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A B S T R A C T

Recent developments have highlighted the potential of multiphase change materials (MCM) as flexible energy
storage materials for application in buildings. The MCM was obtained by combining the microencapsulated
heptadecane (MEHept) and microencapsulated octacosane (MEOct) using polymelamine formaldehyde (PMF) as
the shell material. For the purpose of enhancing thermal performance of MEHept, MEOct, and MCM, different
amounts of graphene were included as a thermal conductivity additive. Results indicated the thermal perfor-
mance improvement of MEHept and MEOct by 39 % and 62 %, respectively, compared to samples without
graphene. Analysis of the theoretical results also achieved about 34 % enhancement in thermal conductivity of
MCM with an optimum 5 wt% of graphene but resulted in 21 % reduction in energy storage capacity. Despite the
study has demonstrated the possibility of using graphene to increase the thermal properties of MCM, deeper
experimental work is strongly recommended to align it with the simulation results.

1. Introduction

Thermal energy plays a crucial role in the overall energy consump-
tion across various global locations and exerts a notable impact on
greenhouse gas emissions [1]. The buildings sector represents almost 40
% of the overall worldwide energy usage, mostly allocated for space
heating/cooling and hot water supplies [2]. Hence, there is a require-
ment for energy-efficient technologies to reduce energy usage and
mitigate greenhouse gas emissions in the building industry.

Phase change materials (PCMs) have been identified as potential
thermal energy storage (TES) materials that can be used to minimise
energy consumption in buildings [3–5]. For example, Darkwa [6] and
Zhou et al. [7] achieved up to 30 % reduction in heating and cooling
loads with a composite PCM plasterboard system. Kishore et al. [8]
examined the performance of a PCM wall and observed a decrease in
annual heat gain by 15 % to 72 % and a reduction in heat loss ranging
between 7 % and 38 %.

The PCMs require encapsulation to protect their thermophysical and
structural integrity, especially during the phase transition. Several
studies [9–11] have conducted extensive study on the use of micro-
encapsulated PCM (MEPCM) in building applications by utilising

polymer shell materials. Most of the MEPCMs were integrated into
building materials to provide a comfortable indoor temperature during
various seasons in the range of 5 ◦C until 80 ◦C [12]. Among various
types of PCMs, n-heptadecane and n-octacosane have been identified
experimentally as the core materials for MEPCMs in numerous studies
[13–17], attributed to their appropriate melting temperature at 22 ◦C
and 61 ◦C and relatively high energy storage capacity [18].

Nevertheless, commercially available MEPCMs have relatively low
thermal conductivities [19] and fixed phase transition temperatures and
thus constraining their adaptability for multiple seasonal applications in
buildings [20]. As a result, several investigations such as Ma et al.
[21–23] and Su et al. [24] have been conducted in an effort to overcome
those barriers but with limited success. Sinaga et al. [25] and Su et al.
[26] however managed to combine two MEPCMs to obtain a multiphase
change material (MCM) with multiple melting temperatures, but still
possesses low thermal conductivity. Fundamental understanding of the
enhancing mechanism is therefore essential for the development of the
MCM and establishment of technological advantage.

Nevertheless, it is not entirely practicable to understand the behav-
iour of the microstructure experimentally. Therefore, theoretical
investigation through molecular dynamic (MD) simulation would be a

* Corresponding author at: Buildings, Energy and Environment Research Group, The Faculty of Engineering, The University of Nottingham, University Park,
Nottingham NG7 2RD, UK.

E-mail addresses: rizal.sinaga@nottingham.ac.uk, rizal.sinaga@del.ac.id (R. Sinaga).

Contents lists available at ScienceDirect

Journal of Energy Storage

journal homepage: www.elsevier.com/locate/est

https://doi.org/10.1016/j.est.2024.114834
Received 17 September 2024; Received in revised form 11 November 2024; Accepted 27 November 2024

Journal of Energy Storage 106 (2025) 114834 

Available online 6 December 2024 
2352-152X/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:rizal.sinaga@nottingham.ac.uk
mailto:rizal.sinaga@del.ac.id
www.sciencedirect.com/science/journal/2352152X
https://www.elsevier.com/locate/est
https://doi.org/10.1016/j.est.2024.114834
https://doi.org/10.1016/j.est.2024.114834
https://doi.org/10.1016/j.est.2024.114834
http://crossmark.crossref.org/dialog/?doi=10.1016/j.est.2024.114834&domain=pdf
http://creativecommons.org/licenses/by/4.0/


useful tool for studying the thermal behaviour of the MCM at molecular
level. Basically, MD simulation is a computational method for predicting
the movement of particles over time based on Newton's equation of
motion, by associating with potential or force field of the molecules
[27].

Researchers have shown that MD simulation is capable of predicting
the thermophysical properties of composite micro/nano-encapsulated
PCM. For example, Rao et al. [28] studied the melting behaviour of
nanoencapsulated PCM with constrained and free shells employing
inorganic silica (SiO2) shell to encapsulate n-octadecane. When the shell
was constrained, the energy associated with the harmonic restraint was
at its lowest point in terms of distance or angle. It was reported the
melting temperature of system with free and constrained shell were
respectively at 303 K and 313 K. Furthermore, they determined that the
constrained shell confined the PCM molecules, hence reducing their
mobility and resulting in a lowered diffusion coefficient. Nevertheless,
the use of a free and soft shell led to the improved thermal performance
for energy storage.

Despite the recent increase in the number of published studies, the
quantity of research conducted in MD simulation for MEPCM remains
significantly low [29], let alone MCM system. Particularly, when the
organic polymer shell was used as the shell material. The construction of
MEPCM with organic shell material would be more complicated due to
the huge number of atoms as the addition of long-chain polymer shell
materials [30]. For example, Liu et al. [30] constructed the model by
combining n-octacosanoic, n-dosane, and polystrene shell material. Due
to the long-chain polymer, the polystrene structure was simplified and
combined randomly with the core materials. The phase change tem-
perature of mixture was found in temperature range of 363 K – 383 K,
which was higher than those of pure n-docosane and n-octacosanoic at
317 K and 335 K, respectively. Due to the introduction of polystrene, the
thermal conductivity of the mixture was 0.158 W/m K. This value was
lower than those of pure PCMs at 0.22 W/m K and 0.170 W/m K for n-
docosane and n-octacosanoic, respectively. Zhang et al. [31] introduced
graphene into ethylene–vinyl acetate (EVA) and n-pentacosane com-
posites. The graphene was added with a proportion of 0.7 wt% up to 7.0
wt% separately. It was indicated that the sample containing 0.7 wt%
graphene exhibited the greatest values compared to all other samples.
The thermal conductivity was calculated to be within the range of
0.4331 W/m K to 0.4086 W/m K over a temperature range of 313 K to
353 K. Ding et al. [32] studied the thermophysical properties of EVA-
encapsulated PCM with the addition of double-walled carbon nano-
tube (DWNT). The n-pentacosane was selected as the PCM, and DWNT
was included in amounts of 4.9–17.1 wt%. The findings indicated that
the composite with 13.4 wt% DWNT demonstrated the maximum
thermal conductivity, exhibiting a 15 % enhancement compared to the
composite without DWNT. However, when the DWNT approached to
17.1 wt% and even 20.5 wt%, the simulated thermal conductivity
declined considerably lower than that without DWNT.

