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Featured Application: Passive latent heat storage for building applications, thermal comfort. 

Abstract: In latent heat storage, energy is stored through the change of state of a material and 

then released when the material returns to its original phase. Latent heat thermal energy storage 

systems incorporate phase change materials (PCMs) as storage materials. The objective of this 

study is the fabrication and characterisation of a biosourced PCM hemp concrete. Hemp shives 

are vacuum impregnated with CA with an incorporation rate of 53%. The resulting shape-

stabilized hemp shives/CA composite is used to fabricate PCM hemp concrete. The morphology 

and thermophysical properties of the materials at all stages (from pure CA to hemp concrete 

PCMs) are characterized using differential scanning calorimetry (DSC), scanning electron 

microscopy (SEM) and compared to the reference state (hemp concrete without PCMs). Results 

of the DSC measurement indicated melting and solidification temperatures hemp shives/CA 

composite of 28.9°C and 23°C, respectively and enthalpy of melting and solidification calculated 

as 78.7 and 76.4 J.g
-1

, respectively. The TGA/dTG results indicated that the form stable 

composite exhibits good thermal stability under 170°C, making it suitable for building 

application. The thermal performances of PCM and reference hemp concrete are evaluated in a 

climatic chamber and compared to those of a reference hemp concrete. Results showed a good 

thermoregulation capacity of the PCM hemp concrete with a maximum time shift of 30 minutes 

and a temperature difference between reference and PCM hemp concrete of about 4.6°C. 

Keywords: Bio-based shape-stabilized phase change material composite, latent heat thermal 

energy storage, hemp concrete, thermal performances. 

1 Introduction 

The building sector is the biggest energy consumer accounting for 40% in the total world energy 

consumption [1]. In the context of climate change [2], it is necessary to reduce the energy 

consumption at the worldwide level. The building sector is one of the key factor to achieve this 

goal. In order to reduce the energy consumption of buildings, essentially used for heating and 

cooling, it is important to decrease their energy consumption by better insulation or thermal 
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energy storage. The latter consists in capturing the thermal energy from internal heat gains or 

renewables, such as solar, at one time to use it later. The main advantages of thermal energy 

storage are: reduction of the energy consumption, limitation of heat losses, shift of electricity 

consumption from peak to off-peak periods and development of the use of intermittent renewable 

energy sources [3]. 

Numerous studies have shown that latent heat thermal energy storage (LHTES) which 

incorporates  phase change materials (PCMs) is an efficient technique to increase the thermal 

capacity, energy efficiency and comfort impact of buildings [4–10]. The PCMs of interest in this 

work are solid-liquid ones. The basic principle of the LHTES based on liquid-solid transition is 

the following: during the melting process, the excess of thermal energy from the ambient is 

stored as latent heat in the PCMs and restored to the environment when the temperature drops 

below the temperature of solidification of the PCMs. In this study, the targeted application is the 

passive LHTES. In passive systems, the heat transfer fluid does not contribute to the storage and 

circulates naturally without any mechanical device. Silva et al. [11] studied the thermal 

performances of a south facing window shutter containing PCMs in a test cell located in Aveiro, 

Portugal, during summer. The results showed a thermal regulation capacity of the internal 

temperature of about 18–22% and temperature peaks delayed by 45 minutes to one hour 

compared to the reference compartment. Lee et al. [12] integrated paraffin with a melting 

temperature of 28–30°C into cellulose wall insulation. The incorporation of paraffin in the 

insulation reduced the heat flux from 16.1% to 38.5%. The maximum heat flow was delayed 

from 1.5 to 3 hours, which would allow reducing the electricity bill. Umberto et al. [13] 

investigated the thermal performances of two test cells, one as a reference and the other one 

containing a composite PCM system, comprised of two PCMs products with melting 

temperatures of 21.7°C and 25°C. The results indicated improved performances of the test cell 

containing the PCM composite system in lowering the maximum interior and surface 

temperatures by up to 6°C.  

Many studies has been conducted in order to select the suitable PCM for a specific application.  

Jinghua et al. [14] investigated numerically the effects of the phase transition temperature, layer 

thickness and phase transition temperature radius of PCM on the performances of a roof with 

outer-layer shape-stabilized PCM. The optimal phase change temperature were 31–33 °C, 34–

36 °C, 36–38 °C, 34–36 °C, and 29–31 °C respectively in severe cold region, cold region, hot 

summer and cold winter region, hot summer and warm winter region and mild region. Al-Rashed 

et al. [15] compared three PCM (RT-31, RT-35 and RT-42) with different melting temperatures 

in terms of reduction of the heat gains in the Kuwaiti hot climate region. The best results (energy 

saving as well as CO2 saving) were obtained for RT-31, a PCM with phase change temperature of 

27–33 °C compared to other PCM. Meng et al. [16] suggested a combined PCM with low (17-

19°C) and high (28-30°C) melting temperatures allowing both energy storage in winter and 

summer.  

