
R E V I EW PA P ER

The microencapsulation, thermal enhancement, and
applications of medium and high-melting temperature
phase change materials: A review

Rizal Sinaga1,2 | Jo Darkwa1 | Siddig A. Omer1 | Mark Worall1

1Faculty of Engineering; Building, Energy
and Environment Research Group,
University of Nottingham, University
Park, Nottingham, UK
2Engineering Management Study
Program, Institut Teknologi Del,
Laguboti, Indonesia

Correspondence
Rizal Sinaga, Faculty of Engineering,
Building, Energy and Environment
Research Group, University of
Nottingham, University Park, NG7 2RD
Nottingham, UK.
Email: rizal.sinaga@nottingham.ac.uk;
rizal.sinaga@del.ac.id

Funding information
Ministry of Education and Culture
Republic of Indonesia

Summary

Microencapsulated phase change materials (MEPCMs) have made tremendous

advancements in recent years, owing to their increased demand for a variety of

energy storage applications. In this paper, current microencapsulation techniques,

enhancement, and use of medium- and high-melting phase change materials

(PCMs) are reviewed, as well as their potential benefits and limitations. The most

frequently employed PCMs for medium- and high-temperature applications were

recognized as salt-based, metallic, inorganic compound, and eutectic. Meanwhile,

polymethyl methacrylate (PMMA), polystyrene-butylacrylate (PSBA), polyethyl-

2-cyanoacrylate (PECA), and polyurethane were widely used as polymer shell

materials for encapsulating medium- and high-melting point PCMs via chemical

method, whereas inorganic silica shell was synthesized via various techniques.

Hydrolysis followed by heat-oxidation treatment has been extensively studied since

2015 to encapsulate either metal or alloy within Al2O3 shells. Different techniques

were developed to generate void between core and shell material to accommodate

volume expansion during phase transition. Numerous approaches, including the

incorporation of metal particles, carbon, and ceramic, have been found as ways to

enhance the thermal performance of PCMs. Multiple storage arrangements were

also established to be an effective way of enhancing the overall efficiency of

medium-high melting PCM storage systems. Finally, the paper highlights the

potential of medium- and high-melting temperature PCMs for solar power genera-

tion, solar cooking, and industrial waste heat recovering applications.
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1 | INTRODUCTION

Due to the rapid growth of the worldwide population, the
demand for energy also abruptly and exponentially

increases.1 The huge continuous energy consumption
positively affects the rise of CO2 emission level, which
contributes significantly to climate change and global
warming.2 According to the greenhouse gas (GHG) data,

Received: 25 November 2021 Revised: 4 March 2022 Accepted: 7 March 2022

DOI: 10.1002/er.7860

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. International Journal of Energy Research published by John Wiley & Sons Ltd.

Int J Energy Res. 2022;1–42. wileyonlinelibrary.com/journal/er 1

https://orcid.org/0000-0002-8501-0958
mailto:rizal.sinaga@nottingham.ac.uk
mailto:rizal.sinaga@del.ac.id
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/er
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fer.7860&domain=pdf&date_stamp=2022-03-18


fossil fuel energy system allows about 71% of global emis-
sions in 2018.3 Moreover, under current policies, energy-
related CO2 emission is predicted to rise by 6% between
2015 and 2055, from 33 to 35 Gigaton, as reported by
Gielen et al.4 There is therefore a need for appropriate
and sustainable energy sources to be exploited if current
upward trend is to be minimized.

Due to the fact that solar energy is free, plentiful, and
environmentally friendly, it is often regarded as a poten-
tial technique of energy harvesting. The earth acquires an
average of approximately 342 W/m2 annually, which is
equivalent to about 885 million terawatt-hours (TWh) in
a year.5 Besides solar energy, there is vast amount of
industrial waste heat (IWH) resources available, which
could be recovered for useful purposes. For instance, the
total estimated waste heat sources available in the
European Union alone is 304.13 TWh/year, with about
33% corresponding to low-temperature waste heat
(200�C), 25% as medium-temperature (200�C-500�C), and
22% as high-temperature (above 500�C).6 The use of solar
energy and waste energy sources, on the other hand, are
hampered by an imbalance between the available and
required energy. Therefore, by storing and releasing
energy, thermal energy storage (TES) has the potential to
increase the energy efficiency of solar thermal systems.