The literature review indicates a lack of studies on the theoretical
analysis of the development and enhancement of MCM. Additionally,
the aforementioned investigations have clearly elucidated the key fac-
tors that influence the effective advancement of improved micro/nano-
encapsulated PCM. Carbon-based material, such as graphene, is exten-
sively employed as thermal conductivity enhancer due to their non-
corrosive properties, lightness, and relatively low density [33]. How-
ever, the inclusion of additives may adversely affect the characteristics
of the composite PCM [34]. Therefore, this research aims to theoreti-
cally analyse the development of MCM using n-heptadecane and n-
octacosane as PCMs, and to determine the optimum quantity of gra-
phene to enhance thermal performance of MCM.

2. Theoretical modelling

2.1. Simulation methodology

2.1.1. Force field function
Chemistry at Harvard Macromolecular Mechanics (CHARMM) [35]

force field (FF) was selected as the force field in this simulation. The
functional forms of CHARMM FF are formulated as in Eqs. (1)–(6).
Tersoff potential [36] was utilised to represent the atom interaction of
graphene when it was introduced to MEPCMs. Large-scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) [37] software was car-
ried out for the MD simulations.

E =
∑

bonds

kb(b − b0)2 +
∑

angles

kθ(θ − θ0)2 +
∑

U− B
kUB(s − s0)2

+
∑

dihedrals
k∅[1+ cos(n∅ − δ) ] +

∑

improper
kω(ω − ω0)

2
+

∑

non− bond
Evdw + Ecoul

(1)

where kb, kθ,kUB,k∅, and kω are the bond, angle, Urey-Bradley (U–B),
dihedral, and improper force constants. Variables b, θ, s,∅ and ω are the
bond length between atoms, bond angle, Urey-Bradley 1,3-distance,
dihedral angle, and improper angle respectively. The “0” subscript
represents the equilibrium state. Variable n in the dihedral term denotes
periodicity with δ; its phase. Variable rij is the distance between two non-
bonded pair of atoms i and j. The non-bonded energy consists of Lennard
Jones (LJ) and Columbic interactions with additional switching func-
tions that ramp the energy and/or force smoothly to zero between an
inner and outer cut-off as shown in the following formula as S(r).

Evdw =

⎧
⎨

⎩

LJ(r), r < rin
S(r) × LJ(r), rin < r < rout

0, r > rout
(2)

Ecoul =

⎧
⎨

⎩

C(r), r < rin
S(r) × C(r), rin < r < rout

0, r > rout
(3)

LJ(r) = 4ε
[(σ

r

)12
−
(σ
r

)6
]

(4)

C(r) =
Cqiqj

εr (5)

S(r) =
[
r2out − r2

]2[r2out + 2r2 − 3r2in
]

r2out − r2in
(6)

Variable q, σ, and ε represent the atomic partial charge, distance at
the LJ minimum, and LJ well depth, accordingly. In this simulation, rin
and rout were respectively set to 10 Å and 12 Å.

The interaction parameters between atoms were obtained by the
Lorentz-Berthelot mixing rules [38]:

εij =
(
εiiεjj

)1 /2
, σij =

1
2
(
σii + σjj

)
(7)

2.1.2. Mean square displacement
Mean square displacement (MSD) is the statistical average of particle

trajectories with time that can characterise the diffusion behaviour of all
particles [39], as formulated in Eq. (8).

MSD =
1
N

〈
|ri(t) − ri(0) |2

〉
(8)

where N denotes the quantity of atoms, ri(t) and ri(0) refer to the posi-
tion of ith atom as the function of time t.

2.1.3. Self-diffusion coefficient
Self-diffusion is a thermophysical property that contributes to char-
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acterise mass transport events and provides the microscopic design of
materials. [30,40]. In brief, the diffusion coefficient is a parameter that
quantifies the level of atomic mobility and motion. The self-diffusion is
expressed as in Eq. (9).

D =
1
6N

lim
t→∞

d
dt

∑N

t=1

〈
|ri(t) − ri(0) |2

〉
(9)

In comparison to Eq. (8), the determination of the self-diffusion co-
efficient involves the calculation of the gradient of the MSD.

2.1.4. Radial distribution function (RDF)
RDF, g(r), is a mathematical representation that describes the change

of atoms density as a function of their distance from a certain atom [41].
In other words, the term RDF refers to the chance of identifying an atom
inside the infinitesimal volume element dr, situated at a distance r from a
specified atom [42]. The RDF is formulated as in Eq. (10).

xαxβρgαβ(r) =
1
N

〈
∑Nα

i=1

∑Nβ

j=1
δ
(
r − ri − rj

)
〉

(10)

where xα and xβ denote the mole fraction of chemical type α and β,
respectively. The variable ρ indicates the overall number density. Vari-
ablesNα andNβ are the number of atoms corresponding to chemical type
α and β, respectively.

2.1.5. Non-equilibrium molecular dynamic (NEMD) method
In this study, non-equilibrium molecular dynamic (NEMD) method

was chosen to compute thermal conductivity. Basically, thermal con-
ductivity (κ) is defined as the amount of the thermal energy that flows
per unit time through a unit area with a temperature gradient, as
formulated by Fourier's law in Eq. (11).

κx =
Jx

dT/dx
(11)

where Jx and dT/dx respectively represent the heat flux and temperature
gradient along the x-direction. The heat flux is formulated as the amount

of heat energy (Q) which flows per unit time (t) across the cross-
sectional area (A) perpendicular to the transport direction. Due to the
periodicity of box condition, twice of area is involved and resulting in
the thermal conductivity formula as in Eq. (12).

κx =
dQ/dt

2A
(

dT/dx

) (12)

As mentioned by Chavan et al. [43], the thermal performance of a
system was influenced by the change in orientation. Hence, the thermal
conductivity calculation in this simulation was computed in the x, y, and
z axes.

2.2. Model structure

The model structure for heptadecane (C17H36) is shown in Fig. 1(a)
where it was randomly duplicated to construct amorphous 200 mole-
cules of heptadecane in a box of simulation system of 50 Å × 50 Å × 50
Å. Meanwhile, Fig. 1(b) displays the octacosane (C28H58) with dupli-
cated 123 molecules in a simulation box of 60 Å × 60 Å × 60 Å. Due to
the packed nature of the molecules, about 10,600 and 10,578 of atoms
were obtained for the amorphous heptadecane and octacosane,
respectively.

