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a b s t r a c t

Phase change materials are promising alternatives for solar energy harvesting by photo-

thermal conversion and thermal energy storage. In this work, a shape-stabilized phase

change material (PCM) was prepared by hot-melt blending of paraffin wax (PW), high-

density polyethylene (HDPE), and expanded graphite (EG) to investigate the photothermal

conversion and storage performance using a heat flux evolution curve. This study intro-

duced the heat flux evolution curve for the first time to accurately measure phase change

duration, which is otherwise underestimated by the conventional temperature curves. The

impact of various component compositions on thermal conductivity, energy storage den-

sity, PCM leakage, and photothermal conversion efficiency was evaluated experimentally.

The results showed that the addition of 20 wt% EG enhanced the thermal conductivity of

the composite by 305%. The total energy storage density of the composite varied in the

range of 116.7e138.5 J/g during the photothermal conversion study. The composite with

15 wt% EG and 50 wt% PW exhibited a photothermal conversion efficiency of 79.8% when

calculated from the temperature evolution curve and 61.8% from the heat flux evolution

curve. This difference in efficiency indicates that the temperature evolution curve accounts

only for the phase change of PCMs at the point of temperature measurement, while the

heat flux evolution curve estimates the phase change of whole PCMs in the composite.

Therefore, this work not only provides a shape-stabilized phase change material for the

effective utilization of solar energy but also provides some guidelines to accurately

calculate the photothermal conversion efficiency.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In recent years, the global energy demand has increased with

the rapid social and economic development of society. The

overexploitation of conventional energy resources leads to

environmental concerns and the depletion of fossil fuels.

Therefore, the development of efficient and renewable energy

resources is necessary for the sustainable growth of human-

ity. Solar energy is an important renewable energy source due

to its endless reserves [1,2]. Studies on the efficient utilization

of solar energy have gained much attention due to its carbon-

neutral and renewable characteristics. Solar energy is often

converted to electrical and thermal energy by photovoltaic

and photothermal conversion techniques [3,4]. Photothermal

conversion is the most efficient and simple solar energy uti-

lization technique for space and water heating [5e7], power

generation [8], desalination [9], etc. However, the unstable and

intermittent properties of solar energy require thermal energy

storage (TES) systems tomeet the continuous energy demand.

Phase change materials (PCMs) are widely adopted for TES

systems due to their high energy storage density and

isothermal behavior [10]. Among various organic and inor-

ganic PCMs, paraffin waxes are usually used in practical ap-

plications due to the commercial availability of various grades

having different phase change temperatures and latent heat,

non-corrosiveness, negligible supercooling, and phase segre-

gation compared to inorganic salt hydrates [11]. However, low

thermal conductivity, poor photoabsorption and low me-

chanical strength are the limiting factors of paraffins in

practical applications of energy conversion and storage [12].

There are different strategies adopted to overcome the

above limitations, including microencapsulation in the poly-

meric matrix [13e15], PCMs impregnated in porous materials

[16e18], and blending with polymers [19e23]. Recently, poly-

meric phase change composites have attracted the attention

of researchers due to their (i) cost-effectiveness, (ii) high me-

chanical strength, (iii) efficiency in leakage prevention and

heat storage capacity enhancement, (iv) flexibility, (v)

nontoxic, nonflammable and noncorrosive nature, (vi) light-

weight characteristics with a high strength/weight ratio, and

(vii) abundance and availability.

Among various polymeric phase change composites,

polyethylene and paraffin wax blends have attracted much

attention due to their chemical and structural similarities

[19,24]. They provide good processability, are lightweight and

are low-cost. Krupa et al. [24] investigated the energy storage

properties of low-density polyethylene blends (LDPE) with

paraffin wax. The LDPE matrix kept the composite in a

compact shape, while the paraffin wax stored a large amount

of latent heat during melting. Furthermore, blends of high-

density polyethylene (HDPE) and paraffin wax were reported

to have excellent shape stability and heat storage capacity

[25e27]. Adding a small fraction of expanded graphite into the

polymer phase change composite not only increases the

thermal conductivity but also enhances the photoabsorption

capacity [28]. Although the addition of nanomaterials

including graphene [29e31], CNTs [32,33] and MoS2 [34,35]

have been widely reported in the literature, the smaller size
and large surface area of those fillers require additional

treatment for efficient dispersion in polymeric matrices.

