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Abstract. The use of biobased materials in building construction allows the reduction of fossil
resource use and energy consumption. Among biobased materials, hemp lime concrete has been
investigated in many studies highlighting its capacity to regulate interior relative humidity and
its high insulation capacity. In order to design high-performance biobased concretes, a new hemp
lime concrete combining the hygric regulation capacity of hemp lime concrete with the thermal
regulation performance of phase change material was developed. This article focuses on the
thermal and hygric performance of the new hemp lime concretes incorporating micro-capsulated
phase change material (PCM) (named HL-PCM). Three hemp lime concretes that differ from
formulation were developed and investigated. The thermal properties, moisture buffer values and
its impact on interior relative humidity variation have been presented. Thanks to experimental
works and numerical simulations, the results obtained showed that the thermal conductivity
remain low, the heat capacity and thermal inertia increase considerably for hemp concrete with
PCM, while the moisture buffering capacity remains excellent. Finally, numerical results showed
that the used of hemp lime concrete (with and without PCM) reduce indoor relative humidity
variation and improve indoor hygrothermal comfort.

1. Introduction

In France, the building consumes about 44% of energy produced and is responsible about 25% of the
greenhouse emissions which affect the environment considerably. The use of biobased materials, like
hemp lime concrete which is capable to absorb about 35kg of CO; equivalent per m? of wall over 100
years [1], allows energy consumption reduction in building and reduces CO, emissions.

The thermal conductivity of hemp lime concrete is between 0.06 and 0.15 W/m.K [2], [3], and is
lower than the ones of load bearing materials (normal concrete, extruded brick, ...). Recent studies
showed that hemp lime concrete is very permeable to water vapor and has an excellent capacity of hygric
regulation [4]-[6]. However, this material has a low mechanic resistance and thermal inertia. Therefore,
this article aims to design a new biobased material by combining hemp lime concrete and phase change
material. Phase change materials (PCM) added at hemp lime concrete composition, will allow to
increase its thermal inertia thanks to the adsorption of heat during heat peaks and then the release of heat
during falling temperature in the building, in order to avoid overheating in summer [7], [8]. This is
because the phase change material is able to absorb, store and release large amount of latent heat when
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the material changes phase which depends on a defined temperature range. The one used for our study
is an organic paraffin PCM [9], [10]: Micronal DS 5001X with a melting point at 26°C [11], [12].

In this article, we will present the conception, thermal properties, and moisture buffer capacity of
hemp lime concrete incorporating phase change material with different formulations.

2. Experimental study

2.1. Manufacture of test specimens.

The new innovated building materials presented in this article are based on the formulation of hemp
lime concrete formulation widely used in the literature. These materials are composed of: binder
Tradical PF70 (75% hydraulic lime, 15% aerial lime and 10% pozzolanic), hemp shives, water and phase
change material (MCP: Micronal DS 5001X). The dosages used for three different formulations are: the
first one with 0% of PCM (without PCM) and the two others incorporating 20% and 40% of PCM
compared to the total dry weight (hemp, binder and PCM) of the first formulation. Note that the dosage
proposed were based on experience for the application in the building. One of the main difficulties
encountered during the hemp concrete mixing with PCM is due to the water absorption of plant
aggregate and PCM. Therefore, we keep the same binder/hemp ratio and increase slightly the
water/binder ratio until 1.65 for formulation incorporating 20% of PCM and 1.85 for the one integrating
40% of PCM. These concretes will be abbreviated according to the percentage of PCM used in each
formulation: HL+0%PCM, HL+20%PCM and HL+40%PCM. Table 1 represents material proportion
(in mass) contained in each sample and its density.

Table 1 : Summary of the three hemp lime concretes with and without PCM used in this study.

