑇𝑇𝑣𝑣 × 𝑃𝑃𝑠𝑠𝑎𝑎𝑠𝑠

ξ (∅ × 𝑑𝑑𝑃𝑃𝑣𝑣𝑠𝑠
𝑑𝑑𝜕𝜕 +  𝑃𝑃𝑠𝑠𝑎𝑎𝑠𝑠  ×  1ξ × ξ𝑇𝑇)

 

  

(6) 

 

 

One dimensional model of the energy conservation 
equation with coupled temperature and moisture for a 
porous media is considered, and the effect of the 
absorption or desorption heat is added. This equation is 
written as: 

𝜌𝜌0 𝐶𝐶𝐶𝐶𝑚𝑚
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝜕𝜕

𝜕𝜕𝜕𝜕 (𝜆𝜆(𝜕𝜕, 𝜕𝜕) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)

+ 𝐿𝐿𝑣𝑣𝜌𝜌𝑙𝑙 ( 𝜕𝜕
𝜕𝜕𝜕𝜕 (𝐷𝐷𝑇𝑇,𝑣𝑣

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)

+  𝜕𝜕
𝜕𝜕𝜕𝜕 (𝐷𝐷𝜃𝜃,𝑣𝑣

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)) 

 
 
 
 
 

(7) 

𝐶𝐶𝐶𝐶𝑚𝑚 =  𝐶𝐶𝐶𝐶0+𝐶𝐶𝐶𝐶𝑙𝑙
𝜌𝜌𝑙𝑙
𝜌𝜌𝜃𝜃

 
 

(8) 
where Cpm is the average specific capacity, which takes 
into account the dry material specific heat and the 
contribution of the specific heat of the liquid phase. λ is 
the thermal conductivity depending on moisture content 
and the temperature in Kelvin. 

Boundary conditions take into account radiation, heat 
and phase change. 
 

(−𝜆𝜆 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)

𝑥𝑥=0,𝑒𝑒
− 𝐿𝐿𝑣𝑣 𝜌𝜌𝑙𝑙  (𝐷𝐷𝑇𝑇,𝑣𝑣

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝐷𝐷𝜃𝜃,𝑣𝑣
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕)

𝑥𝑥=0,𝑒𝑒
=   ℎ𝑇𝑇,𝑒𝑒  (𝜕𝜕𝑎𝑎,𝑒𝑒 − 𝜕𝜕𝑠𝑠,𝑒𝑒)
+  𝐿𝐿𝑣𝑣 ℎ𝑀𝑀,𝑒𝑒  (𝜌𝜌𝑣𝑣𝑒𝑒,𝑎𝑎,𝑒𝑒
−  𝜌𝜌𝑣𝑣𝑒𝑒,𝑠𝑠,𝑒𝑒) + ∅𝑟𝑟𝑎𝑎𝑟𝑟,𝑒𝑒 

 
 
 
 

(9) 

2.3 Hysteresis modelling 

Hysteresis is observed between the sorption curves of 
hygroscopic building materials. Physically, sorption 
curves describe the equilibrium between the water content 
of the material and the relative humidity of the 
surrounding air. The hysteresis phenomenon is due to the 
“ink bottle” effect [21] which can be explained by the fact 
that water isn’t retained in the materials’ pores at the same 
manner it fulfils them. Litterature provides many models 
describing the hysteresis phenomenon in porous 
materials: in fact, three global models can be 
distinguished: physical models developed by Mualem 
[22], mathematical models of Cool and Parker [23], and 
empirical models proposed by Pedersen [24]. New 
researches done by Steeman [25] and Van Belleghem [26] 
showed that hysteresis influences the moisture transfer in 
porous materials. Moreover and particularly in hemp 
concrete, Samri [27], and Lelievre et al. [28] have proved 
the importance of considering the hysteresis phenomenon 
in global transfer models (heat, air and moisture).  