By considering previous studies [30,31] about the long-chain poly-
mer, the structure of PMF in this study is simplified. According to the
schematic reaction shown in Reference [44, 45] the simplified PMF
model structure is displayed in Fig. 2.

The force field parameters were initially generated by CHARMM
General Force Field (CGenFF) [46] version 3.0.1. Unfortunately, the
penalties of parameter and charge are higher than 100, which indicates
poor analogy and mandate extensive optimisation. Therefore, missing
parameters were identified by using Force Field Toolkit (ffTK) [47] to
scan existing parameter files and ORCA [48] was utilised for calculation
at the quantum mechanical (QM) level of theory.

As mentioned by Su et al. [26], the multiphase change material
(MCM) was obtained by merging MEPCMs with different melting tem-
perature. Therefore, the structure of MCM in MD simulation was

Fig. 1. Initial amorphous structure of (a) heptadecane, and (b) octacosane.
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developed by combining MEHept and MEOct in a simulation box. For
the purpose of enhancing the MCM, graphene was initially combined at
various compositions in MEPCMs by fixing it in the centre of the
structure. Subsequently, the potential MEPCMs were selected to achieve
the enhanced MCM. Fig. 3 shows the model structures of the composite
samples where graphene was added to the MEHept and MEOct at
various concentrations as listed in Table 1.

3. Results and discussions

3.1. Heptadecane and microencapsulated heptadecane (MEHept)

3.1.1. Pure heptadecane
During the simulation, the periodic boundary condition (PBC) was

used at all directions of the box. The simulation was configured as real

unit with time step of 0.5 femtosecond (fs), and the pressure was set at
atmospheric pressure. Conjugate gradient algorithm was adopted in the
simulation during minimisation to avoid the instability of initial struc-
ture [49]. According to the results reported by Lin and Rao [50], the
surge of potential curve for amorphous phase was not clearly shown
during the heating process for the aim of melting investigation. In
contrast, perfect crystal resulted in a distinct characteristic during phase
transition.

Therefore, the amorphous phase of heptadecane (Fig. 1(a)) was
heated at fixed temperature and pressure (NPT) ensemble from 245 K to
365 K at rate of 2 K/ns. The temperature was controlled by the Nose-
Hoover [51] thermostat, and the Nose-Hoover [52] barostat was adop-
ted to prevent pressure drift. Subsequently, the 200 molecules of hep-
tadecane were cooled down from 365 K to 245 K to obtain the crystalline
structure, as depicted in Fig. 4.

Fig. 2. Simplified PMF shell structure.

Fig. 3. Model structure of (a) MEHept, (b) MEOct, and (c) MCM.
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The density profile during the cooling process of heptadecane is
presented in Fig. 5(a). It is clearly shown a surge gradient at temperature
range of 290 until 310 K, which indicates the phase transition from
liquid to solid. The result revealed a solidification temperature of around
294.5 K, with a corresponding density of approximately 0.79 g/cm3,
which is very identical to the value reported by Su et al. [18] as 0.77 g/
cm3. The solidification temperature is also found identical at 21.30 ◦C
(294.45 K), as reported by Sari et al. [14].

The enthalpy profile of solidified heptadecane was obtained as in
Fig. 5(b). The enthalpy change that occurred during the phase transition
was used to calculate the latent heat (Δh) of solidification. The value
was about 2353.17 kCal/mol, which is equivalent to 204.71 J/g and
slightly lower than what Sari et al. [14] obtained as 213.96 J/g.

Fig. 6(a) illustrates a positive correlation between the temperature of
heptadecane and the growth rate of MSD. As the temperature of hep-
tadecane increases, the growth rate of MSD also increases. The observed
trend in the MSD curve for heptadecane indicated a notable increase in
slope, exhibiting a more pronounced inclination at temperatures equal
to or over 295 K. Based on the density and enthalpy profiles depicted in
Fig. 5, it can be observed that the phase transition occurred at around
294 K, which closely aligns with the patterns exhibited by the MSD
profile.

Fig. 6(b) depicts the temperature dependence of the self-diffusion
coefficient for the simulated heptadecane structure. The simulated
data shows that the self-diffusion coefficient of heptadecane exhibited a

rise with the temperature increase. The intersection between two linear
regressions indicates a phase transition, which is resulted by the struc-
tural deformation of heptadecane during melting process. Therefore, the
intersection lines observed in Fig. 6(b) shows the phase transition tem-
perature of heptadecane to be about 295–300 K.

Fig. 7 represents the RDF profile of pure heptadecane within tem-
perature range of 245 K and 345 K. As the temperature rises, the RDF
peak gets weaker, implying a decrease in the ordered structure of hep-
tadecane. This change in pattern agrees with the concept of phase
transition.

Thermal conductivity of heptadecane was carried out by dividing the
entire system into 100 slabs in x, y, and z directions, as illustrated in
Fig. 8. NEMD involves the imposition of a temperature gradient within
the system, followed by the computation of generated heat flux [53].
Therefore, a heated plate was positioned at one-fourth of the length, as
indicated by the red block. The heat sink, shown as a blue block, was
positioned within the cold slabs, occupying three-quarters of the length
of the system. Finally, the thermal conductivity can be determined by
using the Fourier law, as shown in Eq. (12).

The thermal conductivity of heptadecane at 298 K was determined
by maintaining the hot and cold regions at 318 K and 278 K, respec-
tively. The model was initially equilibrated in the constant energy and
volume (NVE) ensemble, followed by thermal conductivity calculation
for 1,000,000 steps using 0.5 fs of time step. For the calculation of heat
flux, it is required to account for the amount of heat energy which flows
per unit time across the cross-sectional area perpendicular to the
transport direction. The heat flow was determined by calculating the
translational kinetic energy for each atom in the system on a per-atom
level. The relationship between this energy and the length of time of
the simulation is illustrated in Fig. 9(a) at x axes. It is noticeable that
both relationships exhibit linearity. The average heat flow can be

Table 1
Graphene in MEPCMs.

Sample (MEHept-
XGr/MEOct-XGr)

Graphene
content (%)

Number of atoms of
graphene

Graphene size
(Å2)

MEHept-0Gr/MEOct-
0Gr

0 0 0

MEHept-0.5Gr/
MEOct-0.5Gr

0.5 48 9 × 12

MEHept-1Gr/MEOct-
1Gr

1 112 15 × 16

MEHept-2Gr/MEOct-
2Gr

2 200 23 × 20

MEHept-3Gr/MEOct-
3Gr

3 308 27 × 27

MEHept-5Gr/MEOct-
5Gr

5 544 40 × 30

Fig. 4. Crystalline structure of heptadecane.
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Fig. 5. The averaged (a) density and (b) enthalpy profile of pure heptadecane
during crystallisation.
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determined by analysing the gradients of the fitted function, resulting in
values of about 0.024 kCal/mol fs, 0.029 kCal/mol fs, and 0.027 kCal/
mol fs in the x, y, and z-direction, respectively.