HL+0%PCM HL+20%PCM HL+40%PCM
Hemp shiv 17.9% 15.1% 12.2%
Tradical PF70 33.0% 27.9% 22.6%
Water 49.1% 46.0% 42.2%
PCM 0% 11% 23%
Fresh density (kg/m°) 686 781 1000
Ratio W/B 1.49 1.65 1.86

Figure 1 : Steps of sample manufacturing: (a) mixing tradical PF70 + water, (b) mixing tradical PF70
+ water + hemp = HL+0%MCP, (c) mixing tradical PF70 + water + hemp + PCM = HL+20/40%PCM,

(d and e) specimen produced, (f) samples (HL+40%PCM (1), HL+20%PCM (2) and HL+0%PCM
3)).
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Concerning material fabrication method, lime and water were mixed first. Then, hemp shives were
added and mixed in the mixer until the mixture was homogenized. Finally, the PCM was added and
mixed gradually until the mixture was homogenized. With the water adsorption rate of hemp shives and
PCM, water was added during mixing after adding the PCM.

Then, the concrete was poured into the different molds for thermal and hygric characterization and
they were compacted using the manual tamping (Figure 1). All specimens produced were conserved in
the room with temperature and relative humidity around 20°C and 50%RH, respectively.

2.2. Thermal properties characterization.

The thermal properties characterization of studied concretes has been done and presented in [13]. The
method applied to measure thermophysical properties is heat flow meter apparatus. The apparatus has
top and bottom plates equipped with heating and cooling systems to control the heat flux through the
sample in between [8], [14]. The apparatus creates a steady one-dimensional heat flux through the
sample by setting both plates at constant temperature and is calibrated to convert the transducer voltage
signal to heat fluxes. The temperature ramps used are from 10 to 20 °C for HL+0%PCM and from 10 to
35 °C for HL+20/40%PCM.

Knowing that the PCM reveals an additional amount of energy due to the solid-liquid phase change, the
thermal conductivity (1), specific heat (C =specific heat in the liquid state and Cs= specific heat in the
solid state of PCM) and latent heat of studied materials have been determined using the inverse method
based on the experimental results of the heat flow meter (controlling the steady-state after each step-
change) and GenOpt and Dymola/Modelica softwares [13], [15].

2.3. Moisture buffer value (MBV) characterization.

Knowing that relative humidity is one of the most important factors to evaluate the hygrothermal
comfort in the building, the Nordtest project [16] proposed one experimental protocol to evaluate the
moisture buffering capacity of building materials. Concerning moisture buffer value (MBYV), it can be
calculated based on the amount of water vapor that is transported in or out of material per open surface,
during a period of times when it is subject to relative humidity variations of surrounding air. The
moisture buffer value characterization consists of imposing the sample to cyclic step-changes in relative
humidity between 33%RH for 16 hours and 75%RH for 8 hours at a constant temperature (at 23°C)
during the measurement, as shown in Figure 2.

Relative hunudity (%HR) Temperature

85% 50
& 75% 0 _
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£35% 10 @
=
3 25% 0
0 2 4 6 8 10 13
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Figure 2 : Cyclic step-changes in relative humidity and temperature recommended by the Nordtest
project for MBV measurement.

This test protocol is carried out in three stages. Firstly, we put the sample on the analytical balance
to record continuously weight variation. Then, we regulate the indoor relative humidity according to the
protocol defined. At last, we collect the weight evolution data for material MBV calculation.

Note that, for the MBV test, five faces of the samples have been scaled with aluminum adhesive tape
to make them impermeable to water vapor. After conditioning the samples, we have used the climatic
chamber Bioclimatic CL2-25 which is adjustable in temperature and relative humidity (range from -45
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to 180°C in the temperature with precision £0.3°C and relative humidity going from 10 to 98%RH with
+2% of precision). Each protocol is illustrated in the Figure 3.

Figure 3 : Execution of Nordtest project protocol for MBV measurement: the sample and balance
(a), the climatic chamber (b) and the climatic chamber control.

According to the measurement protocol, the MBV could be determined at equilibrium state, when
between three consecutive cycles, the weight variation (Am) is lower than 5% between the weight gain
in adsorption and the weight loss in desorption, as well as the difference between the loss and the gain
in weight of each cycle is less than 5%.

