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Solid-liquid phase change materials (PCMs) have been preferred for solar passive thermal energy storage (TES)
applications. However, low thermal conductivity and leakage issue of molten PCMs considerably restrain their
TES potential. In this framework, n-Heptadecane (HD) as a solid-liquid PCM was incorporated with carbonized
lemon peel (CLP) for development of a novel leak-proof composite PCM. Chemical compatibility between the
constituents of the leak-proof composite PCM was examined by using FTIR spectroscopy and XRD diffraction
analyses. The DSC results revealed that the developed leak-proof CLP/HD composite PCM had a melting temper-
ature of 19.79 °C and LHS capacity of 141.8 J/g. The composite PCM exposed venerable thermal degradation
stability after a 1000-cycling heating-cooling process. Thermal conductivity of the CLP/HD composite PCM
(0.46W/m.K at 10 °C)wasmeasured as approximately 77%higher than that of pristineHD (0.26W/m.K at 10 °C).
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1. Introduction

Global energy requirement is growing alarmingly because of rapid
urbanization, industrial development and high living standards. Effi-
cient and affordable energy storage systems are required to save energy
andminimize the reliance on fossil fuels and to diminish the adverse ef-
fect on the environment. Thermal energy storage (TES) can provide
these benefits when combined with renewable energy sources and
technologies. Such a system comprises of sensible, latent and thermo-
chemical heat storage [1–3]. Latent heat storage (LHS) using phase
change materials (PCMs) is more preferred than sensible heat storage
because of isothermal phase change and high energy density and long
term durability. PCMs serve as potential energy savingmaterials in var-
ious TES implementations including thermal controlling of buildings,
recovery of waste heat, cooling of electronic gadgets, solar power utili-
zation etc. [4–6]. PCMs can minimize the temperature fluctuations in
buildings by absorbing heat when the outdoor temperature is higher
lu), ahmet.sari@ktu.edu.tr
than inside room temperature and also releases the stored heat as the
outdoor temperature is become lower. Therefore, they can stabilize
the building inside temperature and reduce energy load needed for
heating and cooling of building [7]. Solid-liquid PCMs have categori-
cally identified as paraffins, hydrated salts, fatty acids, fatty alcohols,
organic esters and some polymers [8]. The leakage issue of molten
PCM and low thermal conductivity are main foremost shortcomings
encountered during their practice implementations [9]. Although
great attempts have been undertaken for solving these problems, it re-
mains a challenge to develop PCMs with desired operating tempera-
ture, high LHS capacity, relatively high thermal conductivity, and
good cycling thermal/and chemical stability and low-cost [10]. The in-
tegration of PCMs with porous, lightweight and cost-effective carrier
materials is one of the most preferred methods for effective solving
the problems [11,12]. Within this outline, several form-stable or
shape stabilized composites have been developed by incorporating
the PCMs with different kind of supporting matrices such as silica
fume [13], palygorskite [14], diatomite [15] and vermiculite [16] etc.
Most of the form-stable composite PCMs possess poor thermal conduc-
tivity and therefore they have been doped with some carbon based
fillers with relatively high thermal conductivity such as graphene,
graphene oxide, carbon nanotube and carbon nanofiber [17]. However,
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high-cost and the agglomeration drawbacks considerably limit their
preference for TES systems.

On the other hand, bio-waste derived bio-chars can be seen as good
candidates to replace the above-mentioned carbon fillers due to the
possibility of being produced cheaper and environmentally friendly
[18,19]. Therefore, they have been used used for eradicating leakage dif-
ficulty aswell as enhancing the thermal conductivity of PCMs because of
good surface textural properties [20–22]. Wang et al. [23] searched the
porosity effect of expanded graphite and activated carbon on the energy
storage performance of PEG as PCM. Zhao et al. [24] fabricated compos-
ite PCM by incorporating PEGwith bio‑carbons derived from fresh pota-
toes and white radish and also reported that the produced composite
PCM kept its LHS characteristics of even after 200 melt/freeze cycles.
Atinafu et al. [25] prepared three kinds of bio-chars for shape stabilizing
n-dodecane and 1-dodecanol and concluded that the developed com-
posites exhibited a LHS capacity of 90 and 73 J/g, respectively. Feng
et al. [26] syntheized a shape-stable PEG/mesoporous carbon composite
via vaccum impregnating technique. Nicholas et al. [27] impregnated
n-octadecane with oil palm waste shell derived bio-char for thermal
regulation studies. Chen et al. [28] produced form-stable PCMs
consisted with lauric acid and activated carbon (AC) with increased
thermal conductivity and stability. Zhang et al. [29] impregnated lauric
acid-stearic acid eutectic PCM with corn cob derived- carbon, which
had 87% higher thermal conductivity than that of the eutectic PCM. Xu
et al. [30] integrated paraffin with orange-peel based bio-char, which
was resulted in a leak-proof composite PCMwith good thermal reliabil-
ity. Wen et al. [31] loaded the melted stearic acid to sunflower straw-
based carbon and proposed it for TES implementations.