Subsequently, the temperature gradient was computed based on the
temperature profile, which is plotted and thenmodelled using two linear
functions. Due to the PBC, the fitting is performed individually in the
expanded regions indicated in Fig. 9(b) along the x direction. The
average temperature gradients in these regions were then obtained as
1.753 K/Å, 1.792 K/Å, and 1.739 K/Å at x, y, and z axes, accordingly.

The computed thermal conductivities were then found by 0.232 W/
m⋅K, 0.270 W/m⋅K, and 0.258 W/m⋅K, respectively. Finally, by calcu-
lating the average value, the thermal conductivity is obtained as 0.253
W/m⋅K at 298 K. Thermal conductivities of heptadecane at various
temperatures in x, y, and z directions were subsequently calculated and
presented in Table 2.

The thermal conductivities were then compared to experimental
value reported by Vélez et al. [54], as shown in Fig. 10. The calculated
thermal conductivity is about 1.41 until 1.77 higher than the reported
values. In addition, both computed and reference values demonstrate a
consistent pattern, indicating that thermal conductivity declines with
increasing temperature.

Fig. 6. Simulated (a) MSD and (b) diffusion coefficient of pure heptadecane.

Fig. 7. The RDF of pure heptadecane.

Fig. 8. Schematic diagram of heptadecane for thermal conductivity calculation in (a) x, (b) y, and (c) z direction
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3.1.2. Microencapsulated heptadecane (MEHept)
Similar to the pure heptadecane, the MEHept system was initially

minimised. Next, the system was heated from 245 K to 365 K at NPT
ensemble at rate of 2 K/ns. The system was subsequently cooled down
from 365 K to 245 K at 2 K/ns.

The density profile of MEHept was recorded and exhibited in Fig. 11.
Based on the density profiles, the phase transition phenomenon of
MEHept was not as distinct as in pure heptadecane. However, different
slope in the range of 284.5 K until 304.5 K was found in the density
profile, indicating a phase change region. The average temperature at
which this phase transition occurs is 294.5 K.

For further phase transition investigation, MSD and self-diffusion
coefficient were analysed. Fig. 12(a) shows the MSD of MEHept for

temperature 245 K until 345 K. The MSD has a positive correlation with
both temperature and simulation time in general. Furthermore, as the
temperature increases, the development rate of MSD accelerates. As can
been seen in Fig. 12(a), it clearly illustrates that the phase change
temperature of MEHept starts from 285 K, as indicated by the sudden
change in the slope of the curve. Furthermore, the self-diffusion coeffi-
cient in Fig. 12(b) shows clearly the phase transition at about 294 K,
which is consistent with the density profile.

Self-diffusion coefficient of MEHept is exhibited in Fig. 12(b). The
self-diffusion intensity of MEHept was found lower than that in pure
heptadecane in Fig. 6(b). The self-diffusion coefficient of pure hepta-
decane is seen from 1.83× 10− 12m2/s to 136.83× 10− 12m2/

s. On the
other hand, the diffusion coefficient of MEHept is very low, varying
between 1.17× 10− 12m2/s to 29× 10

− 12m2/s. This suggests that the PMF
shell is likely responsible for controlling the diffusion of MEHept. Thus,
it may be inferred that the thermal conductivity of MEHept is expected
to be lower than that of pure heptadecane. Additionally, the varying
diffusion abilities of the different components in the mixture demon-
strate that the PMF chains in MEHept will hinder the movement of the
heptadecane molecules.

The energy storage capacity was then calculated based on the
enthalpy profile as presented in Fig. 13. Unlike pure heptadecane, the
phase transition of MEHept is not clearly shown in enthalpy profile. A
potential issue occurs from the PMF shell material, which may limit
volumetric thermal expansion during the phase change of PCM [31].
However, according to the density profile and self-diffusion coefficient,
it can be obtained that the energy storage of MEHept during phase

Fig. 9. The (a) energy and (b) temperature gradient of pure heptadecane in x direction at 298 K.

Table 2
Thermal conductivity of pure heptadecane in x, y, and z directions at various
temperatures.

Temperature [K] κ (W/m⋅K)

κx κy κz κave

245 0.257 0.311 0.268 0.279 ± 0.029
275 0.240 0.312 0.268 0.273 ± 0.036
298 0.232 0.270 0.258 0.253 ± 0.019
315 0.211 0.289 0.263 0.255 ± 0.040
345 0.219 0.223 0.243 0.228 ± 0.013

Fig. 10. The calculated thermal conductivity of pure heptadecane at different
temperature and the value in Reference [54].

Fig. 11. The density profile of MEHept.
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transition range of 284.5–304.5 K is 2238.59 kCal/mol. This value is
about 95.13 % of that pure heptadecane.

Fig. 14 illustrates the RDF of MEHept, indicating a decline in peak
intensity as the temperature rises from 245 K to 345 K. The main peak
was detected at 2.65 Å, which exhibits a lower magnitude compared to

that of pure heptadecane. This suggests that the PMF shell restricted the
movement of core material molecules. In addition, the weakened
appearance of the major peaks of the MEHept is less significant
compared to the pure heptadecane, which confirms the reduction of heat
performance, as also reported by Liu et al. [30] due to the addition of
polystyrene to n-docosane and n-octacosanoic. As a result, the PMF shell
material could slow down the transfer of heat in the MEHept, leading to
lower thermal conductivity compared to pure heptadecane.

The phase transition of composite MEHept samples can be seen from
the density profile, as depicted in Fig. A-1. It is obvious that the phase
transition of most composite MEHept took place between 285 K and 315
K, which exhibited a phase transition similar to that of pure heptadecane
and MEHept.

The simulated MSD and self-diffusion coefficient of composite
MEHept samples are displayed in Fig. A-2 and Fig. A-3, respectively.
However, in comparison with pure heptadecane, most of composite
MEHept had a lower maximum MSD value and self-diffusion coefficient
due to the restriction of shell material.

The latent heat of composite MEHept was calculated based on the
profiles depicted in Fig. A-4. The phase transition temperatures and
energy storage capacities of pure heptadecane and all MEHept samples
are then summarised in Table 3.

It is obvious that the phase transition temperatures of most com-
posite MEHept were observed slightly different than that of pure hep-
tadecane. On the other hand, the energy storage declines with the
increasing of graphene in the composite MEHept. Encapsulation effi-
ciency was defined as the ratio of the latent heat of the MEHept to that of
pure heptadecane. It was then found the gradual decrease of encapsu-
lation efficiency from 90.25 % to 73.35 % when 0.5 wt% until 5 wt% of
graphene was introduced to the MEHept.