Therefore, expanded graphite serves better for polymeric

phase change composites due to its constant properties,

availability in various sizes and low price in addition to its

easy dispersion [36e38]. Previous studies reported photo-

thermal conversion performances of phase change compos-

ites with expanded graphite and different polymers such as

thermoplastic elastomer [37], ethylene-propylene-diene [39],

polyoxyethylene [36] etc. Considering the availability and

recyclability of polyethylene, phase change composites based

on polyethylene with better photothermal conversion per-

formances would break through into sustainable harvesting

of solar energy.

In addition, the determination of the thermal properties

and photothermal conversion performance of the composites

at physically representative sizes is important to evaluate the

efficiency in practical applications. Previous studies used dif-

ferential scanning calorimetry (DSC) to estimate the thermal

properties of the composites (i.e., latent heat and specific heat

capacities). However, the measured thermal properties by

DSC are significantly influenced by the sample mass, hetero-

geneity, and scanning rate [40,41]. Recently, the thermal

characterization of composites with representative sizes was

evaluated using a new device based on the transient guarded

hot plate technique (TGHPT) [42]. Various thermal properties

of PCMs, including latent heat, sensible heat, specific heat

capacities, thermal conductivities, thermal storage, and

release of resin epoxy/PW [43,44], LDPE/PW [45], LLDPE/PW/EG

Ref. [28] composites at variable component mass fractions,

were determined using the newly constructed device. The

thermophysical properties of the composite obtained from

this method are more representative of practical applications

due to the utilization of large-sized samples.

Moreover, previous studies measured the phase change

duration of the composite (during photothermal conversion

study) between the start and endpoints of the temperature

plateau in the temperature evolution curves obtained either

on the top surface or themiddle of the specimen [30,32,46e49].

The temperature evolution curve only shows the phase

change of the PCM at the measurement location. It may not

reflect the phase change process in the whole specimen and

therefore overestimate the conversion efficiency. This is due

to the underlying assumption in the efficiency calculation that

all PCMs undergo phase change during the conversion study.

Therefore, in this study, the heat flux evolution curves are

introduced for the first time to accurately estimate the phase

change duration. The method estimates the time required for

the completion of the phase change in the whole composite

specimen during solar irradiation, thereby satisfying the

assumption in the conversion efficiency calculation. The

thermal properties of the HDPE/PW/EG composites are

measured from the TGHPT method on physically represen-

tative sample size and are used to estimate the photothermal

conversion efficiencies of the composites.With the increase in

EG and PW mass fraction, the enhancement in the thermal

conductivity and photothermal conversion efficiency was

investigated.
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2. Experimental

2.1. Materials

High-density polyethylene (QChem, Qatar), paraffin wax RT42

(Rubitherm® Technologies GmbH, Germany), and expanded

graphite with an average particle size (D50) of 200 mm (SGL

Carbon's SIGRATHERM®, Germany) were used for the prepa-

ration of the phase change composite.
2.2. Preparation of the composite

The PCM blends were prepared by mixing all components in a

50 mL mixing chamber of a Brabender® Plastograph® EC W50

PLE 331 (Duisburg, Germany) for 10 min at 160 �C and amixing

speed of 35 rpm.

The samples of cylindrical shape were prepared from

mixtures using a hydraulic mounting press machine (Carver

3895, USA) by hot-pressing at 160 �C for 3 min.

Table 1 summarizes the composition, size, and density of

the different samples used in this study.
Table 1 e Composition of the prepared samples, their sizes, an

Samples HDPE/PW/EG w/w/w Thicknes

S1 50/50/0 8.49

S2 55/40/5 8.79

S3 50/40/10 9.30

S4 45/40/15 8.78

S5 40/40/20 9.09

S6 45/50/5 8.65

S7 40/50/10 8.25

S8 35/50/15 8.61

Fig. 1 e Transient guarded
2.3. Material characterization

For thermal conductivity and diffusivity measurements,

specimens with a diameter of 7 cm and thickness of 9 mm

were compression molded in the hydraulic mounting press.

The thermal conductivity and thermal diffusivity were

measured using a multipurpose apparatus (ISOMET, Applied

Precision, Slovakia). The thermal response of the composite

was measured as a function of time to the heat flow impulses

generated by the electrical heating of the resistor heater. All

the samples were tested three times at room temperature

using a flat probe. The method yields reproducible thermal

conductivity with an accuracy of 5% of readingþ0.001W/m.�C.
The leakage experiment was conducted to investigate the

mass lossof PWfromtheHDPE/PW/EGcompositeswhenplaced

in anovenat a temperature over themelting point. The strips of

HDPE/PW/EG specimens with dimensions of 60 � 60 � 1mm

were placed in an oven at 60 �C for 12 days. The samples were

weighed daily using an analytical balance after cleaning them

fromexcessive andmelted PWon the top surfaces using a clean

cloth. The percentages of the PW mass loss in the composite

were calculated according to the equation:
d densities.

s mm Diameter mm Density g/cm3

67.53 0.921

67.07 0.941

67.60 0.982

67.56 0.989

67.78 1.004

67.36 0.945

67.50 0.971

68.06 0.990

hot plate technique.

https://doi.org/10.1016/j.jmrt.2023.04.047
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Fig. 2 e A schematic of the photothermal energy

conversion and storage performance measuring system.