Turkey is one among the world's largest lemon growers with an
estimated annual production of 1.1 million tons per year. The lemon
peel has been evaluated to produce low-cost, porous and ecofriendly
bio-char for removal of organic and inorganic pollutant [32–34]. The
present work was intended to produce carbonized lemon peel (CLP)
as effective carriermatrix and then used to build a leak-proof composite
PCMwith boosted thermal conductivity and LHS capacity. The extensive
literature survey revealed that no study have been carried out about the
evaluation of CLP scaffold for developing a leak-proof composite PCM.
N-heptadecane (HD) was chosen as PCM because of its appropriate
melting temperature (21–22 °C) and LHS capacity (216–217 J/g) for
thermal management of buildings [35–37]. To address the molten leak-
age and low thermal conductivity shortcomings of HD, it was success-
fully impregnated into the pores of the CLP framework via vacuum
technique. The morphology, chemical/and crystal structures, LHS prop-
erties, thermal degradation stability, cycling LHS reliability and thermal
conductivity of the leak-proof CLP/HD compositewere investigated sys-
tematically for the first time in this work. The impacts of the improved
thermal conductivity on the reducing melting and solidification times
of the HD and the CLP/HD composite were also estimated compara-
tively. The present study demonstrated that the developed leak-proof
composite PCM can be utilized as green admixture for manufacturing
novel energy-saving building materials because of its appreciated TES
characteristics.

2. Experimental

2.1. Material

Heptadecane (HD; chemical formula: CH₃(CH₂)₁₅CH₃; molecular
weight: 240.48 g/mol; assay: ≥98.0%; density: 0.78 g/cm3 at 20 °C;melt-
ingpoint: 22 °C)was supplied fromSigma-AldrichCompany. The lemon
samples were obtained from Mediterranean region of Turkey.

2.2. Preparation of carbonized lemon peel (CLP)

A carbonized lemon pulp (CLP) material was obtained bymodifying
the cellulosic and pectic substances in the skin of the lemon with citric
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acid in the juice of the lemon. The thin yellow outer skin of the washed
lemonswas grated and removed. After the juice was squeezed, the peel
of the lemonwas cut into 3–5mmpieces and dried. The lemon juicewas
filtered through ordinary filter paper and the seeds and coarse fibers
were separated. Dried lemon peel pieces were mixed with lemon juice
on a glass tray and left to absorb the water. After the coarse water was
removed using a fan in the open air, it was dried at 50 °C overnight. It
was then heated in an oven at 180 °C for 1 h in a nitrogen atmosphere.
The dark coloredmaterial ground in a coffee grinderwas sieved through
a 100 mesh sieve. In order to remove excess citric acid, the resulting
powderwaswashedwith distilledwater. Thewashing processwas con-
tinued with the lead nitrate solution until the wash water did not pre-
cipitate lead citrate. The CLP obtained by filtration was dried at 100 °C
and used in experiments. The schematic demonstration of the produc-
tion procedure of the CLP was given in Fig. 1.

2.3. Fabrication of leak-proof CLP/HD composites

The CLP/HD composites were produced at different weight combi-
nations by vacuum technique. The HD was firstly melted at 40 °C and
then blended with specific amount of CLP powder into a beaker. This
sol-gel was mixed 30 min using a mechanical stirrer and then vacuum
process was adopted to increase the impregnation ratio of the PCM
using a vacuum pump integrated-oven. This process was repeated at
40 °C for 60 min by changing the impregnation weigh fraction of HD
from 40 to 75 wt%. To decide the optimal HD impregnation rate into
CLP, the leakage controlling testwas adopted to each composite sample.
The sample on afilter paperwasweighed before the test and thenmain-
tained at 40 °C for 60min. The apparent outflow case from the sample to
the surface of filter paper was checked after heat treatment. By consid-
ering the weight loss related with outflow of melted HD, the final im-
pregnation rate of HD was determined. Based on the test results, the
prepared composite including 70 wt% HD was defined as leak-proof
composite PCM.