Phase change materials (PCMs) have been identified
as potential materials that can be used to provide effec-
tive TES systems. PCMs can store and release energy dur-
ing the phase transition period as liquid-gas, solid-gas,
solid-solid, or solid-liquid covering a wide temperature
range.7 Nevertheless, both liquid-gas and solid-gas PCMs
are not capable of being utilized due to their enormous
density and pressure changes during phase transforma-
tion processes. Solid-solid PCMs can however absorb and
release energy in pseudo solid phase from crystalline/
semi-crystalline phase to another amorphous, semi-crys-
talline, or crystalline phase without experiencing any dif-
ferential changes in density and pressure. They do not
also experience any leakage during phase transition, and
therefore require no encapsulation but cannot easily be
combined with other materials, thus limiting their appli-
cation.8 The most commonly used PCMs are the solid-
liquid phase transition types because of their large heat
storage density with small differential change in volume
during phase transition process. They do, however,
require encapsulation to protect their thermophysical
and structural integrity. In addition, PCMs are commonly
encapsulated in micro-scale as a technique for improving
their thermal performance by increasing their surface-to-
volume ratio.9

Microencapsulated PCM (MEPCM) with high-melting
temperature potentially offers a huge energy saving in
industrial applications such as solar energy and IWH
recovery. Metals and alloys have been widely developed

as PCMs for high-temperature applications. However,
high corrosivity and heaviness restrict the use of metallic
PCM to practical application, as mentioned by Li et al10

and Zhang et al.11 Salt-based PCMs also have attracted
much attention from researchers due to their consider-
able phase change enthalpy, chemical stability and are
economically affordable, which make them favourable
candidates as high-temperature energy storage mate-
rial.12 Nevertheless, their corrosive nature and limited
heat transfer abilities hinder their use field.13 Organic
PCMs are also considered as potential candidates for
high-temperature applications due to the low price, high
thermal storage density, good stability, and a wide range
of melting temperatures.14 However, organic PCMs do
suffer from the low thermal conductivity, which tend to
affect their thermal response factor during phase transi-
tion.15 Due to the deprivations owned by PCMs, it is chal-
lenging to overcome them for achieving good thermal
performance. The introduction of high thermal conduc-
tivity additive is therefore one of the techniques to
improve thermal performance of composite PCMs, as
reviewed by Lin et al.16

The selection of shell material is also an important
factor when encapsulating medium and high-melting
PCMs. Thermal stress produced by volume expansion
occurs during phase change process from solid to liquid,
which must be taken into consideration in the encapsula-
tion process. To solve the aforementioned issues, thick
shells are required; nevertheless, this could reduce heat
storage density. Due to these concerns, a full analysis of
medium and high melting point PCM is necessary to give
detailed information on their thermophysical characteris-
tics, microencapsulation processes, thermal enhance-
ment, and applications.

Numerous studies have evaluated the available low to
medium melting point PCMs, as well as their microen-
capsulation processes and implementations. Despite the
wide applications of medium and high melting PCM in
solar thermal power plants,17 solar cookers18 heating hot
water systems19; only a few studies have explored and
reviewed the accessible medium and high melting point
PCMs, as reported by Zhou and Wu.20 For instance, Zhou
and Wu20 performed a review of inorganic and metals
alloys for medium- and high-temperature PCMs, includ-
ing analysis of the PCMs' corrosivity and stability. Liu
et al21 reviewed PCMs with high-melting temperature
over 300�C for concentrated solar thermal power plants,
as well as approaches for improving their thermal perfor-
mance. Costa and Kenisarin22 provided a review article
about the thermophysical properties of metallic PCM for
low-, medium-, and high-melting temperatures, includ-
ing their mathematical theoretical predictions. Liu et al23

conducted a review for high-melting temperature of inor-
ganic salt mixtures and metal alloys in the range of
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500�C until 700�C. Mili�an et al24 summarized the encap-
sulation PCM methods for a wide range melting tempera-
ture. However, it is confined to the encapsulation of
inorganic PCMs. Pereira da Cunha and Eames25 reviewed
the applications and heat enhancement mechanism of
PCMs with a phase transition between 0�C and 250�C.
Nonetheless, coverage of their microencapsulation
requires elaboration. Liu et al26 provided a detailed
review of the numerous ways for microencapsulating
PCMs with a wide temperature range in a variety of
organic and inorganic shell materials. Zhu et al27 focused
on a review of micro- and nano-encapsulation of metal
and alloy PCMs with low- to high-melting temperature.