These studies have shown the interest of incorporating PCMs in buildings envelopes. For this 

purpose, four different techniques have been used to integrate PCMs into building envelopes: 

direct incorporation, immersion, encapsulation and shape-stabilization [9,17–19]. A recent 



literature review [20] allowed the identification of shape-stabilized PCMs as a promising 

technique to incorporate PCMs in buildings. Shape-stabilized PCMs are obtained by 

impregnating PCMs into porous building materials preventing leakage problems during the phase 

change process. This technique is simple, inexpensive, possesses a high impregnation rate 

compared to other techniques and is compatible with a wide variety of support materials. 

Biosourced materials, in particular, insulating materials such as hemp, flax and bamboo with their 

good porous structure are promising for the fabrication of shape-stabilized PCMs. This will allow 

the fabrication of a 100% bio-based PCMs composites. 

 

The solid-liquid PCMs are classified in three groups: organics, inorganics and eutectic mixtures 

[21]. Organic PCMs are the most widely used for thermal energy storage due to their suitable 

melting/solidification temperature, high energy storage density, chemical stability and storage 

capacity [22]. Recently, fatty acids has gained of interest due to their suitable thermophysical 

properties such as high-energy capacity, congruent melting, solidification behaviour as well as 

good chemical and thermal stability [6,22–28]. Additionally, they have no toxicity, no 

corrosivity, small or no undercooling, small volume change during phase change and easy 

production from vegetable and animal oils [23].  

Only few of these fatty acids possess a melting temperature in the range of the thermal comfort 

(15 to 30°C,T) [8,22]. However, the melting temperature of the PCMs can be adjusted to this 

climatic requirement by preparation of fatty acids eutectic mixtures. Duquesne et al. [25,29] have 

prepared two eutectics mixtures of capric and myristic acid, capric and palmitic acid with melting 

temperature of 24.29°C and 26.25°C. Ke et al. [30] have prepared a series of binary and multiple 

fatty acid eutectics by using five fatty acids (i.e. capric acid (CA), lauric acid (LA), myristic acid 

(MA), palmitic acid (PA), and stearic acid (SA), respectively). The melting temperature of the 

tested materials were found between 15-53°C.   

The objective of this work is to fabricate a new composite PCM hemp concrete. Many 

researchers have identified hemp concrete as a good insulation material with promising physical 

and hygrothermal properties [31–34]. Coupled with the aforementioned PCMs excellent 

properties, the composite material is expected to possess excellent properties and suitable for 

LHTES application in building envelopes. The novelty of this study is the development of a bio-

based PCM hemp concrete followed by a troughout properties characterization and thermal 

performances test of the developed materials. The PCM hemp concrete is intended to be used as 

an insulating element in building envelopes. For this purpose, hemp shives with a high porous 

structure are impregnated with CA, a pure fatty acid with melting temperature within the thermal 

comfort range. Vacuum impregnation method is used to fabricate shape-stabilized PCMs 

composites with improved thermal properties and without leakage. The novel 100% bio-based 

PCM composite is then used to fabricate PCM hemp concrete. The morphology and 

thermophysical properties of the materials at all stages (from pure CA to PCM hemp concrete) 

are characterized using differential scanning calorimetry (DSC), scanning electron microscopy 

(SEM) and compared to the reference state (hemp concrete without PCMs). Finally, the thermal 



performances of the novel PCM hemp concrete are studied in a climatic chamber and compared 

to the reference hemp concrete. 

2 Materials and methods 

2.1 Materials 

2.1.1 Selection of the PCM 

The PCM must meet several selection criteria in order to be used effectively as a thermal energy 

storage material. Schröder and Gawron [35] developed a list summarizing the selection criteria 

for PCMs: 

 High latent heat of phase change per unit volume and mass and heat capacity in order to 

allow the most compact system possible. 

 Transition temperatures in the temperature range of the target application. For thermal 

comfort, this range is between 15°C and 30°C [22]. This temperature can be chosen 

considering the average day and night temperature and other weather conditions [17,36].  

 High thermal conductivity to accelerate the charge and discharge of the storage system. 

 Low vapour pressure to avoid evaporation that could affect the integrity of the system and 

reduce its efficiency. 

 Low undercooling degree and high crystallization rate to facilitate the charge and 

discharge of the storage system. 

 Low volume expansion during melting which implies very close solid and liquid 

densities. 

 Chemical and thermal stabilities over a high number of charge and discharge cycles 

without altering the material properties and safely (i.e. non-toxic, non-corrosive, non-

flammable and non-explosive). 

 Use of an abundant and less expensive material to make the technology attractive for 

widespread use. 