2.4. Characterization techniques

The surface textural characteristics of CLP after and before HD im-
pregnation were determined via N2 gas adsorption-desorption method
byusing a surface analyzer (Gemini VII 2390V1.03modelMicromeritics
Inc.). The surface morphology of the leak-proof CLP/HD composite and
its components were characterized using a SEM instrument (Zeiss LEO
440model). The chemical functional groups of pure HD, CLP and the de-
veloped composite were identified by using FTIR spectroscopy (JASCO
430 model). The crystalline structures of the samples were carried out
by XRD powder diffraction analysis at 19–23 °C using a PANalytical
X'-Pert3 model X-ray diffractometer (CuKα radiation, λ = 1.542 Å;
scanning rate of 10° min−1). The LHS properties of pure HD and the
CLP/HD composite PCMwere determined using a DSC analyzer (Hitachi
7020 model) at heating/cooling rate of 3 °C/min. Thermal stability of
pure HD, CLP and the developed composite PCM were investigated
using Thermogravimetric analysis (TGA) instrument (PerkinElmer
model) under argon atmosphere with a heating rate of 20 °C/min. To
examine the thermal reliability and chemical stability of the composite
PCM, it was subjected to repeated melt/freeze cycling test using a ther-
mal cycler device. Throughout this test, the composite sample was
heated to 40 °C for 5 min and immediately after cooled to 10 °C for
5 min. After 500 and 1000 cycles, the changes in the LHS properties
were estimated and the chemical structure of the composite PCM was
also checked.

Thermal conductivities of the samples were measured at below and
above melting temperature of HD (10 and 30 °C) using a thermal
analyzer (Decagon KD2 Promodel) whichworks based on the transient
hot-wire method. The measurements were repeated for three times
for each sample and the data was recorded with mean deviation of
±0.010 W/m.K.



Fig. 1. Schematic demonstration of the production procedure of CLP.
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To investigate the effect of the enhanced thermal conductivity on the
charging/discharging periods of the leak-proof CLP/HD composite, the
temperature-time histories were logged during its heating and cooling
processes using the experimental design consisted with a temperature
controlled-water bath, thermocouple and data logger.

The apparent densities of the CLP and the leak-proof CLP/HD com-
posite was determined using spectrophotometer cuvettes with known
volume and weight. The density of solid powder samples was deter-
mined according to the weighing difference after well placing vibration.
The real densities of the CLP and the leak-proof CLP/HD composite were
determined with a Quantachrome Ultrapycnometer 1000 helium
pycnometer.
3. Results and discussions

3.1. Textural properties of produced CLP

The N2 gas adsorption-desorption isotherms of the CLP and CLP/HD
composite were shown in Fig. 2(a–b). The obtained surface textural
properties were also presented in Table 1. The isotherm curves are in
agreementwith reversible Type II isothermmodel according to the clas-
sification of IUPAC. As clearly seen from the tabulated data, the surface
characteristics of the CLP after the HD impregnation were considerably
changed. The maximum adsorption-desorption amount of the CLP at
saturation was reduced from 200 cm3/g to 38 cm3/g after impregnation
process because micropores and some mesopores was filled up by HD
molecules. The BET and Langmuir surface areas of the produced CLP
are 55.18 m2/g and 72.86 m2/g, respectively whereas they were
decreased to 15.97 m2/g and 39.83 m2/g through loading HD, respec-
tively. Moreover, after HD impregnation, the average pore diameter of
the CLP was lessened from to 25.01 nm to 21.75 nm while its total
pore volume diminished from 0.027 cm3/g to 0.017 cm3/g. The reduc-
tions in the above mentioned properties were due to the retention of
HD molecules into the pores of the CLP. The parallel results were pre-
sented for AC after the infiltration of n-octadecane [18]. Additionally,
the apparent densities of the CLP and the leak-proof CLP/HD composite
were determined as 0.951 g/cm3 and 1.087 g/cm3, respectively while
their real densities were measured as 1.704 g/cm3 and 1.791 g/cm3, re-
spectively using a helium pycnometer. The increase in the real density
shows that the number of open pores in the structure of the CLP is
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quite low and only a small portion of them was occupied with HD
during the impregnation process. The HDmostly filled the intrerparticle
voids rather than the open pores with limited number. The significant
reduction in the BET and Langmuir surface areas also confirms this
result.