Table 2 e Thermal conductivities and diffusivities of
composites.

Samples leff (SD) W/m.�C a (SD) mm2/s I leff%

S1 0.379 (0.003) 0.238 (0.003) 90

S2 0.447 (0.001) 0.269 (0.001) 125

S3 0.609 (0.001) 0.348 (0.001) 205

S4 0.639 (0.001) 0.354 (0.001) 220

S5 0.806 (0.001) 0.435 (0.002) 305

S6 0.519 (0.003) 0.306 (0.003) 160

S7 0.561 (0.001) 0.329 (0.001) 180

S8 0.707 (0.001) 0.368 (0.001) 255
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Mass loss¼ðm0 �mÞ
m0 �w

� 100 ð%Þ (1)

where m0 is the initial mass of the specimen, m is the actual

mass of the specimen and w is the mass fraction of paraffin

wax.

Thechanges inthemicrostructureofPCMswere investigated

as two-dimensional (2D) images by scanning electron
Fig. 3 e (a) Images of S8 composite before and after leakage test a

leakage test.
microscopy (SEM, FEI Quanta 200 ESEM, Thermo Fisher Scien-

tific™, USA) at high magnification and spatial resolution to

achieve high-quality images. The working distance (WD) be-

tween the source of electrons and the exposed surface of the

sample did not exceed 9.0 mm. The SEM system was operated

with a moderate acceleration voltage equal to 5.0 kV. Further-

more, the tested specimens were coated by a thin layer of gold

(Au) with a thickness of a few angstroms to ensure a higher

resolution of captured images, as well as to prevent charging of

the surface and topromote theemissionof secondary electrons.

The latent heat of phase change was measured using dif-

ferential scanning calorimetry (DSC 8500, Perkin Elmer, USA)

at a rate of 10 �C/min to compare the values obtained from the

transient guarded hot plate technique. The composite sample

of mass ranging between 3 and 15 mg was taken. All mea-

surements were repeated three times, and average values of

latent heat at the second heating cycle are presented with an

accuracy of ±0.05 �C for the temperature and 0.2% for the heat

flow.

2.4. Thermal characterization using the transient
guarded hot plate technique

The thermal properties of the composites were determined by

the TGHPT, as shown in Fig. 1. A cylindrical sample (for size,

see Table 1) was placed between two isothermal aluminum

plate-type heat exchangers connected to thermoregulated

fluid baths that allowed fine regulation of temperature with a

precision of 0.1 �C. Heat flux sensors and T-type thermocou-

ples were located on both sides of the samples to measure the

evolution of heat flux and temperature on each face of the

composite. The lateral sides of the composite and the plate

exchangers were insulated with polyurethane foam. The

sensors were connected to a CR1000X datalogger (CampBell

Scientific, USA) to measure the temperature and heat flux

exchanged during the phase change process. Experimental

data were recorded at regular time steps of 5 s.
nd (b) PWmass loss (%) in the composites during 12 days of

https://doi.org/10.1016/j.jmrt.2023.04.047
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Fig. 4 e SEM images of a) S1 and b) S8.
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2.5. Photothermal conversion testing

The light to thermal conversion and storage test was conducted

under simulated sunlight using a solar simulator (Sunlite, ABET

Technologies). The cylindrical samplewas placed inside a foam

box, and the solar simulator was irradiated under a constant

intensity of 1000 W/m2. The variations in the sample top and

bottomtemperature andheat fluxduring the energy conversion

and storage process were obtained using an infrared ther-

mometer (Testo 845, Germany), a T-type thermocouple, and a

heat flux sensor (Captec, France), respectively. The data collec-

tion and analysis were carried out using a CR1000X datalogger

(CampBell Scientific, USA). A schematic of the photo of the

thermal conversion test system is shown in Fig. 2.
3. Results and discussion

3.1. Thermal conductivity and diffusivity

Table 2 summarizes the measured thermal conductivities

(leff), diffusivities (a), and associated standard deviations of

the composites. The addition of 50 wt% PW into sample S1
Table 3 e Specific heat capacities of composites in solid and liq
TGHPT.