Based on these recommendations, capric acid (CA), a fatty acid, supplied from Alfa Aesar with a 

purity of 99% has been chosen as PCM in this study. The general information of the CA are 

presented in Table 1. 

Fatty Acid Acrony

m 

CAS 

Number 

Formula Supplier Purity * 

(%) 

Melting 

Temperature 

Capric acid 

(Decanoic acid) 

CA 334-48-5 C10H20O2 Alfa Aesar 99 29-33 °C 

[25,30]  

* Purity as given by the supplier. 

Table 1. General information about capric acid (CA) 

2.1.2 Preparation of shape-stabilized hemp shives/CA composites 

The hemp shives used in this study are the Chanvribat provided by Ecohabitat (Ecological 

Materials for Habitat) with an average density of about 100 kg/m
3
. The choice of hemp shives is 

governed by their high porous structure with a total accessible porosity of 76.67% [37] which is 

suitable for impregnation process.  



To fabricate the form stable hemp shives/CA composite, the vacuum impregnation technique has 

been used (Figure 1).  

 

Figure 1. Fabrication of the hemp shives/CA by vacuum impregnation method 

Hemp shives (Figure 2.a) are weighed (𝑚1) and mixed with the pre-weighed liquid CA (Figure 

2.b).  
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Figure 2. Images of: (a) hemp shives, (b) CA and (c) form-stable hemp shives/CA composite 

The mixture is put in a vacuum oven at a temperature superior to the melting temperature of the 

PCM (60°C). The melted CA is absorbed in the pores of the hemp shives by capillarity and 

surface tension forces [38]. The quantity of liquid CA is chosen to recover the hemp shives in 

order to ensure effective impregnation. The mixture is kept alternatively under vacuum (100 

mbar [39]) and non-vacuum conditions to push out the remaining air in the pores of the hemp 

shives and enhance the diffusion of CA. After the impregnation, the excess of liquid CA is 

removed by filtration. The impregnated hemp shives are placed on a filter paper and kept on the 

oven at 60°C to remove the CA at the surface of the hemp shives. The filter paper was changed 

continually until no leakage was observed. The final mass of the composite (𝑚2) is weighed and 

the mass ratio of CA in the composite is calculated using equation (1) according to [38]. The final 

mass ratio without leakage is 53%. This value is comparable with the value reported in the 

literature for vegetable fibers: 52% for wood fibers/CA-SA [40], 43-54% for 

biochar/methylpalmitate [41] and 40.5% for kapok fibers/MA-TD (1-Tetradecanol) [39].  

𝑅 =
𝑚2 − 𝑚1

𝑚2
∗ 100 

(1) 

 



2.1.3 Fabrication of hemp concrete PCM 

The formulation, which will be used as reference concrete (REF) in the following, has been set in 

accordance with the professional rules for the execution of hemp products that were definitively 

validated in 2012. The formulation of hemp concrete consists in mixing 16% hemp shives, 34% 

tradical
® 

PF40 used as a binder and 50% water. 

The manufactured hemp concrete samples (PCM and REF) were conserved for four days in their 

moulds in a climatic chamber regulated at a temperature (T) of 20 °C and a relative humidity 

(RH) of 50%. Then, the moulds were disassembled to allow the drying of samples. 

For each characterization, two different samples has been fabricated: one acting as a reference 

(without PCM) and the other one made of shape-stabilized hemp shives/CA with 53% of 

impregnation rate. Thus, two samples of each (with and without PCM) with dimensions of 

15×15×5 cm
3
, 10×10×6 cm

3
, 5×5×5 cm

3
 and 10×10×8 cm

3
 are made for thermal conductivity, 

MBV and thermal performances test respectively. 

2.2 Characterization 

2.2.1 Morphology and micro-structure 

The characterization of the morphology and the microstructure of the samples is essential to 

understand the impregnation mechanism. The microstructure of the CA, hemp shives and the 

shape-stabilized hemp shives/CA has been observed successively by scanning electron 

microscope (SEM) (QUANTA 200 Environmental Field Effect Gun apparatus, FEI, FRANCE) in 

the environmental mode. This mode avoids any previous treatment of the samples like gold 

deposit, which could considerably alter the observations. In addition, this mode is very adequate 

for non-conductive samples like hemp shives. The observations were performed at low pressure 

(typically 2 mbar), two different voltages (5 for CA and 15 KV for hemp shives) and at different 

magnifications (70, 500, 600, 2000 and 2400x). 