Comprehensive review for microencapsulation, ther-
mal enhancement, and applications for all types of
medium and high-melting PCMs, therefore, still needs to
be addressed. In this regard, the objective of this paper is
to review available medium- and high-melting of all types
solid-liquid PCMs ranging from 80�C to 200�C and above
200�C, respectively. Additionally, this study includes a
review of the microencapsulation methods for medium-
and high-melting PCMs, as well as their thermal
enhancement and applications.

2 | MEDIUM- AND HIGH-
MELTING TEMPERATURE PCMS

This section covers a review of organic, inorganic, and
eutectic types of PCMs that could be utilized for medium-
and high-melting temperature energy storage applica-
tions. The classification of medium- and high-melting
PCMs is displayed in Figure 1.

2.1 | Organic PCMs

Organic PCMs consist of paraffin and non-paraffin PCMs.
They are non-corrosive, economical, abundant raw mate-
rial, stable physical and chemical characteristics, no sub-

cooling, high energy density, and self-nucleation capac-
ity.28 However, low thermal conductivity and flammability
issues do restrict the application of these types of PCMs.29

2.1.1 | Paraffin PCMs

Paraffin is produced as a by-product of petroleum
refining system. These types of PCMs have hydrocar-
bon formula as CnH2n+2 where n is the number of car-
bon atom (C). Regardless of its low thermal conductivity,
paraffin is extensively utilized due to the high latent
heat of fusion, congruent melting, and structurally stable
over many cycles.30 Table 1 shows the thermophysical
properties of available medium and high-melting
paraffin PCMs.

2.1.2 | Non-paraffin PCMs

These PCMs include various materials such as fatty acids,
alcohols, and glycols. The chemical formula of fatty acid
is CH3(CH2)2n�COOH originated from vegetables and
animal, which is more reliable and cleaner sources.34

Meanwhile, polyethylene glycols (PEGs) are composed of
linear oxyethylene ( O CH2 CH2 ) with ending
groups of hydroxyl ( OH). The melting temperature of
PEG has a proportional relationship to its molecular
weight.28 PCMs based on alcohol derivatives perform
solid-solid phase change, which exhibits no leakage and
no phase separation issue.35

In general, non-paraffin PCMs can achieve solidifica-
tion with very little supercooling. They also have excel-
lent chemical stability and high latent heat of fusion.
However, low thermal conductivity and flammability
issues are the main drawbacks.8 In addition, several types
of non-paraffin PCMs are toxic, which therefore require
encapsulation to protect the application environment.30

Table 2 displays the thermophysical properties of avail-
able non-paraffin PCMs.

FIGURE 1 The classification of medium- and high-melting PCM
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TABLE 1 Thermophysical properties of paraffin PCMs

Type of PCM Tm (�C)

Latent
heat
(kJ/kg)

Specific heat
capacity
(kJ/kg K)

Thermal
conductivity
(W/m K) Density (kg/m3) Reference

Paraffin natural wax 79 77 to 81 80 NA 0.63 1200 31

RT 80 85.1 161.1 NA NA NA 14

RT 82 82 170 2 (s) 0.2 (s,l) 880 (s), 770 (l) 32

Paraffin natural wax 84 82 to 86 85 NA 0.72 1200 31

RT 90 HC 90 170 2 (s) 0.14 (l) 950 (s), 850 (l) 32

RT 100 100 120 2 (s) 0.2 (s), 0.14 (l) 880 (s), 770 (l) 32

RT 100 HC 100 180 2 (s) 0.2 (s,l) 1000 (s), 850 (l) 32

Paraffin natural wax 106 104 to 108 80 NA 0.65 1200 31

Polyethylene 110 to 135 200 NA NA NA 33

TABLE 2 Thermophysical properties of non-paraffin PCMs

Type of PCM Tm (�C)
Latent
heat (kJ/kg)

Thermal conductivity
(W/[m K])