3.2. Leak-proof stability and surface morphology of the developed
composite PCM

The photograph images of some CLP/HD composite samples
containing lower/and higher amount of HD than leak-proofweight frac-
tion are shown in Fig. 3. As clearly observed from the photographs taken
from front side and back side of the composite samples, the CLP/HD
(60 wt%) and CLP/HD(65 wt%) sample showed no leakage while the
sample containing 67 wt% HD demonstrated visible leakage. Therefore,
the CLP/HD(65 wt%) sample was called as leak-proof composite PCM.

On the other hand, the SEM photographs of the CLP and the
leak-proof CLP/HD composite are presented in Fig. 4(a-b). As demon-
strated from Fig. 4(a), the surface of CLP has a partially porous structure
with rough microspores with different diameters of about 5–10 μm.
However, the number of open pores in the structure of CLP has is
quite low. As also observed clearly from Fig. 4(b), the surface morphol-
ogy of CLP was noticeably changed because HD filled the interparticle
spaces on the surface rather than the open pores with limited number.
Therefore, the surface tension and capillary forces between HD mole-
cules and the particles on the surface of CLP blocked the leakage case
of the molten HD from the composite.

3.3. FTIR and XRD analysis results

The FTIR spectra of CLP, HD and CLP/HD composite are depicted in
Fig. 5. In the spectrum of pure HD, the distinctive peaks at 2956, 2920
and 2852 cm−1 are related with the stretching vibrations of C–H of
groups as the bending and in-plane rocking vibrations of these bands
are placed at 1466, 1373 and 729 cm−1 [37].

The FTIR spectrum of CLP indicates typical bands in wavenumber
range of 500–1200 cm−1. The bands around 1614 and 1706 cm−1

represents the esterified and free carboxyl groups. The broad band at
3200 and 3600 cm−1 shows the presence of hydroxyl groups [38]. Be-
sides, compared to the distinguishing bands of the CLP and HD with



Fig. 2. Adsorption-desorption isotherms of (a) CLP and (b) CLP/HD composite.

Table 1
Surface textural properties of CLP and CLP/HD composite.

CLP CLP/HD composite

Characteristic Value Characteristic Value

BET specific surface area (m2/g) 55.18 BET specific surface area (m2/g) 15.97
Micropores (m2/g) 42.04 Micropores (m2/g) 3.25
Mesopores (m2/g) 13.14 Mesopores (m2/g) 12.72

Langmuir surface area (m2/g) 72.86 Langmuir surface area (m2/g) 39.83
Total pore volume (cm3/g) 0.027 Total pore volume (cm3/g) 0.017
Micropores (cm3/g) 0.019 Micropores (cm3/g) 0.006
Mesopores (cm3/g) 0.008 Mesopores (cm3/g) 0.011

Average pore diameter (nm) 25.01 Average pore diameter (nm) 21.75
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those of the prepared composite, it can be also resulted that no new
band was appeared after impregnation.

The XRDdiffraction patterns of pure HD, CLP and the leak-proof CLP/
HD composite are indicated in Fig. 6. The XRD pattern of CLP shows a
broad amorphous peak between 2θ = 10–25°. The presence of the
Fig. 3. Photographs of the front side and back side of l
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minor peaks in this range is due to some degree of graphitic carbon
crystallization.

The pure HD normally had two characteristic crystalline peaks at
about 21° and 23° [35,39]. However, in this work, these crystalline
peaks could not be observed because the HD was not in solid powder
eak-proof and non-leak proof CLP/HD composite.



Fig. 4. SEM photographs of (a) CLP and (b) leak-proof CLP/HD.
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Fig. 6. XRD diffraction patterns of HD, CLP and the CLP/HD composite.

Fig. 5. FTIR results of pure HD, CLP and the leak-proof CLP/HD composite PCM.

Fig. 7. DSC curves of pure HD and the CLP/HD composite PCM.
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state and contrarily in melted state at examined analysis temperature
(19–23 °C). Therefore, contrary to the expected typical crystalline
peaks, the observed peak in the 2θ range of about 13–25° represents
the non-crystallization of HD. Moreover, as seen from the diffraction
patterns of the LCP/HD composite, this peak was overlapped by the
broad amorphous peak of CLP. Consequently, the XRD results indicated
that that HD was incorporated with the CLP matrix with no chemical
interactions [18,19,30].