2.2.2 Hygrothermal properties 

2.2.2.1 Hygroscopic properties 

The hygroscopic properties of the hemp concrete are investigated by measuring the Moisture 

Buffer Value (MBV). The moisture buffering is the ability to naturally regulate relative humidity 

through their moisture capacity. Therefore, the MBV quantifies the amount of moisture that a 

material can store and release when it is subjected to cyclic variations of the surrounding relative 

humidity (RH) [42]. In this study, the measurement of the MBV has been performed according to 

the Nordtest Project protocol [43]. Based on this protocol, the hemp concrete samples of 

dimension 10×10×5 cm
3
 are initially preconditioned at 50% RH and 23°C, then exposed to cyclic 

step-changes in RH between high (75%) and low (33%) values for 8 and 16 hours respectively 

(Figure 3). The mass of the sample is recorded at each step and used to calculate the MBV 

according to equation (2): 

𝑀𝐵𝑉 =
∆𝑚

𝐴 ∗ (𝑅𝐻𝑚𝑎𝑥 − 𝑅𝐻𝑚𝑖𝑛)
 

(2) 

 



Where 𝑀𝐵𝑉 [g/ (%RH.m
2
)] is the Moisture Buffer Value, ∆𝑚 [g] is the mass variation during the 

absorption/desorption phase,  𝐴 [m
2
] is the exposed sample surface area 

and 𝑅𝐻𝑚𝑎𝑥, 𝑅𝐻𝑚𝑎𝑥[%] is the maximum and minimum relative humidity applied during the 

humidification and drying cycle, respectively. 

  

Figure 3. Nordtest Project protocol for the measurement of the MBV 

2.2.2.2 Thermal conductivity 

Thermal conductivity of the hemp concrete is measured using the λ-Meter Ep500e
®

 device based 

on the guarded hot plate method under stationary conditions at three different temperatures: 10, 

23 and 40°C according to the standard NFEN12664 [44] and NFEN12667 [45]. The dimensions 

of the hemp concrete samples are 15×15×5 cm
3
 and the measurements are performed for both 

REF and PCM hemp concrete (Figure 4). For each sample, the measurements are conducted three 

times to verify the repeatability. Since the measurement were conducted three times, the average 

thermal conductivity (𝑘̅) is used and the uncertainty is calculated by using the standard deviation 

(𝜎) expressed by the equation (3) : 

𝜎 = √
∑ (𝑘𝑖 − 𝑘̅)2𝑛

𝑖=1

𝑛 − 1
 

(3) 

where n is the number of measurement and 𝑘̅ the average thermal conductivity. 
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Figure 4. (a) REF and (b) PCM hemp concrete samples for the thermal conductivity measurement                                                                      

2.2.2.3 Phase change properties and thermal stability 

A DSC3+/TGA differential scanning calorimeter / thermo-gravimetric analyser device provided 

by METTLER TOLEDO is used to measure the heat flow released by the materials tested as well 

as the mass change during the tests. TGA is performed to verify the thermal stability of the 

composite-PCM in the building application temperature range. The long term stability of the 

composite will be investigated in a future work. 

The DSC gives the melting/solidification temperatures and enthalpies of the different samples: 

CA and hemp shives/CA composites. The DSC was calibrated using four calibration standards 

(gold, zinc, aluminium and indium) to ensure precise certainty on the temperature range 

considered. The purity of all the calibration standards is about 99.999%. The melting properties 

and the uncertainty range of the calibration standards are presented in Table 2. Prior to the 

measurements, a blank run is performed to correct the baseline. The measurements are performed 

over a cycle with a heating/cooling rate of 0.5°C.min
-1

 in a range of temperatures from 5 to 40°C 

for the heating phase, and from 40 to 5°C for the cooling phase (Figure 5). The isothermal steps 

are hold for 15 minutes in order to avoid the thermal gradient inside the sample [46]. For each 

sample (CA and hemp shives), a mass between 5 and 20 mg is weighed and placed in 70 µL 

alumina crucibles. The experiment was carried out by purging the sample cell with Argon at a 

flow rate of 20 ml.min
-1

.  

The tests are repeated three times for each sample to ensure accuracy and calculate the standard 

deviation. The integrated software of METTLER TOLEDO is used to calculate the latent heats of 

fusion and solidification by numerical integration of the area under the peaks that represent the 

solid-liquid and the liquid-solid phase transitions. The onset temperature is chosen as melting 

temperature for the fusion peak whereas the endset is selected as solidification temperature for 

the crystallization peak (Figure 6). These two values are chosen because they are not influenced 

by the heating rate unlike the peak temperature. 

 Literature values Standards specifications 

Material T (°C) ∆𝐻𝑚 (𝐽𝑔−1) ∆𝑇𝑠(°𝐶) ∆𝑇𝑟(°𝐶) ∆(∆𝐻𝑚) (%) 



Indium 156.6 28.45 1.5 2.5 15 

Zinc 419.5 107.5 2 3 15 

Aluminium 660.3 397 2.5 3.5 20 

Gold 1064.2 63.7 3 4 20 

Table 2. Melting properties and specifications of the calibration standards, provided by METTLER TOLEDO. T: temperature,𝐻𝑓: 

heat of fusion ,∆𝑇𝑠: uncertainty on sample temperature, ∆𝑇𝑟: uncertainty on reference temperature, ∆𝐻𝑓: uncertainty on heat of 

fusion 

 

Figure 5. Heating/cooling program for the DSC measurement 
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Figure 6. Determination of the onset, endset and peak temperature for exothermic process DSC measurements 

The thermogravimetric analysis (TGA) is performed simultaneously with DSC tests on the same 

sample. TGA allows analysing the thermal stability of the composite in the building 

temperature’s range by quantifying the mass variation of the material according to temperature. 