In this article, the empirical model proposed by 
Pedersen [24] to describe the hysteresis that occurs in 
hygroscopic materials like wood is used and adapted for 
the hemp concrete case. Main adsorption and desorption 
curves are given in equations (14) and (15):  

𝑈𝑈(𝜑𝜑)
𝑈𝑈𝑚𝑚𝑎𝑎𝑥𝑥

= (1 − 𝑙𝑙𝑙𝑙(𝜑𝜑)
𝐴𝐴𝑎𝑎

)
−1
𝑛𝑛𝑎𝑎

 

 
(10) 

𝑈𝑈(𝜑𝜑)
𝑈𝑈𝑚𝑚𝑎𝑎𝑥𝑥

= (1 − 𝑙𝑙𝑙𝑙(𝜑𝜑)
𝐴𝐴𝑑𝑑

)
−1
𝑛𝑛𝑑𝑑

 

 
(11) 

 
where 𝑈𝑈 is the actual water content (kg.kg-1) for a fixed 
temperature, 𝑈𝑈𝑚𝑚𝑎𝑎𝑥𝑥  the maximum water content, 𝜑𝜑  the 
relative humidity of the air and 𝑎𝑎 and 𝑑𝑑 represent 
adsorption and desorption phenomenon respectively. The 
coefficients 𝑨𝑨𝒂𝒂, 𝑨𝑨𝒅𝒅, 𝒏𝒏𝒂𝒂 and 𝒏𝒏𝒂𝒂 are calculated using the 
least squares method based on the experimental results of 
sorption curves of Lelievre et al. [8]. 

Water content U (kg.kg-1) could be transformed into 
volumetric water content  θ via relation (16): 

2
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𝜃𝜃 = 𝑈𝑈 × 𝜌𝜌0
𝜌𝜌𝑙𝑙

 (12) 

Pedersen’s approach for hysteresis is based on the 
weighted values of the moisture capacity or on the slope 
of adsorption and desorption curves described by: 
 

  ξ𝑎𝑎 =  𝜕𝜕𝑈𝑈𝑎𝑎
𝜕𝜕𝜕𝜕  

 

  
(13) 

 

  ξ𝑑𝑑 =  𝜕𝜕𝑈𝑈𝑑𝑑
𝜕𝜕𝜕𝜕    

(14) 
 

 

After a series of alternating processes of adsorption 
and desorption, intermediate scanning curves are 
modelled by [30]:  
 

ξℎ𝑦𝑦𝑦𝑦𝑦𝑦,𝑎𝑎 = 𝛾𝛾𝑎𝑎(𝑈𝑈 − 𝑈𝑈𝑎𝑎)2ξ𝑑𝑑 +  (𝑈𝑈 − 𝑈𝑈𝑑𝑑)2ξ𝑎𝑎  
(𝑈𝑈𝑑𝑑 − 𝑈𝑈𝑎𝑎)2  

 

 
(15) 

ξℎ𝑦𝑦𝑦𝑦𝑦𝑦,𝑑𝑑 =
(𝑈𝑈 − 𝑈𝑈𝑎𝑎)2ξ𝑑𝑑 + 𝛾𝛾𝑑𝑑(𝑈𝑈 − 𝑈𝑈𝑑𝑑)2ξ𝑎𝑎  

(𝑈𝑈𝑑𝑑 − 𝑈𝑈𝑎𝑎)2  

 

 
(16) 

𝛾𝛾𝑎𝑎 and 𝛾𝛾𝑑𝑑 depend on the type of the material studied. For 
the case of hemp concrete, they can be fitted based on the 
experiments of the moisture buffering value of the hemp 
concrete done by Lelievre et al. according to the  NordTest 
protocol [8] as shown in Fig.1. 

 
 

Fig. 1.  Mass variations of hemp concrete specimen during the 
NordTest experience. 

Fig.1 shows a convergence of the specimen mass 
during the repeating cycles (adsorption – desorption). 𝛾𝛾𝑎𝑎 
and 𝛾𝛾𝑑𝑑 are set to 0.85 and 0.97 respectively in the 
numerical model including hysteresis.  