Sample Solid Specific heat capacity, Cps (J/g.�C)

20e25 �C 25e30 �C 30e35 �C Average (20e35 �

S1 2.72 2.97 3.74 3.14

S2 2.70 3.04 3.13 2.96

S3 2.74 2.97 3.01 2.90

S4 2.30 2.53 2.76 2.53

S5 2.21 2.42 2.62 2.42

S6 2.45 2.71 2.84 2.67

S7 2.44 2.70 2.67 2.60

S8 2.33 2.57 2.52 2.47
reduced the thermal conductivity from 0.46 W/m.�C (neat

HDPE) to 0.38W/m.�C due to the lower thermal conductivity of

PW (0.20 W/m.�C). The addition of EG into the composite

significantly enhanced the thermal conductivity and diffu-

sivity of the composite. The thermal conductivity increased

with the EG mass fraction, as shown in Table 2.

The intensification of thermal conductivity with the addi-

tion of EG was calculated by the equation:

Il eff ¼
�
leff � lPW

��
lPW � 100 (2)

where leff is the effective thermal conductivity of the com-

posite and lPW is the thermal conductivity of pure PW (i.e.,

0.20 W/m.�C). The intensification factor of the composites

with 50 wt% PW increased from 90% to 255% with increasing

EG loading (0e15 wt%). Moreover, the thermal conductivity

was enhanced by approximately 305% for the composite with

20 wt% EG and 40 wt% PW.

3.2. The shape stability

The shape stability of the composites was investigated by the

leakage test as described in section 2.3. Fig. 3 shows the mass

loss of S1, S4, S5, S6, and S8 over the period of 12 days and the
uid states at different temperature ranges determined from

Liquid Specific heat capacity, Cps (J/g.�C)

C) 45e50 �C 50e55 �C 55e60 �C Average (45e60 �C)

2.63 2.55 2.54 2.57

2.67 2.56 2.57 2.60

2.40 2.31 2.33 2.34

2.22 2.15 2.16 2.18

2.18 2.12 2.15 2.15

2.03 2.18 2.21 2.14

2.04 2.16 2.16 2.12

1.83 1.99 2.00 1.94

https://doi.org/10.1016/j.jmrt.2023.04.047
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Fig. 5 e Heat flux and temperature evolution of composites in the solid state (from 20 to 35 �C): (a) S5 and (b) S8.
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imagesof theS8compositebeforeandafter the leakage test.The

images of the composite S8 in Fig. 3a indicate its shape stability

due to the presence of a polymeric matrix in the composite. As

observed in Fig. 3b, the addition of EG (0e20%) decreased thePW

leakage from 20% to 7%. This improvement can be due to the

action of EG as a porous structure where the capillary and sur-

face tension forces prevent PW leakage [20]. Moreover, at the

same EG fraction, an increase in the PW content increased the

PW leakage due to the lack of a polymer supporting matrix.

However, the reduction in PWwill decrease the thermal storage

capacity. Therefore, care must be taken while choosing the op-

timum proportion of the components.

3.3. Microstructure of the composite

SEM images of composites S1 and S8 are shown in Fig. 4. The

white droplets indicate PW. The images clearly distinguish

HDPE from PW, indicating the immiscibility of the compo-

nents, which is necessary to have well-distinguished melting

points for HDPE and PW (Fig. 4a). EG particles in the S3 com-

posite are recognized by the graphite sheets in Fig. 4b. During

composite preparation, the melted HDPE and PW are pene-

trated between graphite sheets of EG.
Fig. 6 e Heat flux and temperature evolution of composites
3.4. The heat capacity in liquid and solid states

To determine the sensible heat and specific heat capacity of the

composite, the samples were heated in the solid state or liquid

state, and the evolutions of temperatures (T1 and T2) and heat

fluxes (41 and42) weremeasuredon each side of the composite.

The tests were conducted under the dynamic temperature

conditions recommended by the ASTM C518 standard [50].

Initially, the two heat exchanger plates weremaintained at

an isothermal state, Tini. The composite was then evolved to a

final isothermal temperature, Tend, by gradual heating of the

plate exchanger. During this change in temperature, the

composite stores sensible heat Qsens due to the internal vari-

ation in the system energy. The specific heat capacity can be

calculated from the integral of the heat flux during the tem-

perature change (tini to tend). The stored sensible heat is given

by Eq. (3).