3.4. LHS properties of the developed CLP/HD composite

The DSC curves obtained for pure HD and the leak-proof CLP/HD
composite PCMwere presented in Fig. 7a. As clearly seen from the ther-
mograms, the heating and cooling thermal behavior of the composite
PCM is very similar to that of pure HD. The solid-solid phase transition
and melting temperature of pure HD was measured as 9.36 °C and
19.86 °C, respectively.

Similarly, the leak-proof CLP/HD composite PCM showed the corre-
sponding phase change peaks at 9.30 °C and 19.79 °C, respectively.
The melting LHS capacities of pure HD and composite PCM were deter-
mined as 219.1 and 141.8 J/g, respectively. The rate of the LHS values
(64.7%) is very close to the weigh fraction (65.0%) of HD impregnated
with the CLP. Moreover, as evidently seen from Table 2, the CPL/HD
composite PCM had higher melting LHS capacity than that of several
bio-waste derived carbon/PCM composite PCMs in literature
[11,20–22,25,26,40–43].

3.5. Cycling LHS reliability and chemical structure stability of the developed
CLP/HD composite

The leak-proof CLP/HD composite PCMwas subjected to 1000 accel-
erated melting/freezing cycles to assess its cycling reliability/and stabil-
ity in its LHS properties and chemical structure. The obtained cycling
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DSC results were demonstrated in Fig. 8. The melting temperature of
the composite PCMwas slightly changed by 0.02 °C and 0.03 °C, respec-
tively after 500th and 1000th cycle while the reduction in its melting
LHS capacity is less than 1% after 1000 cycles, meaning that the CLP/
HD composite PCM had good cycling LHS reliability through the melt/
freeze cycles repeated for 1000 times.



Fig. 9. FTIR spectrums of the composite PCM obtained at 0th, 500th and 1000th cycle.

Fig. 8. DSC curves of the CLP/HD composite PCM obtained at 0th, 500th and 1000th cycle.

Table 2
Comparison of melting LHS capacity measured for the CLP/HD composite PCMwith those
of various bio-char based composite PCMs.

Waste material used for
biochar precursor

PCM Melting LHS
capacity
(J/g)

Reference

Rice husk Palm wax 92.13 [11]
Soy wax 83.91

Pepper straw Palmitic acid 95.50 [20]
Palm kernel shell n-Octadecane 87.42 [21]
Peat soil n-Octadecane 107.2 [22]
Sewage sledge biochar Dodecanol 73.7 [25]
Oilseed straw biochar Dodecane 90.5
Coconut shell PEGs 81.30–90.20 [26]
Abandoned rice Palmitic-Lauric acid 135.4 [40]
Pinecone biochar Palmitic acid 84.7 [41]
PEFC-certified spruce
feedstock

Dodecane
Tetradecane
Octadecane

77.20
67.90
91.50

[42]

Activated waste walnut shell Methyl palmitate 138.12 [43]
Waste lemon peel Heptadecane (HD) 141.8 This study

Fig. 10. TG analysis curves of pure HD, CLP and the leak-proof composite PCM.
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On the other hand, the FTIR spectrums of the leak-proof CLP/HD
composite PCM taken for 0th, 500th and 1000th cycle are presented in
Fig. 9. As obviously seen from the spectrums, the foremost absorption
bands were not undergone any shape distortion while they were re-
corded at the same wavenumber values. This result confirmed that
the chemical structure of the prepared CLP/HD composite PCM was
protected after 1000 thermal cycles.
3.6. Thermal degradation stability results

Thermal degradation temperatures of pure HD, CLP and leak-proof
CLP/HD composite were determined by TGA technique and the
obtained results were shown in Fig. 10. The HD was decomposed at
the temperature range of 147–237 °C with residual mass of 2.3 wt% at
500 °C. The thermal degradation of the CLP at about 110 °C is corre-
sponding to the evaporation of water (3.6 wt%) maintained into the po-
rous structure of CLP despite of drying process. Over this temperature,
the weight loss process is due to thermal decomposition of its organic
ingredients.