CA, hemp shives only and hemp shives/CA composites samples are analysed in a temperature 

range of 25-500°C with a heating rate of 5°C.min
-1

. As for the DSC measurements, the tests are 

also repeated three times for each sample to verify repeatability and reproducibility. 

2.2.3 Thermal performances 

The thermal performances test are performed in a climatic chamber. This climatic chamber 

allows the regulation of the temperature and the RH in the working range specified in Table 3. 

Temperature range (°C) Heating rate range 

(°C.min
-1

) 

RH range (%) 

-70 to 180 0.5 to 35 +10 to +90 
Table 3. Temperature, heating rate and RH ranges of the climatic chamber 

REF and the PCM hemp concrete of dimension 10×10×8 cm
3
 are placed in the climatic chamber 

and subjected to temperature variations between 5 and 40°C at 50% of relative humidity. In order 

to ensure a unidirectional moisture flow from only one side of the cube, the tested samples are 

covered by aluminium foil on 5 sides (Figure 7). As the targeted application is passive latent heat 

storage, diurnal temperature variation is applied. The latter means that the temperature varies 

between minimum and maximum values within 24 hours (Figure 8). Measurements are 
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performed for 7 days, including a 3-day preconditioning at 23°C and 50% relative humidity to 

ensure testing under fixed humidity conditions. 

 

Figure 7. REF and PCM hemp concrete samples for the thermal performances test and the position of the RH and T sensors 

In order to record the temperature inside the hemp concrete, the temperature and RH sensors 

(Ahlborn FHA 646 R) are used and placed at three different positions (2.5, 5 and 7.5 cm) and at 

the same depth (5 cm) as presented in Figure 7. The RH measurement circuit is capacitive, while 

an N-type thermistor is used to measure temperature. The advantages of these captors is their 

small size and the measurement of both temperature and RH. The sensors were pre-calibrated by 

the manufacturer. They are connected to the ALMEMO data acquisition system that records the 

data every minute. The technical specifications of the sensors are presented in Table 4.  

RH accuracy ±2% 

T accuracy −2 0 to 0°C : ±0.4°C ; 0 to 

70°C : ±0.2°C : 70 to 100°C : 

±0.6°C 

RH measurement 

range 

0 to100 % RH 

T measurement 

range 

− 20 to100 °C 

Maximum 

response time 

10 s 

Table 4. Technical specifications of the RH and T sensors 

T and RH 

sensors

Aluminium foil



 

  

Figure 8. Temperature program for the thermal performances test in the climatic chamber 

 

3 Results and discussion 

3.1 Characterization of form-stable hemp shives/CA composites 

3.1.1 Morphology and microstructure  

Figure 9 and Figure 11 shows the SEM images of pure CA (Figure 9.(a,b)), melted and 

recrystallized CA (Figure 9.(c,d)), hemp shives only (Figure 11.a) and hemp shives/CA 

composite (Figure 11.(b,c,d)) at different magnifications and voltage. For CA it was impossible 

to work at high voltage because the sample melts instantaneously. This phenomenon is inherent 

to the relative low melting temperature of CA (approximately 30°C). 
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Figure 9. SEM images of: (a,b) pure CA, (c,d) melted and recrystallized CA at 70 and 2000x magnifications 

The pure CA presents a regular shaped-crystal structure as observed by [40] (Figure 9.a). The 

size of the crystals is increased after melting and solidification and the structure is more regular, 

indeed, a paste-like texture is observed (Figure 9.d). At first sight, we can notice that the 

melting/crystallization process increases the crystallinity of the capric acid. Morover, the CA was 

more electron conductor and easier to study by SEM due to increased crystallinity [47,48]. The 

energy dispersive spectroscopy (EDS) spectra obtained for CA (Figure 10) is in adequation with 

the results based on the chemical composition of CA. From the EDS spectrum of CA, we 

observed that the mass fraction of O is 19.8% against 80.1% for C and H. It should be recalled 

that EDS does not detect the transitions of H and their contribution is reported in that of C. 