Q ¼ 1
Ztend

ðD4�D4 Þ:dt¼C :ðT �T Þ (3)
sens r:e
tini

loss p end ini

where Cp is the specific heat capacity, D4 is the difference in

the measured heat flux at each time step during the time, dt,

D4loss is the heat flux lost from the heat exchanger by the flux
in the liquid state (from 45 to 60 �C): (a) S1 and (b) S2.

https://doi.org/10.1016/j.jmrt.2023.04.047
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Fig. 7 e Heat flux and temperature evolution from solid to liquid for (a) S1 and (b) S5.
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sensors and to the surroundings, e is the thickness of the

composite, and r is the density of the composite.

To determine the heat loss, a calibration test was con-

ducted by operating the device without the test specimen [51].

The heat flux evolution curves indicate the loss of heat from

the heat exchanger through the flux sensors and to the sur-

roundings. This calibration is crucial for accurate specific heat

capacity determination, which is otherwise overestimated in

some previous studies [20,28]. The calibration test was con-

ducted at the same temperature range as those used for spe-

cific heat capacity determination because it varies with the

temperature. The details of calibration test are given in the

Supplementary Material.

To determine the apparent specific heat capacities of the

composite in the solid and liquid states, different temperature

intervals (20e25 �C, 25e30 �C and 30e35 �C for the solid state

and 45e50 �C, 50e55 �C and 55e60 �C for the liquid state) were

tested. The specific heat capacities of various composites are

shown in Table 3. The sensible heat storage in the composites

for solid and liquid states are shown in Figs. 6 and 7 for S1, S2,

S5 and S8. Fig. 5 presents the variation in the heat flux and

temperature of the composites in the solid phase for three

temperature ranges (i.e., 20e25 �C, 25e30 �C, and 30e35 �C),
while Fig. 6 presents similar results for the liquid phase at

three temperature ranges (i.e., 45e50 �C, 50e55 �C, and

55e60 �C). The temperature measurements on the top and

bottom surfaces of the sample evolve asymptotically to the set
Table 4 e Total heat, sensible heat in the solid and liquid state

Sample Qtotal (J/g) Average Qsens (J/g)

Solid Liquid

S1 177.3 69.1 46.2

S2 154.5 65.1 46.8

S3 150.8 63.8 42.3

S4 135.7 55.6 39.2

S5 139.6 53.2 38.7

S6 158.0 58.7 38.5

S7 157.9 57.3 38.2

S8 153.5 54.5 34.9
point. The heat flux increases quickly at the beginning and

then goes to zero when the composite reaches a new state of

balance at the end of the test. The Cp values were calculated

using Eq. (3). A slight increase in Cp for the solid phase and a

slight decrease in Cp for the liquid phases were noticed with

the increase in temperature, as shown in Table 3. Moreover, Cp

values slightly decrease with an increase in EG content due to

the lower specific heat capacity of EG, whichwas 0.75 kJ/kg.�C.
The average Cp values at three temperature ranges for each

composite were used to calculate the apparent latent heat, as

discussed in the next section.

3.5. Energy storage and release

To determine the total energy storage and release, the tem-

perature was varied from 20 �C to 60 �C. Initially, the sample

was placed at an isothermal temperature (Tini ¼ 20 �C). Sub-
sequently, the sample was heated to 60 �C by modifying the

temperature set point of the thermoregulated bath. Between

these steady states, the composite stores energy as sensible

and latent heat. Finally, the sample was cooled to Tini ¼ 20 �C.
Fig. 7 presents the heat flux and temperature evolutions of the

composites showing the thermal energy storage and release.

The total energy for a temperature variation from 20 �C to

60 �C includes the sensible and latent heat. The latent heat

can be calculated by subtracting the sensible heat from the

total energy. The total energy absorbed and released by the
of PW, and latent heat of various composites.

Latent Heat (Lm)

TGHPT J/g DSC J/g Error%

62.0 (1.2) 60.8 (3.6) 2

42.6 (1.1) 45.0 (5.2) 6

44.7 (1.3) 46.1 (4.3) 3

40.9 (2.1) 42.5 (4.4) 4

47.7 (1.1) 44.0 (3.8) 8

60.8 (2.1) 60.7 (4.1) 0

62.4 (1.9) 63.1 (5.1) 1

64.1 (1.5) 63.6 (4.4) 1

https://doi.org/10.1016/j.jmrt.2023.04.047
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composite during the isothermal process can be calculated

by Eq. (4).

Qtotal ¼Qsens þLm ¼ 1
Ztend

ðD4�D4lossÞ:dt
Fig. 8 e Heat flux and temperature evolution from solid to

liquid for S5 for cyclic variation of temperature from 23 to

53 �C.
r:e
tini

¼ �
CpðsolidÞ:DTðsolidÞþCpðliquidÞ:DTðliquidÞ

�þ Lm

�
J
g

�
(4)

where Cp(solid) and Cp(liquid) are the average solid-state and

the liquid state Cp of the material, DT(solid) and DT(liquid) are

the temperature variations for the material in the solid and

liquid states, and Lm is the latent heat of melting.