Density
(kg/m3) Reference

Methyl brombrenzoate 81 126 NA NA 36

Acetamide 81 241 0.287 (s), 0.240 (l) 1159 37-39

Stearic acid 66 to 83 189 0.29 940 40,41

Xylitol 94 263 1.314 (s), 0.412 (l) 1500 (s) 33,42

Alpha napthol 96 163 NA 1095 37,38

D-Sorbitol 97 185 NA 1520 (s) 33

Glautaric acid 97.5 156 NA 1429 37,38

p-Xylene dichloride 100 138.7 NA NA 37

Methyl fumarate 102 242 NA 1045 37,38

Catechol 104.3 207 0.040 1370 36,38,43

Quinone 115 171 NA 1318 37,38

Acetanilide 115 142 0.300 to 0.350 1210 38,44

Acetanilide 222 118.9 222 NA NA 36

Succinic anhydride 119 204 NA 1104 37,38

Erythritol 120 340 0.733 (s), 0.326 (l) 1480 (s), 1300 (l) 33

Benzoic acid 121.7 142.8 0.132 to 0.139 1266 37,38,45

Stibene 124 167 NA 1164 37,38

Benzamide 127.2 169.4 NA 1341 37,38

Phenacetin 137 136.7 NA NA 38

Alpha Glucose 141 174 NA 1544 38

Acetyl-p-toluidene 146 180 NA NA 8

Phenylhydrazone benzaldehyde 155 134.8 NA NA 8

Salicylic acid 159 199 NA 1443 38

Benzanilide 161 162 NA NA 8

O-Mannitol 166 294 NA 1489 38

D-Mannitol 167 316 0.010 to 0.036 1520 33,46

Hydroquinone 172.4 258 NA 1358 38

p-Aminobenzoic acid 187 153 NA NA 38

Galacticol 188 351 0.19 1520 33,47
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2.2 | Inorganic PCM

The main benefits of inorganic PCMs as TES include
high latent heat, relatively high thermal conductivity,
non-toxicity, non-flammable, and economically attrac-
tive.24 They however suffer from phase segregation, sub-
cooling, corrosive, and lack of thermal stability.48 Salt
hydrate, inorganic compounds, and metallics are part of
inorganic PCMs.

2.2.1 | Salt hydrates

Salt hydrate is an inorganic salt comprising water mole-
cules with a chemical formula of AB�nH2O, where AB
refers to inorganic salts. The melting and freezing process
of salt hydrate is based on the dehydration of hydrated
salt. One of the major deprivations of salt hydrate PCMs
is incongruent melting, which happens when the salt is
not completely soluble in its hydration water at the melt-
ing point.37 Another limitation of this type of PCM is
sub-cooling, which may be overcome by encapsulating
the PCMs or by adding thickening agents.24

Despite these drawbacks, salt hydrates have been
used for heat storage applications due to their large
energy density, high latent heat, high thermal conductiv-
ity, and relatively low cost.37 Table 3 summarizes the
thermophysical properties of the available medium- and
high-melting salt hydrate PCMs.

2.2.2 | Inorganic compounds

Inorganic compounds have relatively high melting tem-
peratures and latent heat capacity but are hazardous to
the environment and human health.51 A few inorganic
compounds of high-melting temperature PCMs are
shown in Table 4.

2.2.3 | Metallics

Metals consist of atomic structures held together by
robust metallic bonds, which allow large amount of
energy during phase transition. This type of PCM is also
known due to its high thermal conductivity, which will
improve significantly the heat transfer. In addition,
metallics are generally regarded as promising PCM for
high-temperature applications due to their high melting
point, high heat of fusion per unit volume, following
physical and chemical stability.37 Unfortunately, metallic
PCMs are less attractive due to their corrosiveness and
heaviness. Table 5 shows the thermophysical properties
of metallic PCMs.

2.3 | Eutectic PCMs

Eutectics PCMs are generally obtained from minimum-
melting composition of two or more components, each of

TABLE 3 Thermophysical properties of salt hydrate PCMs

Type of PCM Chemical formula Tm (�C)

Latent
heat
(kJ/kg)

Thermal
conductivity
(W/m.K)

Density
(kg/m3) Reference

E 83 n.a 83 152 0.62 (s) NA 49

Aluminium sulphate
18-hoursydrate

Al2(SO4)3�18H2O 88 218 NA NA 8

TH 89 89 149 NA NA 49

Strontium hydroxide
octahydrate

Sr(OH)2�8H2O 89 370 NA NA 8

Magnesium nitrate hexahydrate Mg(NO3)2 �6H2O 89.9 167 0.611 (s), 0.49 (l) 1636(s), 1550 (l) 8,37