On the other hand, the leak-proof CLP/HD composite PCM shows
two decomposition steps, the first one at about 110 °C is associated
with removal of water content belongs to the CLP while the second
1023
step between 110 °C and 254 °C is related with the evaporation of HD,
which is represented by weight loss of 64.7 wt%. Consequently, it can
be evident that the second decomposition step of the composite PCM
is started much more above its phase change working temperature
(about 20 °C). This result also means that and the developed composite
PCM has appreciated thermal degradation stability.
3.7. Comparison of thermal conductivity values and of phase change times
of pure HD and the CLP/HD composite

Thermal conductivity is one of the basic features which significantly
influence the heat charging and discharging duration of a PCM. Within
this framework, thermal conductivity values of pure HD, CLP and the



Fig. 11. Comparison of the phase change times of pure HD and CLP/HD composite PCM.
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CLP/HD compositeweremeasured as 0.26 0.84 and 0.46W/m.K, respec-
tively at 10 °Cwhich is below the solidification temperature of HD. Con-
sidering these data, it can be inferred that the thermal conductivity of
the CLP/HD composite was 77% higher than that of HD. It was due to
the heat transfer channels and heat conduction framework provided
by the carbon skeleton of CLP. However, contrarily o the expectation,
the reason for lower thermal conductivity of the CLP/HD composite
than that of CLP can be related to the following facts: (i) All of the
pores was not completely filled by HD, which was confirmed by BET
analysis results. Thus, there are still somewhat pores in the structure
of the composite CLP, which are occupied with air molecules with low
thermal conductivity (0.026W/m.K). (ii) The surface area of the CLP
was decreased after HD impregnation. (iii) The CLP surface is covered
by HD which has approximately 4 times lower thermal conductivity
than its own value. Furthermore, the thermal conductivity of pure HD
and the composite PCMwasmeasured as 0.34 and 0.61W/m.K, respec-
tively at 30 °C,which is above themelting temperature of HD. This result
showed that the thermal conductivity of pure HD and CLP/HD compos-
ite has considerably boosted during the melting state. The similar find-
ings were reported for solid and melted states of different pure PCMs
and their composite PCM [18,19,28,29].

Additionally, the thermal conductivity of the CLP/HD composite
PCM is at comparable level with those of different bio-char based
composite PCMs. The thermal conductivity value was reported as 0.40
and 0.35W/m.K for carbonized kapok included erythritol andmannitol,
respectively [44]. The thermal conductivity of rice based biochar/
1024
palmitic-lauric acid composite was measured as 0.44 W/m.K [45]. Be-
sides, it was determined as 0.33 W/m.K for the carbonized sunflower
straw/stearic acid [31] and 0.43W/m.K for of carbonized cotton/paraffin
wax composite PCM [40].

On the other hand, the impact of the boosted thermal conductivity
on the melting and solidification times of the leak-proof composite
PCM was also indicated in Fig. 11.

The consideredmelting/and solidification times were demonstrated
by dotted lines. The melting times for pure HD and the composite PCM
were found as 11 and 6min, respectivelywhile their solidification times
were found as 31 and 19 min, respectively. These findings showed that
melting and solidification time of the CLP/HD composite was reduced
by about 83% and 63%, respectively relative to pure HD due to the
enhanced thermal conductivity.

4. Conclusions

Waste lemon peels were carbonized and then evaluated to create a
novel leak-proof composite PCM for TES implementations. The HD
was successfully integrated with the obtained CLP framework in the
mass faction of 65% without detecting PCM leakage issue. The SEM re-
sults showed that the pores structure of the CLP would allow easily
and homogenous impregnation of molten HD. The FTIR and XRD analy-
sis proved that any chemical reaction was not involved in the incorpo-
ration of HD with the CLP. The DSC measurements revealed that the
developed leak-proof composite PCM had a melting temperature of
19.79 °C and LHS capacity of 141.8 J/g. The cycling DSC findings demon-
strated that the composite PCM had well thermal stability after a 1000
heating-cooling treatment. The TGA data indicated that the fabricated
composite PCM has considerable high thermal degradation stability.
The thermal conductivity of the composite PCM (0.46 W/m.K at 10 °C)
was approximately 77% higher than that of HD (0.26 W/m.K at 10 °C).
Accordingly, the developed CLP/HD composite PCM can be considered
as cost-effective and eco-friendly admixture for producing innovative
energy saving-construction materials used for thermal management of
buildings.
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