After reaching the equilibrium state, the MBV can be calculated as followings [16]:
Am

MBV = (1)

A (HRmax_HRmin)

With:
Am: sample weight variation (kg); RHmin and RHmax: minimal and maximal relative humidity (%RH)
respectively; A: exposed surface (m2).

2.4. Effective capacitance model

The effective capacitance model assumes that the envelope MBYV is always in equilibrium with interior
climatic conditions. This model allows a fast evaluation of the impact of hygroscopic materials,
ventilation rate, interior vapor production, moisture production, available surface, moisture buffer value
and other parameters on indoor relative humidity variation. This model can be established as following
equation [17]:

[ v 1OOHIR\/] P, nv

2 D (PP ) 4G
RT R o R R 3g00r T G

HIR*=[ZA,(.MBVkJ/V
k

2)

With:
V: local volume (m?), R,: ideal gas constant = 462 J/(kg.K), T:: exterior temperature (K), HIR® moisture
buffer value normalized by the volume (kg/ (m®. %RH)); P,, .: saturated vapor pressure (Pa), P.i: interior
vapor pressure (Pa), P..: exterior vapor pressure (Pa), n: ventilation rate (I/h), Gyp: water vapor source
(kg/s), Ax: element area exposed (m?), MBV.: moisture buffer value of material k (kg/(m?. %RH).

The effective capacitance model has been implemented in SPARK (Simulation Problem Analyse and
Research Kernel) environment of simulation oriented object and allowing effective resolution of the
differential equations system [18]-[20].

3. Results

3.1. Thermal properties

Concerning the thermal properties (the thermal conductivity (1), specific heat (in liquid and solid state
of PCM) and latent heat (around 26°C) of studied materials), Table 2 represents a synthesis of those
results [13].
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Table 2 : Thermal properties obtained and comparison with the ones of hemp lime concrete in the

literature.
Density Thermal conductivity Specific heat Latent heat
[kg/m?] [W/(m.K)] [J/(kg.K)] [J/kg]
HL+0%PCM 370 0.12 1428 -
Cs: 1698
HL+20%PCM 441 0.14 28980
C.L:1677
Cs: 2048
HL+40%PCM 596 0.18 57620
CL:2019
HL [6] 413 0.11 1000 -
HL [21] 440 0,10 1530 -

Table 2 presents the results obtained for the three samples. Those results show that adding PCM in
hemp lime concrete results in higher density and the thermal conductivity which increases 11.5% for
the HL+20%PCM and 45.9% for the HL+40%PCM [13].

Moreover, it is very important to note that the incorporation of PCM is accompanied by the
augmentation of the specific heat (C. and Cs) : 18.9% and 17.43% for the HL+20%PCM, and 43.41%
and 41.38% for the HL+40%PCM, respectively [13]. Therefore, this increasing thermal inertia allows a
better regulation of interior temperature to avoid the overheating in summer.

3.2. Moisture buffer value (MBV)
Figure 4 (a, b and c) shows that the sample weight increases and decreases as a function of relative

humidity evolution in climatic chamber. Note that before the beginning of the experiment, the specimens
were at the equilibrium state at 50%RH.

a HL+0%PCM b HL+20%PCM
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Figure 4 : Moisture uptake and release of HL+0%PCM (a), HL+20%PCM (b) and HL+40%PCM
(c) as function of relative humidity variation in climatic chamber.
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Based on experimental results and the application of the formula (1), MBV values of samples have
been calculated and the results are presented in Table 1. We can see that the MBV value of HL+0%PCM
is close to those obtained by other authors ([4], [22], 1,][23]). The MBV obtained for HL+20%PCM and
HL+40%PCM are 2.25 and 1.85 g/(m2.%RH), respectively. However, adding PCM will reduce the
moisture buffering capacity of hemp concrete due to the incorporation of PCM in the pores of hemp
shiv as illustrated in Figure 5.

Table 3: MBV obtained from different materials.