 

Figure 10. EDS spectra and composition of CA 

The cross section images of the pure hemp shives (Figure 9.a) shows a very porous structure. As 

stated in the literature, the pores are approximately 50–80 µm in diameter and are surrounded by 

relatively thick cell walls which are mainly composed of cellulose, hemicellulose, lignin and 

pectin [37]. Figure 11.(b,c,d) show the form stable hem shives/CA and that the pores of the hemp 

shives are successfully occupied by CA after the vacuum impregnation process by means of 

physical absorption. The CA is trapped without leakage in the microstructure of hemp shives 

thanks to hydrogen bond attraction, capillary and surface tension forces [40]. 

 
(a) 

 
(b) 

Element Wt (%) At (%) 

C K 80.1 84.3 

O K 19.9 15.7 

Total 100 100 

 

number of 

occurrence (AU) 

energy (kev) 



 
(c) 

 
(d) 

Figure 11. SEM images of: (a) hemp shives, (b,c,d) form stable hemp shives/CA at respectively 500x and 2400x magnifications. 

3.1.2 Phase change and thermal properties 

3.1.2.1 DSC 

DSC is used to measure thermal energy storage capacity through investigation of the 

melting/solidification properties of the prepared PCM composite. Figure 12 shows the DSC curve 

of the CA, hemp shives and hemp shives/CA composite. The melting and solidification 

temperatures and the enthalpies of the different materials are presented in Table 5 with the 

uncertainty associated. As mentioned in section 2.2, the onset temperature is chosen for 

endothermic processes whereas the endset temperature is used for exothermic processes. The 

melting and solidification temperatures of CA and hemp shives/CA composite were obtained as 

29.8±0.1 °C and 25±1 °C, 28.9±0.4 °C and 23±1 °C, respectively. The enthalpies of melting and 

solidification were calculated as 140.7±3.1 and 135.6±2.6 J.g
-1

, 78.7±4.6 and 76.4±3.1 J.g
-1

, 

respectively. 

As can be seen, the measured melting and solidification temperatures and enthalpies for CA are 

consistent with the values provided by the literature [25]. Both melting/solidification enthalpies 

are reduced after the fabrication of the shape-stabilized hemp shives/CA composite. This 

reduction is caused by the reduction of the mass ratio of CA in the composite and the reduction of 

the crystallinity of the CA. Additionally, the melting/solidification temperatures are lower 

compared to pure CA before impregnation. This decrease in phase change temperatures can be 

due to weak attractive interaction between fatty acid molecules and inner surface wall of the 

porous material [26]. 



 

Figure 12. DSC curves of CA, hemp shives only and hemp shives/CA composite 

Samples Melting process Solidification process 

𝑇𝑚(°C) 𝑇𝑝𝑒𝑎𝑘(°C) ∆𝐻𝑚(J.g
-1

) 𝑇𝑠(°C) 𝑇𝑝𝑒𝑎𝑘(°C) ∆𝐻𝑠(J.g
-1

) 

CA 29.8±0.1 30.4±0.1 140.7±3.1 25±1 26.8±0.9 135.6±2.6 

Hemp 

shives/CA 

28.9±0.4 31.6±0.2 78.7±4.6 23±1 27.3±0.4 76.4±3.1 

Table 5. Melting/solidification temperatures and enthalpies of CA and hemp shives/CA composite 

The measured latent heats of melting and solidification of the composite PCMs were close to the 

values calculated by multiplying the mass ratio of the CA in the composites, and their phase 

change enthalpies as stated by [49]. In fact, the ratio of the heat of fusion of pure CA and hemp 

shives/CA is 56% that is very close to the theoretical value of the impregnation rate (53%). 

Although the latent heats of the prepared hemp shives/CA composite decreased significantly due 

to shape stabilization, these latent heat values are still very promising for energy storage in 

buildings compared to shape-stabilized PCMs studied by other references, as listed in Table 6. 

PCM 

composites 

Melting 

temperature 

(°C) 

Solidification 

temperature 

(°C) 

Heat of fusion 

(J.g
-1

) 

Heat of 

solidification 

(J.g
-1

) 

Reference 

Wood 

flour/paraffin 

26.18 - 20.62 - [50] 

Wood 

flour/CA-PA 

22.03 20.06 28.16 29.77 [51] 

Wood 23.38 21.87 92.1 91.9 [40] 
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fiber/CA-SA 

Kapok 

fibers/MA-

TD 

24-42.3 10.5-29.7 76.8 77.4 [39] 

Hemp 

shives/CA 

28.9±0.4 23±1 78.7±4.6 76.4±3.1 This study 

Table 6. Comparison of the phase change properties of the prepared hemp shives/CA composite with that of some bio-based PCM 

composites 

3.1.2.2 TGA/DTG 

TGA/DTG is essential in order to ensure the stability of the materials on the temperature range of 

buildings. The TGA measures mass changes in a material as a function of temperature (or time) 

under a controlled atmosphere. The first derivative of the TGA curve (the DTG curve) helps to 

determine inflection points, useful for further interpretation as well as for differential thermal 

analysis. Figure 13 and Figure 14 show respectively the weight loss and derivated 

thermogravimetry (DTG) curve of CA, hemp shives only and hemp shives/CA form-stable 

composite from room temperature (25°C) to 500°C. 