2.4 Sorption curves temperature dependency 

Temperature dependency of the sorption curves of hemp 
concrete is considered by allowing several sorption curves 
to describe the sorption characteristics at different 
temperature levels. So far, the study of the temperature 
effect on the sorption characteristics for bio-based 
materials is a new task.  Researches have shown that the 
sorption capacity of materials depends on the 
temperature: increasing temperature entails that the 

isosteric moisture content can be reached in equilibrium 
with a higher relative humidity [12]. Three main reasons 
can explain this phenomenon [30]: firstly, the 
microstructure alteration due to the temperature (for 
example, the enlargements of pores can be attributed to a 
rise of temperature). Secondly, the modification of water 
thermophysical properties with temperature and finally, 
the thermodynamic evolution of sorption mechanism (the 
exothermic process of adsorption). In the case of hemp 
concrete, Oumeziane [9] proved the necessity of 
considering  the temperature effect in modelling its 
hygrothermal behavior. Moreover, Rode and Clorius [31] 
worked on the coupling between temperature and 
hysteresis effects and proved that an increase of 
temperature results in a reduction of the hysteresis loop.  
Poyet and Charles [32] proposed a model describing the 
relation between sorption characteristics at different 
temperatures and based on the differential heat of sorption 
which can be written as follows:  
 

𝜕𝜕2(𝑇𝑇2, 𝜃𝜃)
= 𝜕𝜕1(𝑇𝑇1, 𝜃𝜃) 𝑃𝑃𝑦𝑦𝑎𝑎𝑦𝑦(𝑇𝑇1)

𝑃𝑃𝑦𝑦𝑎𝑎𝑦𝑦(𝑇𝑇2) 𝑒𝑒𝑞𝑞𝑠𝑠𝑠𝑠(𝜃𝜃)𝑀𝑀1
𝑅𝑅 (𝑇𝑇2−𝑇𝑇1

𝑇𝑇1𝑇𝑇2
) 

 
 
(17) 

 
where M1 is water molar mass (kg.mol–1), R the ideal gas 
constant (J.mol–1.K–1), and qst the isosteric heat (J.kg–1) 
calculated from two sorption isotherms at two different 
temperatures (T1 and T2)  as shown in Fig.2. 
 

 

 
Fig. 2. Isosteric heat of sorption (Poyet and Charles Model). 

2.5 Simulation environment SPARK 

In order to solve the previous equation system, the 
Simulation Problem Analysis and Research Kernel 
(SPARK) tool is used [33]. Numerical solution is based 
on finite difference iterative method. SPARK allows 
solving efficiently differential equation systems. Each 
component is represented by an object that contains its 
appropriate mathematical model. Equations are defined in 
a generic matter called classes. Model is completed by 
linking objects together. 

Using relation (21), main sorption curves are 
computed and implemented in SPARK respecting the 
form of equations (14) and (15), where 𝒏𝒏  is a constant 
calibrated on the average sorption curve between main 
adsorption and desorption curves, Umax (Or θmax ) a 

3
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linear function of the temperature, and Aa= Ad = A with A 
a linear function of the temperature as well. Figure 3 
shows a 3D representation (φ,θ, and T) of the sorption 
curves. 

 
Fig. 3. 3D representation of sorption curves. 

3 Numerical validation 
Numerical models are investigated at the wall scale 
through a comparison between simulation results and 
experimental data provided by Lelievre et al [8]. The 
sample studied is a single layer wall composed of 36 cm 
of hemp concrete, subjected during 87 days to indoor and 
outdoor conditions for temperature and relative humidity 
as shown in Fig.4. Temperature and relative humidity 
through the wall are monitored at three different locations 
using specific sensors. Properties of hemp concrete are 
listed in Table 1. 

Table 1. Hemp concrete properties. 
 

Properties Hemp concrete 
Thermal conductivity 

[W.m–1.K –1] 
𝜆𝜆 = 

0.00818+0.000276T+0.0024w 
Density  

[Kg.m–3] 𝜌𝜌  = 450 

Thermal capacity 
[J.kg –1.K –1] Cp  = 1000 

Coefficient of 
resistance to vapor [-] 𝜇𝜇 = 5 

 
Four models are tested and compared, labelled 

respectively Mod_1, Mod_2, Mod_3 and Mod_4. Their 
characteristics are presented in Table 2.  

 
Fig. 4. Experimental test conditions. 

Table 2. Numerical models characteristics. 
 