The RDF profiles of all composite MEHept samples are presented in
Fig. A-5. Similar to MEHept, all main peaks were observed at a distance
of about 2.65 Å, 4.75 Å, 6.55 Å, and 9.25 Å. With the rise in graphene
content in MEHept, the primary peaks show tendency to rise, indicating
the potential for enhanced thermal conductivity.

By also utilising NEMD method, the thermal conductivity of MEHept
was computed at x, y, and z directions. The average heat flux of MEHept
at x axes was obtained as 0.032 kcal/mol fs, as shown in Fig. 15(a), while
the average value at y and z directions were 0.033 kcal/mol fs and 0.035
kcal/mol fs, respectively. It was subsequently computed the average
temperature gradient of MEHept at 298 K at x direction, as shown in
Fig. 15(b), by about 1.445 K/Å, while at y and z directions were 1.395 K/
Å, and 1.409 K/Å, accordingly. Then the thermal conductivity of

Fig. 12. The simulated (a) MSD and (b) self-diffusion coefficient of MEHept.

Fig. 13. The enthalpy profile of MEHept.

Fig. 14. The RDF of MEHept.
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MEHept in x, y, and z direction was respectively calculated as 0.226 W/
m⋅K, 0.237 W/m⋅K, and 0.248 W/m⋅K, which resulted in average ther-
mal conductivity of 0.237 W/m⋅K. This value shows that the PMF shell
material could reduce thermal performance by about 6.49 % than that of
pure n-heptadecane. The decrease in thermal performance is consistent
with the RDF profile depicted in Fig. 14.

Various quantities of graphene were then utilised to examine the
thermal conductivity enhancement of MEHept, and the temperature
gradient of each sample is exhibited in Fig. A-6 at 245 K and 298 K. The
simulated thermal conductivity of composite MEHept at 245 K and 298
K was summarised in Table 3 and visualised in Fig. 16.

As shown in Table 3 and Fig. 16, the increasing mass of graphene
does not always improve thermal performance of the system, as also
reported by Zhang et al. [31]. The thermal conductivity improvement of
MEHept at 298 K occurred when 5 wt% of graphene was added, and
achieved 39.20 % and 30.16 % enhancement more than that of MEHept
and pure heptadecane at 298 K, respectively. Meanwhile, thermal con-
ductivity improvement of MEHept at 245 K was observed for all the
samples, except MEHept-1Gr. The results indicated that the thermal
conductivity of MEHept was influenced by the temperature.

Analysis of the results show that the best enhancement of MEHept at
298 K occurred only when using 5 wt% of graphene. Therefore, the
MEHept-5Gr with encapsulation efficiency of 73.35 % was selected for
the enhanced MCM.

Table 3
Thermophysical properties of pure heptadecane and MEHept samples.

Sample Phase transition Encapsulation Efficiency (%) κave (W/m⋅K)

Temperature (K) Enthalpy (kCal/mol) T = 245 K T = 298 K

Pure Heptadecane 294.50 2353.17 – 0.279 ± 0.028 0.253 ± 0.019
MEHept 294.50 2238.59 95.13 0.232 ± 0.011 0.237 ± 0.011
MEHept-0.5Gr 304.51 2123.74 90.25 0.236 ± 0.009 0.227 ± 0.016
MEHept-1Gr 297.01 2000.19 85.00 0.219 ± 0.009 0.233 ± 0.007
MEHept-2Gr 294.99 1835.69 78.17 0.234 ± 0.019 0.229 ± 0.020
MEHept-3Gr 293.51 1815.67 77.16 0.242 ± 0.038 0.235 ± 0.035
MEHept-5Gr 300.50 1726.14 73.35 0.334 ± 0.150 0.330 ± 0.140

Fig. 15. The (a) energy and (b) temperature gradient of MEHept in x direction at 298 K.

Fig. 16. Thermal conductivity of pure heptadecane and composite MEHept at
298 K.
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3.2. Octacosane and microencapsulated octacosane (MEOct)

3.2.1. Pure octacosane
Similar to the heptadecane model, the octacosane was cooled down

to obtain crystalline structure. After cooling process from 384 K to 284 K
in NPT ensemble, octacosane crystal structure was obtained as displayed
in Fig. 17.

The density profile in Fig. 18(a) was obtained throughout the cooling
process. In accordance with the energy profile, it is apparent that the
phase change takes place within the temperature range of 319.51 K to
345.49 K. The calculated average temperature during the phase transi-
tion is determined to be 332.50 K. The result is almost consistent as
reported by Sari et al. [17] at 333.64 K. Simultaneously, the density is
determined to be 0.81 g/cm3, which corresponds to the data presented
in Reference [18].

The enthalpy profile of solidified octacosane was obtained as shown
in Fig. 18(b). The energy storage is estimated by measuring the enthalpy
change that occurs during the phase transition. The calculated value was
about 2523.01 kCal/mol, which is equivalent to 217.40 J/g. This
computed latent heat is slightly less than the value reported by Sari et al.
[17], which is 258.42 J/g.

Fig. 19(a) demonstrates a direct relationship between the tempera-
ture of octacosane and the development rate of MSD. The MSD curve for
octacosane had a conspicuous rise in slope, demonstrating a more
prominent inclination during the temperature range of 324–334 K. This
is also can be seen in self-diffusion coefficient in Fig. 19(b) as the
intersection of lines at about 333 K.

Fig. 20 shows the RDF profile of pure octacosane at temperatures
ranging from 284 K to 384 K. With an increase in temperature, the in-
tensity of the RDF peak lowers, indicating a decline in the order
parameter of octacosane during phase transition. Furthermore, the pri-
mary peaks of octacosane are located at almost identical distances to
those of heptadecane, specifically at 2.55 Å, 6.85 Å, and 9.25 Å. This
indicates that the distribution of alkanes remains constant when they
interact with each other [30].

For the purpose of determining thermal conductivity, a simulated
box containing pure octacosane was constructed as 45.65 Å× 45.60 Å×

45.61 Å. Fig. 21(a) depicts the correlation between the simulation time
and the energy of octacosane at 298 K in x direction. The average heat
flux along the x,y, and z axes were 0.044 kCal/mol fs, 0.032 kCal/mol fs,
and 0.027 kCal/mol fs, respectively.

The thermal conductivity of octacosane was determined in three
different directions, yielding values of about 0.490 W/m⋅K, 0.326 W/
m⋅K, and 0.278 W/m⋅K. Finally, the average thermal conductivity at
298 K was calculated as 0.365 W/m⋅K.

3.2.2. Microencapsulated octacosane (MEOct)
Fig. 22 exhibits the density profile of MEOct. A distinct change in

slope is seen in the temperature range from 320 K to 340 K. This is
potentially the region of phase transition as also demonstrated by MSD
profile in Fig. 23(a). The gradient of the MSD curve increased signifi-
cantly, becoming more prominent between 324 K and 334 K, indicating
the phase transition region.