From the different curves, it can be seen that CA is mainly degraded between 150 and 240°C 

with degradation starting at around 125°C. This observation is in adequation with the results 

obtained by Kar et al. [52].  

Concerning hemp shives only, the DTA curve shows a first peak between 50 and 150°C 

attributed to the evaporation of free water in the hemp shives. A second degradation shoulder 

peak at about 250-335°C is attributed to thermal depolymerisation of hemicelluloses or pectin. 

The final decomposition peak occurring between 300 and 380°C is attributed to the 

decomposition of cellulose [53].  

The TGA curve of the form stable hemp shives/CA is a superposition of the weight loss curve of 

CA and hemp shives. The same phenomena are observed at the same temperature. From the DTG 

curve that allows detecting the temperature at which transformations occur, it is found that the 

form stable composite exhibits good thermal stability under 170°C with less than 10% of mass 

loss making it suitable for building application for which the temperature rarely exceeds 60°C. 

TGA is also a way to obtain the impregnation rate of the hemp shives/composite and correct the 

theoretical value if needed. From the TGA curve, the impregnation rate is approximately 53.97%, 

which is in accordance with the theoretical value found (53%). The discrepancies are explained 

by the statistical behaviour of the impregnation process (all the particles will not absorb the same 

amount of CA) and the error induced by the sampling. 



 

 

Figure 13. TGA curves of CA, hemp shives only and the fabricated form stable hemp shives/CA 

 

 

Figure 14. DTG curves of CA, hemp shives only and the fabricated form stable hemp shives/CA 

 



3.2 Hygrothermal properties of hemp concrete PCM 

3.2.1 Thermal conductivity 

Thermal conductivity is one of the key parameters that is considered in the selection of materials 

for building application. Thermal conductivity measures the rate at which temperature gradient 

transmits through a material. It allows to classify of materials as isulators or conductors and thus 

to select a material for a specific application. The results of the thermal conductivity of REF and 

PCM hemp concrete composite and the uncertainty associated is presented at three different 

temperatures (10, 23 and 40°C) in Figure 15. For each sample, the thermal conductivity was 

0.084, 0.088 and 0.094 Wm
-1

K
-1 

for PCM hemp concrete compared to 0.066, 0.07 and 0.075 Wm
-

1
K

-1
 for the REF at 10, 23 and 40°C respectively. According to Arnaud et al. [54], the thermal 

conductivity of hemp concrete varies between 0.06 and 0.18 Wm
-1

K
-1

  for a dry density ranging 

from 200 to 800 kg.m
-3

, which is in accordance with the values measured in this study.  

As noted, the thermal conductivity of hemp concrete increases with the addition of CA. Indeed, 

increases in thermal conductivity of 27%, 26% and 25% are observed for PCM hemp concrete 

compared to REF at 10, 23 and 40°C respectively. This result was expected according to the 

literature of shape-stabilized PCMs where the thermal conductivity of the porous support is 

enhanced by the impregnation with PCMs [7,19,55–57]. The reason is that the thermal 

conductivity of the composite PCM is higher than that of the corresponding support matrix, 

because CA has replaced air in the hemp shives/CA composites. The thermal conductivity of CA 

(about 0.21 Wm
-1

K
-1 

at ambient temperature [25]) is 10 times higher than that of air (about 0.02 

Wm
-1

K
-1

). 

  

Figure 15. Thermal conductivity of reference and PCM hemp concrete at 10, 23 and 40°C. 
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3.2.2 MBV 

The MBV is used to estimate the dynamic hygrothermal behavior of the material when exposed 

to an indoor environment. It indicates the average amount of water that is exchanged by sorption 

or desorption when the material surfaces are subjected to relative humidity variations over a 

given time. The MBV values were calculated as 3.05±0.34 and 2.23±0.23 g.m
− 2

.%RH
−1

 for REF 

and PCM hemp concrete respectively, according to the Nordtest program protocol. The MBV of 

REF is in agreement with the results of [58] where the average MBV for a hemp concrete varied 

between 1.82 g.m
− 2

.%RH
−1

 and 3.02 g.m
− 2

.%RH
−1

. The results show a reduction of the MBV 

with the incorporation of the PCM. This result is due to the reduction of the absorption of the 

hemp shives with the incorporation of the PCM. Despite the decrease in the MBV, both REF and 

PCM hemp concrete are classified as excellent humidity regulator regarding the classification of 

Nordtest Project (Figure 16).  