SP 90 90 150 0.6 1650 (s) 49

Aluminium potassium sulphate
dodecahydrate

KAl (SO4)2�12H2O 91 184 NA NA 37

Ammonium alum (NH4)Al(SO4)�6H2O 95 269 NA NA 50

Lithium chloride monohydrate LiCl�H2O 99 212 NA NA 8

Magnesium chloride
hexahydrate

MgCl2�6H2O 117 167 0.704 (s), 0.57 (l) 1570 (s), 1450
(l)

50

E 117 117 169 0.7 NA 49
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which melts and freezes congruently, forming a mixture
of the component crystals during crystallization.37 The
compositions can be organic-organic, inorganic-inor-
ganic, or inorganic-organic. The melting temperature of
composites can be adjusted to a certain point by carrying
out different proportion of each element. For instance,
the combination of Li2CO3 and K2CO3 at the weight per-
centages of 28%:72% and 35%:65% result in melting point
at 498 and 505 K, respectively. The combination will
therefore provide the benefit of achieving a certain melt-
ing point. Thermophysical properties of high melting
eutectic PCM are exhibited in Table 6.

2.4 | Comparison of PCMs

Most PCMs are generally characterized by their high
latent heat within a wide range of temperatures. Each
type of PCMs has its own properties, strengths, and

limitations. For instance, low thermal conductivity and
flammability in the case of paraffin PCMs. Despite the
superiority of salt-based PCM over paraffin in terms of
thermal conductivity, they are limited by the incongruent
melting, phase segregation, and sub-cooling behaviour.
Metallic PCMs possess high melting temperature and
high thermal conductivity; nevertheless, corrosiveness
restricts their usage. Eutectic PCMs are recognized by
their adjustable melting temperature. However, the com-
bination of element to produce eutectic PCM is less
attractive due to economic concern.49

To overcome the aforementioned shortcomings,
improvements are introduced either to reduce those dis-
advantages or to achieve good performance of PCMs
applications. For instance, the integration of PCMs with
additives enhances their thermal conductivity and miti-
gates the flammability of paraffin. Mixing PCMs with
nucleating agents is considered one of the ways to
diminish sub-cooling of salt hydrate PCMs.

TABLE 4 Thermophysical properties of inorganic compound PCMs

Inorganic
compound PCMs

Chemical
formula Tm (�C)

Latent
heat (kJ/kg)

Thermal
conductivity (W/(m K) Reference

Lithium nitrate LiNO3 254 360 0.6527 52,53

Sodium nitrate NaNO3 307 172 to 266 0.561 8

Potassium nitrate KNO3 333 to 380 116 to 266 0.4593 8

Potassium hydroxide KOH 380 149 NA 8

Magnesium chloride MgCl2 714 452 1.6781 52,53

Sodium chloride NaCl 800 492 1.0199 52,53

Potassium fluoride KF 857 452 NA 53

Potassium carbonate K2CO3 897 236 NA 53

Sodium sulphate Na2SO4 901.57 182.3 NA 12

TABLE 5 Thermophysical properties of metallic PCMs

Type of PCM Tm (�C)

Latent
heat
(kJ/kg)

Specific
heat
capacity
(kJ/kg K)

Thermal
conductivity
(W/m K) Density (kg/m3) Reference

Bi52Pb30Sn18 96 34.7 0.167 24 9600 54

Sodium 97.83 113.23 1.38 86.9 926.9 54

Bi-Pb 125 NA NA NA NA 37

Bi58Sn42 138 44.8 0.201 19 8560 54

Indium 156.8 28.59 0.23 36.4 7030 54

Lithium 186 433.78 4.389 41.3 515 54

Sn91Zn9 199 32.5 0.272 61 7270 54

Tin 232 60.5 0.221 15.08 730 54

Bismuth 271.4 53.3 0.122 8.1 979 54
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Encapsulation technology has been developed to protect
their structural and thermophysical properties. In addi-
tion, modification of chemical composition is promoted
to ease phase separation in salt-based PCMs. The com-
parison and improvement methods of various PCMs are
shown in Table 7.