Models Description 

Mod_1 

▪ Standard model for heat and 
moisture transfer with average 
sorption curve 

▪ Initial conditions at 23°C and 50% 
relative humidity 

Mod_2 

▪ Model for heat and moisture transfer 
including hysteresis  

▪ Initial conditions at 23°C and 50% 
relative humidity from adsorption 
curve 

Mod_3 

▪ Model for heat and moisture transfer 
including temperature dependency  

▪ Initial conditions at 23°C and 50% 
relative humidity  

Mod_4 

▪ Global model for heat and moisture 
transfer including both hysteresis 
and temperature dependency 

▪ Initial conditions at 23°C and 50% 
relative humidity from desorption 
curve 

 
The results for relative humidity and temperatures are 

plotted at the three different locations monitored in the 
sample: x = 5 cm, x = 18 cm and x = 29 cm. 

 
 

Fig. 5. Comparison between relative humidity profiles at x = 
29 cm. 

 
Fig. 6. Comparison between temperature profiles at x = 29 cm. 

At x = 29 cm, temperature profiles obtained (Fig. 5) 
are acceptable for the four models up to the 57th day with 
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an underestimation (between 0.5 ° C and 2°C) for the 
Mod_1 and Mod_3 and an overestimation (from 1.5 to 2 
° C) of the temperature for Mod_2 and Mod_4. Beyond 
that, the temperature is advantageous for Mod_2 and 
Mod_4 and deteriorated for Mod_1 and Mod_3 with 
differences reaching 4 ° C. Fig.6 shows that when the 
temperature is overestimated after the first 57 days, the 
relative humidity is overestimated and vice versa, with 
remarkable advantages for Mod_4 whose deviations from 
the experimental do not exceed 5%. From 57 days, Mod_2 
and Mod_4 represent well the dynamic appearance of the 
variations while Mod_1 and Mod_3 show reduced slope 
and delayed relative humidity peaks. 

 
Fig. 7. Comparison between relative humidity profiles at x = 
18 cm. 

 
Fig. 8. Comparison between temperature profiles at x = 18 cm. 

In the middle of the wall (Fig. 7), the prediction of the 
dynamic behaviour of relative humidity is acceptable until 
day 57 especially for Mod_1 and Mod_4. Beyond this, the 
profiles do not fit well with the experimental data for the 
four models. For the temperature profiles (Fig. 8), the 
curves obtained stick well with the experimental values 
for Mod_1 and Mod_3 during the 57 days, while they are 
overestimated by 2 ° C for Mod_2 and Mod_4. In the last 
twenty days, the results remain advantageous for Mod_1 
and Mod_3 (maximum deviations of 1.5 ° C). 

Figure 10 shows that the models are reliable for the 
prediction of temperature changes on the indoor side of 
the wall since the deviations with the experimental 
measurements do not exceed 1 ° C in x = 5 cm. Fig.9 gives 
the advantage to Mod_1 and Mod_3, and especially 
Mod_1, with maximum differences of about 2% with the 
experimental when Mod_2 succeeds in predicting the 

dynamics of variations and Mod_4 presents acceptable 
results but a little more spread at the end (7% difference 
with the experimental). 

 
Fig. 9. Comparison between relative humidity profiles at x = 5 
cm. 

 
Fig. 10. Comparison between temperature profiles at x = 5 cm. 

Thus, considering hysteresis improves the prediction 
of dynamic variations in temperature and relative 
humidity when the wall is subjected to these variable 
conditions. In addition, additional improvements are 
made by coupling hysteresis and temperature dependence 
following the results obtained by Mod_4. 
 
4 Conclusion  
  
This paper deals with hygrothermal behaviour study of 
hemp concrete via four numerical models.  The hysteresis 
and temperature dependency phenomena are studied 
separately and then coupled together. Results are 
compared with the standard model for heat and moisture 
transfer. Comparison shows that predicting relative 
humidity profiles from the outer wall highly depends on 
the chosen model and presents improvements when 
hysteresis is considered. In parallel, temperature profiles 
are also improved with hysteresis at this wall side. 
Concerning the inner side, the four models show 
acceptable results for temperature and relative humidity. 
Thus, studying phenomena occurring within the wall 
requires particular attention to the selected model whereas 
results about investigations on indoor ambiant conditions 
could be reliable based on one of these four models. 
 
This work is supported by the Champagne Ardennes region and 
the FEDER (Fonds Européen de Développement Régional). 
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