In addition, the intersection line is obviously seen in self-diffusion in
the Fig. 23(b). Therefore, the phase transition temperature of MEOct
was determined at 329.49 K.

Based on the previously indicated phase transition zone, the
enthalpy can be approximated using Fig. 24. The value was found
around 2099.77 kCal/mol, which is equivalent to 89.33 % of the energy
storage capacity of pure octacosane.

Fig. 25 illustrates the RDF for the MEOct sample. Similar to hepta-
decane and MEHept, the main peak of the RDF for pure octacosane is
also greater than that of MEOct. This reveals that the thermal response
has been decreased, resulting in a reduction in thermal performance.

In an attempt to investigate the phase transition, the same method
was also adopted for MEOct at various graphene weights. The density

Fig. 17. Crystalline structure of octacosane.
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profile, as seen in Fig. B-1, provides indications of the phase transition in
composite MEOct samples. The phase transition of most composite
MEOct samples occurred in the temperature range of 320 K to 340 K.
This phase transition had similarities to the phase change seen in pure
octacosane and MEOct. Nevertheless, the MEOct-0.5Gr and MEOct-5Gr
exhibited much higher phase transition temperatures than pure octa-
cosane, at 377 K and 369 K, respectively.

Fig. B-2 displays the computed MSD for all composite MEOct sam-
ples. It can be seen that the slopes for MEOct-1Gr, MEOct-2Gr, and
MEOct-3Gr underwent a sudden change at a temperature of 284 K,
indicating the onset of phase transition. On the other hand, the abrupt
change in gradient for MEOct-0.5Gr and MEOct-5Gr were observed
higher than 284 K. These findings confirmed the results in the density
profile displayed in Fig. B-1.

The intersecting lines in the self-diffusion coefficient profile in Fig. B-

Fig. 19. The simulated (a) MSD and (b) self-diffusion coefficient of pure octacosane.

Fig. 20. The RDF of pure octacosane.

Fig. 21. The (a) energy and (b) temperature gradient of octacosane in x direction at 298 K.

Fig. 22. The density profile of MEOct.
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3 could also be used for predicting the phase transition temperature of
composite MEOct samples. The phase change temperature of MEOct-
1Gr, MEOct-2Gr, and MEOct-3Gr were comparable to that of pure
octacosane, at 331.51 K, 330.99 K, and 330.01 K, respectively.
Conversely, the phase transition temperature of MEOct-0.5Gr and
MEOct-5Gr appeared 39 K - 47 K higher than that of pure octacosane.

The enthalpy of composite MEOct samples can potentially be esti-
mated by referring to Fig. B-4. The phase transition thermophysical
properties of pure octacosane and composite MEOct samples were then
presented in Table 4. Like MEHept, due to the introduction of graphene,
the energy storage of composite MEOct was gradually decreased. In
comparison to the MEOct without graphene, the highest reduction of
energy storage capacity was found about 20 % when 5 wt% of graphene
was added.

Fig. B-5 displays the RDF profile of MEOct samples containing gra-
phene concentrations ranging from 0.5 wt% to 5 wt%. The RDF results
were recorded at temperature range of 284 K to 384 K. The peak value of
the RDF in the solid state is visibly greater than the peak in the liquid
state, owing to the more compact arrangement of atoms in the solid
state. Like composite MEHept, the main peak values of composite MEOct
also exhibited increases with the addition of graphene, indicating the
possibility of improved thermal performance.

The thermal conductivity of MEOct was then computed at 298 K
using NEMD method. The average energy for 500,000 fs, as exhibited in
Fig. 26(a) for x direction, was then computed. The values were found by
about 0.033 kCal/mol fs, 0.034 kCal/mol fs, 0.036 kCal/mol fs at x, y,
and z direction, respectively. Meanwhile, the average temperature
gradient in the x direction in Fig. 26(b) was found as 1.433 K/Å, while in
y and z directions were obtained respectively as 1377 K/Å, and 1.385 K/
Å. By employing the average energy and temperature gradients, the
thermal conductivity was obtained by 0.241 W/m⋅K, 0.258 W/m⋅K, and
0.275 W/m⋅K at x,y, and z directions, and resulted in average thermal
conductivity of 0.258 W/m⋅K. Therefore, due to the encapsulation using
PMF shell material, the thermal conductivity of MEOct was 29.23 %
lower than that of pure octacosane at 298 K.

As the addition of graphene at various compositions in MEOct, the
thermal conductivity was also investigated and the gradient tempera-
tures are exhibited in Fig. B-6. Next, the results were summarised in
Table 4 and visualised in Fig. 27.

Fig. 23. The simulated (a) MSD and (b) self-diffusion coefficient of MEOct.
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Fig. 25. The RDF of MEOct.
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Fig. 27 exhibits the thermal conductivity of pure octacosane and
MEOct samples. It was found that the thermal conductivity of composite
MEOct rose gradually with the addition of graphene from 0.5 % to 5 %.
The thermal performance of MEOct was improved by 1.02 until 1.62

times than the sample without graphene.
Due to the addition of 5 wt% graphene to MEOct, the thermal con-

ductivity improvement was found by 61.95 %. However, the energy
storage capacity was lowered by 25.01 % than that of MEOct-0Gr. The
results demonstrated that the use of 5 wt% graphene had a more pro-
nounced impact on enhancing thermal performance compared to
reducing latent heat. Thus, the MEOct-5Gr with the encapsulation effi-
ciency of 66.58 %, was adopted for the enhanced MCM.

3.3. Multiphase change material (MCM)

Due to the obtained results of composite MEPCMs, 5 wt% of gra-
phene was selected for the enhancement of MCM. The density of MCMs
shown in Fig. 28 exhibited varying gradients over several regions, which
potentially indicates the phase transition as represented by the white
lines. Fig. 28(a) shows the phase transition temperature ranges of MCM-
0Gr, indicated by the distinct gradients at 287 K – 295 K and 347 K – 355
K. Meanwhile, the MCM-5Gr (Fig. 28 (b)) had phase change tempera-
tures in the range of 288 K – 295.5 K and 341 K – 335 K. This observation
indicates that the phase transition temperatures of MCM do not
consistently correspond to those of each MEPCM.

The simulated MSD curves of MCM-0Gr is presented in Fig. 29(a).
The linearity of the MSD system was also demonstrated over time. The
observations indicate that the MSD curve exhibited a fairly flat trend up
to 285 K, but then progressively increase steeper after 295 K, indicating
the initial melting of MCM-0Gr. Fig. 29(b) shows the self-diffusion

Table 4
Thermophysical properties of pure octacosane and MEOct samples.