 

Figure 16. Classification of the MBV according to Nordtest project 

3.3 Thermal performances of hemp concrete PCM 

The thermal performances of the PCM hemp concrete and REF submitted to cyclic temperature 

variations between 5 and 50°C have been investigated in a climatic chamber for 7 days. Figure 17 

shows the temperature evolution in REF and PCM hemp concrete composite as well as the 

temperature in the climatic chamber. It can be seen that the temperature recorded by the three 

sensors in each sample are almost identical. The standard deviation is about 0.1°C and 0.2°C for 

REF and PCM hemp concrete, which is in the uncertainty range of the sensor (0.2°C). 

 

 



 

 

 

 

Figure 17. Evolution of the temperature of the reference and PCM hemp concrete for the different T sensors. 

  

Figure 18 shows the evolution of the average temperature of the three sensors placed in each 

sample (REF and PCM hemp concrete) over a 24-hour cycle. Three phases can be distinguished: 

an ascending phase, a stabilization phase and a descending phase. During the ascending phase, 

the temperature of the PCM hemp concrete is slightly lower than for REF. The trend is reversed 

during the descending phase over which the temperature of the PCM hemp concrete remains 

slightly higher than REF. This difference is explained by the LHTES effect of PCM hemp 

concrete as well as the sensible heat absorption that delays the increase or decrease in the 

temperature in the sample [59].  
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Figure 18. Evolution of the aerage temperature of the reference and PCM hemp concrete within a 24-hour cycle 

To further quantify the temperature difference between REF and the PCM hemp concrete, we 

have plotted the evolution of the temperature difference (∆T) between REF and PCM hemp 

concrete over time (Figure 19). The maximum difference is about 1°C during the heating phase 

against 4.6°C for the cooling phase. The difference for the cooling phase is particularly 

pronounced in the temperature range 5-30 °C. This result indicates that the PCM hemp concrete 

is more efficient during cooling periods. This is due to the fact that PCM discharges and releases 

its latent heat stored during heating periods inside the PCM hemp concrete sample preventing the 

temperature of the hemp concrete to drop immediately. The maximum time shift for the heating 

and the cooling period are 30 minutes and 20 minutes, respectively. These experimental results 

showed the good thermoregulation capacity of the PCM hemp concrete. 
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Figure 19. Evolution of the temperature difference between the reference and PCM hemp concrete  

 

4 Conclusion 

This study investigated the hygrothermal performances of a novel PCM hemp concrete for 

passive thermal energy storage in buildings. CA for his suitable melting properties and renewable 

origin has been used to fabricate shape-stabilized hemp shives/CA composite using vacuum 

impregnation technique. The principal findings of this study are presented as follow: 

 CA was successfully impregnated in hemp shives with 53% incorporation rate without 

any leakage. This observation was confirmed by SEM results, which showed that the CA 

was efficiently retained in the porous structure of the hemp shives. 

 DSC results showed that the hemp shives PCM composite possess promising melting and 

solidification properties. The melting and solidification temperatures of CA and hemp 

shives/CA composite were obtained as 29.8°C and 25 °C, 28.9°C and 23±1 °C, 

respectively. The enthalpies of melting and solidification were calculated as 140.7 and 

135.6 J.g
-1

, 78.7 and 76.4 J.g
-1

, respectively. These results indicated a reduction of the 

latent heat of the PCM composite compared to the pure PCM. However, these values are 

still very promising for energy storage in buildings compared to shape-stabilized PCMs 

studied by other references. The TGA/dTG results indicated that the form stable 

composite exhibits promising thermal stability under 170°C making it suitable for 

building application. 
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 The shape-stabilized hemp shives/CA composite is used to fabricate PCM hemp 

concrete. The hygrothermal properties of the PCM hemp concrete are assessed and 

compared to REF. The thermal conductivity measurement conducted at three 

temperatures (10, 23, 40°C) indicated an increase in the thermal conductivity (of about 

25.7% at 23°C) of the PCM hemp concrete compared to REF. 

 The moisture buffer value (MBV) is defined as the capacity of the material to regulate the 

humidity. The MBV of the PCM hemp concrete and REF are measured following the 

Nordtest protocol. The MBV values were 3.05 and 2.23 g.m
− 2

.%RH
−1

 for REF and the 

PCM hemp concrete respectively which allow classifying them as excellent humidity 

regulator regarding the classification of Nordtest Project. 

 The thermal performances test conducted in a climatic chamber showed that the PCM 

hemp concrete present promising thermoregulation capacity. The maximum temperature 

difference between REF and PCM hemp concrete and time shift were about 1°C and 

30 minutes during the heating phase against 4.6°C and 20 minutes for the cooling phase. 

Further study should be conducted to determine the long-term stability and cyclability of the 

hemp shives/CA and the PCM hemp concrete. Different temperature programs with realistic 

weather can be tested in order to investigate the behaviour of the PCM hemp concrete under 

various conditions. Finally, a real scale-cycling thermal performance at the building envelope 

scale should be also investigated. 
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