Table 4 summarizes the values of the total heat calculated as

theaveragevalues of the secondheatingandcooling cyclesof the

samples, sensibleheat in the solid and liquid statesof PW, andLm
of the composites during the temperature evolution of approxi-

mately 20e60 �C. Sensible heat is calculated according to Eq. (3).

Using theaverageCpvalues (listed inTable3) in thesolidstateand

liquid state for exact experimental temperatures. The total heat

and apparent latent heat are calculated according to Eq. (4).

Uncertainty analysis has been conducted to estimate the

measurement uncertainty arise from the temperature, heat

flux, thickness and mass estimations and is given in the

Supplementary material. The results show that the un-

certainties in specific heat capacity and latent heat are 5.1 and

6%, respectively. However, the measurements were conduct-

ed three times on each composite and the standard deviation

in the latent heat is given in Table 4. The uncertainty calcu-

lated from the replicates varied between 1.1% and 3%, which

remain quite acceptable and allows validating the results

proposed in this study.

The latent heat of melting of the composites was also

investigated by DSC and compared with that measured by

TGHPT in Table 4. The larger standard deviations in the DSC

measurements indicate their dependence on the sample mass,

geometry, and homogeneity of the composite [40,41,52]. For

example, apart from the tiny portion of the composite tested in

DSC, the homogeneity of the composite is questionable

considering the immiscibility of the components in the com-

posite. Therefore, the larger samples of the composites tested

using TGHPT will provide more representative results with

negligible variance. However, it is worth noting that the error in

themeasuredlatentheatby thetwomethodsvariedbetween0%

and 8% (Table 4), indicating the suitability of the TGHPTmethod

for predicting the thermal properties of the composite.

The reproducibility of thermal energy storage and release

of composite S5 was verified by conducting repeated heating

and cooling cycles. The temperature and heat flux evolutions

are presented in Fig. 8.
Fig. 9 e Temperature and heat flux evolution curves of S5

during photothermal conversion testing.
3.6. Photothermal conversion performance

To determine the photothermal conversion behavior of the

composites, cylindrical samples were heated under simulated

solar irradiation for 30 min while recording the temperature

and heat flux evolution.

Fig. 9 shows the temperature and heat flux-time evolu-

tion curves of composite S5. When the light irradiates, the

temperature of the composite increases, confirming the

photothermal conversion ability of the composite. The
charging/discharging process consists of three stages, as

shown in Fig. 9. The temperature and heat flux increase in

the first stage indicates the solid sensible heat storage. In

the second stage, the heat flux reaching the sample bottom

decreases due to the start of latent heat storage. As the

phase change progresses, the heat flux again increases

rapidly. The temperature evolution curve shows a plateau at

this stage. In the third stage, the rate of heat flux transferred

to the sample bottom decreases at the end of the phase

change. A rapid increase in temperature at this stage in-

dicates the sensible heat storage of the liquid paraffin.

During the discharge process, the order of the stage re-

verses, as shown in Fig. 9.

The difference between the top and bottom temperatures

in the sensible heat region was constant. In the solid‒liquid
latent heat region, the difference between the top and bottom

temperatures increases due to the energy storage as latent

heat. During the discharge process, the temperature at the

sample top was low due to the convective heat loss to the

surrounding air through the sample top.

https://doi.org/10.1016/j.jmrt.2023.04.047
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Fig. 10 e The evolution curves of different composites (S1eS8); (a) temperature at sample top surface, (b) temperature at

sample bottom, and (c) heat flux passing through the samples.
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Fig. 10 shows the temperature (sample top and bottom) and

heat flux evolution curves of different composites.

The poor photoabsorption property of the composite

without EG is clear in Fig. 10, as indicated by the lower tem-

perature and heat flux values. As expected, the photo-

absorption capacity of EG increased the sample top surface

temperature with the increase in EG mass fraction (Fig. 10a).

Moreover, the sample bottom temperature variation shows a

clear trend of increasing temperature with increasing EG

content (Fig. 10b). This can be explained by the rise in thermal
Table 5 e Photothermal energy storage performance of the com

Sample S1 S2

Mass (m, g) 26.82 28.49 3

Latent heat (DH, J/g) 62.0 42.6 4

Stored energy (J) 1663 1214 1

Phase change duration, Fig. 10a (Dt, s) 1800 750 7

Input energy (J) 6445 2650 2

Energy storage efficiency, (hp, %) 25.8 45.8 4

Phase change duration, Fig. 10c (Dt, s) 1800 960 8

Input energy (J) 6445 3392 3

Energy storage efficiency (hp, %) 23.0 35.8 4
conductivity of the composites with the increase in EG con-

tent. Fig. 10c shows the heat flux evolution curves of the

composites.