Sample Phase transition Encapsulation Efficiency (%) Thermal conductivity (κ) ((W/m⋅K)) at 298 K

Temperature (K) Enthalpy (kCal/mol) κx κy κz κave

Pure octacosane 330.00 2523.01 – 0.490 0.326 0.278 0.365 ± 0.111
MEOct 329.49 2099.77 83.22 0.241 0.258 0.275 0.258 ± 0.017
MEOct-0.5Gr 377.00 1907.44 75.60 0.273 0.266 0.261 0.266 ± 0.006
MEOct-1Gr 331.51 1855.75 73.55 0.293 0.268 0.227 0.263 ± 0.033
MEOct-2Gr 330.99 1784.63 70.73 0.357 0.250 0.253 0.287 ± 0.061
MEOct-3Gr 330.01 1713.17 67.90 0.403 0.340 0.198 0.314 ± 0.105
MEOct-5Gr 369.00 1679.72 66.58 0.453 0.592 0.209 0.418 ± 0.194

Fig. 26. The (a) energy and (b) temperature gradient of MEOct in x direction at 298 K.

Fig. 27. Thermal conductivity of pure octacosane and composite MEOct at
298 K.
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Fig. 28. The density profile of (a) MCM-0Gr and (b) MCM-5Gr.

Fig. 29. The simulated (a) MSD and (b) self-diffusion coefficient of MCM-0Gr.

Fig. 30. The simulated (a) MSD and (b) self-diffusion coefficient of MCM-5Gr.
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coefficient of MCM-0Gr. It can be seen clearly the multiple points were
obtained as the intersection of linear regression over all data points,
which is located at about 292 K and 352 K. These findings were
consistent with the density profile depicted in Fig. 28.

The MSD and self-diffusion coefficient of MCM-5Gr are depicted in
Fig. 30, respectively. Fig. 30(a) demonstrates how MSD changed in the
MCM-5Gr at different temperatures. The MSD of MCM-5Gr exhibited a
more flat gradient as compared to the MCM-0Gr, which might be
attributed to the presence of graphene inside the MCM. According to the
self-diffusion coefficient in Fig. 30(b), MCM-5Gr had multiple points at
about 292 K and 338.48 K, which refers to the phase transition

Fig. 31. The enthalpy profile of (a) MCM-0Gr and (b) MCM-5Gr.

Fig. 32. The RDF of (a) MCM-0Gr and (b) MCM-5Gr.

Fig. 33. Temperature gradient of (a) MCM-0Gr, and (b) MCM-5Gr for x direction at 298 K.

Table 5
Thermophysical properties of MCMs.

Sample Phase transition Encapsulation
Efficiency (%)

κave ((W/m⋅K))
at 298 K

1st
Temp
(K)

2nd
Temp
(K)

Total
Enthalpy
(kCal/
mol)

MCM-
0Gr

291.51 351.51 4387.85 89.99 0.211 ± 0.076

MCM-
5Gr

292.00 338.48 3454.27 70.84 0.282 ± 0.107
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temperature of heptadecane and octacosane, respectively.
The enthalpy profiles in Fig. 31 were subsequently employed to es-

timate the energy storage capacity of MCM in each temperature region.
The latent heat values of MCM-0Gr were determined totally to be around
4387.85 kCal/mol at temperature range of 287–295 K and 347–355 K.
Meanwhile, the MCM-5Gr had total energy storage capacity of 3454.27
kCal/mol at temperature range of 288.5–295.5 K and 335.5–341.5 K.

In comparison with the MEPCMs, the overall energy storage capacity
of MCMs is about 1.13%–1.40% higher than total latent heat of MEHept
and MEOct. The disparity in latent heat between those values was below
5 %, indicating that the results were reliable.

The calculated RDF of MCM-0Gr and MCM-5Gr are presented
respectively in Fig. 32(a) and Fig. 32(b). The main peaks were seen at
distance of 2.55 Å, 4.75 Å, 6.55 Å, and 9.25 Å. Furthermore, the in-
tensity of the peaks weakened as the temperature rose within the range
of 245 K to 375 K, as shown in the magnified picture of the peaks.
Furthermore, it could be noticed that the decline or weakening of the
primary peaks in the MCMs is smaller when compared to pure hepta-
decane and octacosane. This confirms a substantial reduction in the
thermal performance of MCMs. However, in comparison to MCM-0Gr,
the MCM-5Gr exhibited a rising pattern of main peaks, indicating the
improved thermal conductivity.

To be able to compute thermal conductivity of MCM, the structure
model was constructed in a simulation box with a dimension of 114.61
Å × 56.45 Å × 57.41 Å.

The average energy of MCM-0Gr at each direction was then obtained
by about 0.017 kCal/mol fs, 0.071 kCal/mol fs, and 0.061 kCal/mol fs.
By adopting the same method, the average energy for MCM-5Gr was
calculated by about 0.0173 kCal/mol fs, 0.1114 kCal/mol fs, and 0.0542
kCal/mol fs at x, y, and z axes.

Subsequently, the temperature gradient of MCM-0Gr in x axes
depicted in Fig. 33(a) was computed, yielding mean values of 1.404 K/
Å, while in y and z axes were respectively by 1.387 K/Å, and 1.385 K/Å.
The thermal conductivities were subsequently determined and gave
values of 0.125 W/m⋅K, 0.272 W/m⋅K, and 0.235 W/m⋅K in the x, y, and
z directions accordingly. Finally, the aforementioned values were
computed as the mean, resulting in a thermal conductivity of 0.211 W/
m⋅K at a temperature of 298 K. The thermal conductivity of composite
MCM at 5 wt% of graphene was also computed at 298 K, which resulted
in average thermal conductivity of 0.282 W/m K.

The thermopysical properties of MCM samples were summarised and
shown in Table 5. The thermal conductivity of MCM was enhanced from
0.211W/m⋅K to 0.282W/m⋅K by the addition of 5% graphene, resulting
in 33.75 % improvement. However, it was found 21.28 % reduction of
heat storage capacity. The findings indicated that including 5 wt%
graphene into MCM had a more significant effect on improving thermal
performance in comparison to decreasing latent heat.

4. Conclusions

This study was focused on the theoretical investigation of an
enhanced multiphase change material (MCM), which was developed by

combining microencapsulated heptadecane (MEHept), micro-
encapsulated octacosane (MEOct), and graphene additive.

The results showed that graphene was able to increase the thermal
conductivity of the samples but the encapsulation efficiencies were
reduced. The specific findings of study may therefore be summarised as
follows:

a. The theoretical analysis found 5 wt% graphene to be the optimum
amount for thermal conductivity improvement of the MEHept and
MEOct by about 39 % and 62 %, compared to the sample without
graphene, respectively, which therefore as the basis for the devel-
opment of an enhanced MCM.

b. The MD findings also indicated that the phase transition tempera-
tures of MCM and MEPCMs were inconsistent. It was demonstrated
that MCM-0Gr exhibited multiple phase transition temperatures at
291.5 K and 351 K, whereas whereas MCM-5Gr exhibited them at
292 K and 338.5 K.

c. In comparison to the MCM-0Gr, the thermal conductivity of the
MCM-5Gr was enhanced by 33.75 %, but the energy storage capacity
was reduced by 21.28 %.