Density Thickness  Surface exposed MBV

[kg/m®] (m) (m?) [9/(m2.%RH)]
HL+0%PCM 370 0,07 160*10" 2.29
HL+20%PCM 441 0,07 99,4*10* 2.25
HL+40%PCM 596 0,07 93,84*10" 1.85

e ~° 7 e
R Dt i, || P 5 By
Figure 5 : The incorporation of PCM in the hemp pores (adapted from [5]).
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Figure 6 : MBYV classification of developed materials according to Nordtest project.

To compare the moisture buffer values obtained with other common building materials, we used the
classification proposed in the Nordtest project which defines five range of practical moisture buffer
values classes (from negligible to excellent). Figure 6 presents a comparison between the MBV of
studied materials and the ones of other construction materials. The results showed that hemp lime
concrete developed in our project: HL+0%PCM and HL+20%PCM are classed excellent, and good for
the HL+40%PCM. The classification shows that the studied materials are interesting to use in building
to reduce interior humidity variation. Therefore, the impact of the MBV on interior relative humidity
will be studied in the next part.

3.3. Influence of MBV on indoor relative humidity
Concerning the evaluation of the impact of MBV on the interior relative humidity, the simulations have
been carried out with MBYV obtained experimentally in this study and the ones of other materials used
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frequently in buildings like coating plaster (MBV = 0.68g/(m?.%RH) and autoclave concrete
(Auto_Clav_Conc MBV=1.5 g/(m2.%RH) [16].

The room’s dimensions are 3x5m2 of area and 43m? of volume and is occupied by two persons for
10 hours (from 8 to 18h), which correspond to 142g/h of interior vapor production. Moreover, the air
change rate considered is 0.5 ACH with outside air. Only the moisture buffer capacity of ceiling and
vertical walls are considered in the simulation, while the floor is considered impermeable to water vapor.
Lastly, the exterior relative humidity and the temperature are considered constant at 50%RH and 20°C,
respectively.

HL 0 PCM HL 20 PCM
HI_40_PCM ——Plaster -
Auto_Clav_Conc -=--MBV=0 ’
Vapour_production
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. 85% 1.85E-04 0s
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Figure 7 : Influence of MBYV on the interior Figure 8 : The comparison of reduction
relative humidity. coefficient (A/Av).

Figure 7 shows that the interior relative humidity evolution depends on occupation scenario. It can
be seen that the higher is the MBV, more the interior relative humidity variation is dampened. Indeed,
concerning the case when the walls are impermeable to water vapor (MBV=0), the interior relative
humidity variation is between the minimum value (52%) and the maximum value (86%) (S0 an
amplitude of 34%RH) compared to the maximum values of 73% for HL+0%PCM and 74% for
HL+40%PCM.

To quantify the hygric buffering regulation of building materials compared to the case when MBV
is neglected, we define a coefficient called the reduced factor f=A/A,, which is defined as the ratio
between interior amplitude of relative humidity variation with and without taking account moisture
buffering capacity of building envelope (A<Ao). According to Figure 8, the reduced factors are smaller
for hemp lime concrete with and without PCM than for other materials frequently used in building. The
results showed that hemp lime concrete (with and without PCM) can reduce the amplitude of indoor
relative humidity variation with a coefficient f lower than 60% (Figure 8). The results suggest that the
use of hemp lime concrete (with and without PCM) allows the attenuation of interior relative humidity
variation and so improve interior hygrothermal comfort.

4. Conclusion

This article presents the thermal characterisation and the hygric performance of hemp lime concretes
incorporating phase change material. Hemp lime concretes (HL+0%PCM and HL+20%PCM) have an
excellent capacity of relative humidity regulation. The experimental results showed that adding PCM in
hemp lime concrete results in a significant increase of thermal inertia which is very promising for
application in buildings. Finally, it was shown that the use of hemp lime concrete wall (with and without
PCM) allows considerable attenuation of interior relative humidity and can ameliorate indoor
hygrothermal comfort.
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