The photothermal storage efficiency (hp) was measured by

the ratio of the latent heat of the paraffin (i.e., the totalmass of

paraffin in the composite (m) times its enthalpy (DH)) to the

energy of simulated solar light during the phase change (i.e.,

the product of the power of applied light source (P), the

exposed surface area of the sample (S) and time taken for

phase change (Dt)). Therefore, the storage efficiency is
posites considering latent heat only.

S3 S4 S5 S6 S7 S8

0.51 31.30 32.08 29.06 31.51 31.24

4.7 40.9 47.7 60.8 62.4 64.1

363 1280 1530 1767 1966 2002

90 710 795 780 750 690

835 2545 2869 2780 2720 2510

8.1 50.3 53.3 63.6 72.3 79.8

80 850 885 980 960 890

158 3047 3193 3492 3482 3238

3.2 42.0 47.9 50.6 56.5 61.8
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Table 6 e Thermal properties of polymer phase change composites for photothermal conversion.

Polymeric PCM composite (polymer/PCM/filler) PCM content
(%)

Latent heat
capacity (J/g)

Photothermal conversion
efficiency (%)

Ref.

Melamine foam/PW/GNP 95 155.5 62.5 [56]

Melamine foam/PW/PDA 95 142.7 80.8 [57]

Gelatin aerogel/PW/Ti3C2Tx 97.7 199.9 e [60]

Ethylene-Propylene-Diene Monomer/PW/EG 70 126.8 e [39]

Thermoplastic elastomer/PW/EG 63 145.4 72 [37]

Polyethylene and ethylene-propylene rubber/PW/EG 70 138.7 70 [38]

Polyoxyethylene/PW/EG 70 126.7 58.2 [36]

Acrylamide-acrylic acid sodium copolymer/sodium

acetate trihydrate/CuS

87 202.4 87.1 [58]

HDPE/PW/EG 50 64.1 79.8 This study

GNP- Graphene nanoplatelets, PDA- Polydopamine.
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considering that all the paraffin in the composite participated

in the phase change process.

hp ¼
mDH
PSDt

(5)

Fig. 10 (inset) shows the determination of the time taken for

phase change based on previous studies [18,46,48,49,53e55].

However, the method is not reliable for two reasons: (1) the

selection of wrong tangents would make a large difference in

the calculated conversion efficiency, and (2) the method only

considers the phase change of PCMs at thepoint of temperature

measurement. However, as observed in Fig. 9, the temperature

plateau started earlier at the sample top and ended later at the

sample bottom. More interestingly, both are reflected in the

heat flux curve, which would indicate the phase change pro-

cess of the whole sample. On the other hand, the heat flux

evolution curve helps to identify the regions of sensible and

latent heat storage of the composite specimen during the

photothermal conversion study. Therefore, in this study, the

phase change duration was determined from the heat flux

evolution curve (i.e., region for solid‒liquid latent heat), as

shown in Fig. 9. As observed in Fig. 10c, with the increase in EG

content, the time taken for phase change decreases due to the

increase in the thermal conductivity of the composite.

Table 5 shows the photothermal energy storage perfor-

mance of the composites. For comparison, the energy storage

efficiency calculated from the sample top temperature evo-

lution curves (Fig. 10 a) and heat flux curve (Fig. 10 c) are given

in the Table. As previously explained, the phase change

durationwas underestimated from the temperature evolution

curve, as it does not consider the phase change in the whole

sample. Therefore, the photothermal conversion efficiency is

overestimated in previous studies [56e61]. As a result, the
Table 7 e Photothermal energy storage performance of the com

Sample S1 S2 S3

Sensible heat, solid (J/g) 54.7 48.9 46.6

Latent heat (DH, J/g) 62.0 42.6 44.7

Sensible heat, liquid (J/g) e 27.0 30.3

Total energy storage density (J/g) 116.7 118.5 121.

Input energy (J) 7217 6359 6460

Stored energy (J) 3132 3376 3710

Energy storage efficiency (hp, %) 43.4 53.1 57.4
storage efficiency of sample S8 was 79.8%, while it was 61.8%

when the phase change duration was taken from the heat flux

curve. The composite was efficient in photothermal conver-

sion, and the efficiency was much higher than that of previ-

ously reported polymer/paraffin phase change composites,

even with a lower mass fraction of PCM and latent heat ca-

pacity, as given in Table 6. However, the actual photothermal

conversion efficiency of the composite was 61.8%, which ac-

counts for the phase change of all paraffins in the composite.