Even though the study has shown the potential of utilising graphene
for thermal enhancement of MCM, further optimisation and validation
exercises are considered to be necessary for the alignment of the results
with the simulation findings.
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Appendix A. Thermophysical profile of composite MEHept

Fig. A-1. The density profile of (a) MEHept-0.5Gr, (b) MEHept-1Gr, (c) MEHept-2Gr, (d) MEHept-3Gr, and (e) MEHept-5Gr.
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Fig. A-2. The simulated MDS of (a) MEHept-0.5Gr, (b) MEHept-1Gr, (c) MEHept-2Gr, (d) MEHept-3Gr, and (e) MEHept-5Gr.
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Fig. A-3. Self-diffusion coefficient of of (a) MEHept-0.5Gr, (b) MEHept-1Gr, (c) MEHept-2Gr, (d) MEHept-3Gr, and (e) MEHept-5Gr.
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Fig. A-4. The enthalpy profile of (a) MEHept-0.5Gr, (b) MEHept-1Gr, (c) MEHept-2Gr, (d) MEHept-3Gr, and (e) MEHept-5Gr.
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Fig. A-5. The RDF of (a) MEHept-0.5Gr, (b) MEHept-1Gr, (c) MEHept-2Gr, (d) MEHept-3Gr, and (e) MEHept-5Gr.
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Fig. A-6. Temperature gradient of (a) MEHept-0.5Gr, (b) MEHept-1Gr, (c) MEHept-2Gr, (d) MEHept-3Gr, and (e) MEHept-5Gr in x direction at 245 K and 298 K.
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Appendix B. Thermophysical profile of composite MEOct

Fig. B-1. The density profile of (a) MEOct-0.5Gr, (b) MEOct-1Gr, (c) MEOct-2Gr, (d) MEOct -3Gr, and (e) MEOct-5Gr.
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Fig. B-2. The simulated MSD of (a) MEOct-0.5Gr, (b) MEOct-1Gr, (c) MEOct-2Gr, (d) MEOct-3Gr, and (e) MEOct-5Gr.
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Fig. B-3. The self-diffusion coefficient of (a) MEOct-0.5Gr, (b) MEOct-1Gr, (c) MEOct-2Gr, (d) MEOct-3Gr, and (e) MEOct-5Gr.
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Fig. B-4. The enthalpy profile of (a) MEOct-0.5Gr, (b) MEOct-1Gr, (c) MEOct-2Gr, (d) MEOct-3Gr, and (e) MEOct-5Gr.
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Fig. B-5. The RDF of (a) MEOct-0.5Gr, (b) MEOct-1Gr, (c) MEOct-2Gr, (d) MEOct -3Gr, and (e) MEOct-5Gr.
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Fig. B-6. Temperature gradient of (a) MEOct-0.5Gr, (b) MEOct-1Gr, (c) MEOct-2Gr, (d) MEOct-3Gr, and (e) MEOct-5Gr in x direction at 298 K.
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Data will be made available on request.
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[5] N. Soares, T. Matias, L. Durães, P.N. Simões, J.J. Costa, Thermophysical
characterization of paraffin-based PCMs for low temperature thermal energy
storage applications for buildings, Energy (2023) 269, https://doi.org/10.1016/j.
energy.2023.126745.

[6] J. Darkwa, T. Zhou, Enhanced laminated composite phase change material for
energy storage, Energ. Conver. Manage. 52 (2011) 810–815, https://doi.org/
10.1016/j.enconman.2010.08.006.

[7] T. Zhou, J. Darkwa, G. Kokogiannakis, Thermal evaluation of laminated composite
phase change material gypsum board under dynamic conditions, Renew. Energy 78
(2015) 448–456, https://doi.org/10.1016/j.renene.2015.01.025.

[8] R.A. Kishore, M.V.A. Bianchi, C. Booten, J. Vidal, R. Jackson, Enhancing building
energy performance by effectively using phase change material and dynamic
insulation in walls, Appl. Energy 283 (2021) 116306, https://doi.org/10.1016/j.
apenergy.2020.116306.

[9] C. Zeng, Y. Yuan, H. Cao, K. Panchabikesan, F. Haghighat, Stability and durability
of microencapsulated phase change materials (MePCMs) in building applications: a
state of the review, J. Energy Storage 80 (2024) 110249, https://doi.org/10.1016/
j.est.2023.110249.

[10] P.K. Singh Rathore, S.K. Shukla, N.K. Gupta, Potential of microencapsulated PCM
for energy savings in buildings: a critical review, Sustain. Cities Soc. 53 (2020)
101884, https://doi.org/10.1016/j.scs.2019.101884.

R. Sinaga et al. Journal of Energy Storage 106 (2025) 114834 

28 

https://doi.org/10.3390/nano13192671
https://doi.org/10.3390/nano13192671
https://doi.org/10.1016/j.est.2023.107374
https://doi.org/10.1016/j.est.2023.107374
https://doi.org/10.1016/j.enbuild.2015.07.019
https://doi.org/10.1016/j.seta.2021.101709
https://doi.org/10.1016/j.seta.2021.101709
https://doi.org/10.1016/j.energy.2023.126745
https://doi.org/10.1016/j.energy.2023.126745
https://doi.org/10.1016/j.enconman.2010.08.006
https://doi.org/10.1016/j.enconman.2010.08.006
https://doi.org/10.1016/j.renene.2015.01.025
https://doi.org/10.1016/j.apenergy.2020.116306
https://doi.org/10.1016/j.apenergy.2020.116306
https://doi.org/10.1016/j.est.2023.110249
https://doi.org/10.1016/j.est.2023.110249
https://doi.org/10.1016/j.scs.2019.101884


[11] V.V. Tyagi, S.C. Kaushik, S.K. Tyagi, T. Akiyama, Development of phase change
materials based microencapsulated technology for buildings: a review, Renew.
Sustain. Energy Rev. 15 (2011) 1373–1391, https://doi.org/10.1016/j.
rser.2010.10.006.

[12] K. Du, J. Calautit, Z. Wang, Y. Wu, H. Liu, A review of the applications of phase
change materials in cooling, heating and power generation in different
temperature ranges, Appl. Energy 220 (2018) 242–273, https://doi.org/10.1016/j.
apenergy.2018.03.005.

[13] F. Irani, Z. Ranjbar, A. Jannesari, S. Moradian, Fabrication and characterization of
microencapsulated n-heptadecane with graphene/starch composite shell for
thermal energy storage, Prog. Org. Coatings 131 (2019) 203–210, https://doi.org/
10.1016/j.porgcoat.2019.02.034.
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