Therefore, this study, for the first time in the literature, vali-

dates the assumption (in the photothermal conversion effi-

ciency calculation) that all PCMs in the composite participated

in the phase change process during the photothermal con-

version study.

In addition to the latent heat, the composite stores the

thermal energy as sensible heat. Considering the total energy

storage density of the composite, the photothermal conver-

sion efficiency can be calculated according to Eq. (6) [15,49,62]:

hp ¼
m

�Z Tm

Ti

CpsdTþ DHþ
Z Tf

Tm

CpldT

!

PSt
(6)

where Ti and Tf are the initial and final sample temperatures

before and after solar irradiation, Tm is the peak melting

temperature of PW, Cps and Cpl are the specific heat capac-

ities of the composites in the solid and liquid states of PW

estimated from TGHPT, and t is the total time of solar irra-

diation. Table 7 shows the conversion efficiencies of various

composites considering the total energy storage density of

the composite. The higher specific heat capacities of HDPE

and PW contributed more than half of the total energy

density as sensible heat during the photothermal conver-

sion study.
posites considering total energy storage density.

S4 S5 S6 S7 S8

46.8 42.3 45.0 44.0 46.8

40.9 47.7 60.8 62.4 64.1

27.1 30.0 26.5 27.3 27.6

6 114.8 120.0 132.3 133.7 138.5

6453 6495 6415 6528 6549

3594 3851 3844 4214 4327

55.7 59.3 59.9 64.6 66.1
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Fig. 11 e Photothermal conversion efficiency of the

composites.
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Fig. 11 shows the photothermal conversion efficiency of

the composites estimated from the latent heat storage (from

temperature and heat flux curves) and total energy storage.

For the composite without EG, the efficiency calculated from

the latent heat storage is very low for two reasons: (1) the poor

photoabsorption capacity of the HDPE/PW composite and (2)

the lower thermal conductivity.

It is evident from the plot that the presence of EG improved

the photothermal conversion performance of the composite

for two reasons. First, the higher photoabsorption capacity of

EG increased the sample temperature from 41 �C to 57 �C.
Second, the increased thermal conductivity of the composite

with EG reduced the time required for phase change by fast

heat transfer in the composite. Moreover, the larger mass

fractions of PW (i.e., 50 wt%) in S6eS8 increased the conver-

sion efficiency compared to the composites with 40 wt% PW.

The repeatability of the measurements was validated

through 20 cycles of heating and cooling by solar exposure for
Fig. 12 e The heat flux and temperature evolution curves of

S8 tested at 20 cycles of heating and cooling during the

photothermal conversion study.
composite S8, and the heat flux and temperature-time evo-

lutions showed negligible variation, as shown in Fig. 12.

4. Conclusions

In this study, a shape-stabilized phase change composite was

fabricated by the physical blending and hot pressing of HDPE,

PW, and EG. The integration of EG into the composite signifi-

cantly enhanced the thermal conductivity and reduced the

PCM leakage of the composite. The composite with 20 wt% EG

has a thermal conductivity of 0.81 W/m.�C, which was 305%

higher than that of pure PW. The specific heat capacities and

latent heat of the composites were investigated onmacroscale

specimens by homemade equipment based on the transient

guarded hot plate technique. The latent heat of the composite

varied in the range of 40.9e64.1 J/g. The photothermal con-

version efficiency of the composite calculated from the tem-

perature evolution curves increased from 25.8% to 79.8% with

increasing EG and PW mass fractions. Since the efficiency

calculated from the temperature curves is overestimated

without accounting for the phase change of whole PCMs in the

composite, heat flux curves were introduced in this paper for

the first time. The sensible and latent heat regions identified

in the heat flux evolution curve accurately estimated the

phase change duration. Therefore, the actual conversion ef-

ficiency of S8 decreased from 79.8% (estimated from the con-

ventional temperature curve) to 61.8%, which accounts for the

complete phase change in the composite.

Moreover, considering the sensible heat storage capacity of

the composite, S8 (i.e., HDPE/PW/EG: 35/50/15) exhibited a

storage density of 138.5 J/g and a photothermal conversion

and storage efficiency of 66.1%. The increase in EG and PW

mass fraction increased the photothermal conversion effi-

ciency due to the decreased phase change duration and

increased latent heat, respectively. These photodriven com-

posites provide new insight for effective utilization in solar

energy conversion and storage applications.
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