3 | MICROENCAPSULATION OF
MEDIUM AND HIGH-MELTING
TEMPERATURE PCMS

Encapsulation is a coating process of solid, liquid drop-
lets, or gases in a thin continuous polymeric material.60

TABLE 6 Thermophysical properties of eutectic PCMs

Type of PCM
Proportions
(wt%)

Tm

(�C)
Latent heat of
fusion (kJ/kg)

Thermal
conductivity
(W/m K)

Density
(kg/m3) Reference

LiNO3 + NH4NO3 + NaNO3 25:65: 10 80.5 113 NA NA 37

LiNO3 + NH4NO3 + KNO3 26.4:58.7:14.9 81.5 116 NA NA 37

LiNO3 + NH4NO3 + NH4Cl 27:68: 5 81.6 108 NA NA 37

AlCl3 + NaCl + KCl 60:26: 14 93 213 NA NA 8

AlCl3 + NaCl 66:34 93 201 NA NA 8

KNO3 + LiNO3 67:33 133 170 NA NA 53

NaNO3 + KNO3 50:50 220 110.7 0.56 1920 17

NaNO3 + KNO3 46:54 222 100 NA NA 53

KCl + ZnCl2 68.1:31.9 235 198 0.8 2480 17

LiCl + LiOH 37:67 262 485 1.10 1550 17

Na2CO3 + NaOH+NaCl 6.4:85.8:7.8 282 316 NA NA 55

Na2CO3 + NaOH 17.1:82.9 286 252 NA NA 56

NaCl + KCl 58:42 360 119 0.48 2084.4 17

Li2CO3 + K2CO3 + Na2CO3 32.1:34.5:33.4 397 276 NA NA 55

MgCl2 + NaCl 38.5:61.5 435 351 NA 2480 17

Li2CO3 + K2CO3 46.6:53.4 488 391 NA NA 55

Na2CO3 + Li2CO3 56:44 496 370 2.09 2320 17

Li2CO3 + K2CO3 28:72 498 263 NA NA 55

Li2CO3 + K2CO3 28.5:71.5 498 316 NA NA 55

Li2CO3 + K2CO3 35:65 505 344 NA NA 55

NaBr + NaF + Na2MoO4 43:2:55 506 241 NA NA 55

K2CO3 + NaF + KCl 62:17:21 520 274 NA NA 55

K2CO3 + KCl + KF 37:40:23 528 283 NA NA 55

Li2SO4 + Li2MoO4 + CaMoO4 59.8:36:3.5 538 406 NA NA 55

Li2CO3 + Na2CO3 + K2CO3 20:60:20 550 283 NA NA 55

Li2CO3 + Na2CO3 + K2CO3 22:16:62 550 288 NA NA 55

KBr + KF 60:40 576 315 NA NA 55

KBr + K2MoO4 65:35 625 90.5 NA NA 55

Cu + Ge 60:40 644 232.8 15 7490 57

NaF + MgF2 75:25 650 860 1.15 2820 17

Cu + Ge 50:50 705 198.2 NA 7250 57

K2CO3 + Na2CO3 50:50 710 163 NA NA 55

K2CO3 + Na2CO3 51:49 710 163 NA NA 55

LiF + CaF2 80.5:19.5 767 816 1.7 (s), 3.8 (l) 2390 17

Cu + Ge 40:60 765 163.5 NA 7030 57

NaCl + CaCl2 52:48 (mol%) 779.35 164.2 0.704 NA 58
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The encapsulated substance is referred as the core, while
the encapsulating element is called shell or capsule mate-
rial. Based on their sizes, encapsulation is classified as
macrocapsule with a diameter larger than 1 mm, micro-
capsule in the range between 1 μm and 1 mm, and nan-
ocapsule with a diameter less than 1 μm. In general,
microencapsulation techniques are categorized as chemi-
cal and physical methods. Chemical microencaspulation
method includes in situ polymerization; while sol-gel,
spray drying, fluidized bed, and electrohydronamics are
extensively used as physical methods to encapsulate the
medium and high melting temperature of PCMs. Boehm-
ite treatment followed by heat oxidation is also found
recently to encapsulate metal and alloy in Al2O3 shell.

3.1 | In situ polymerization

The microencapsulation of PCMs is accomplished chemi-
cally by in situ methods such as emulsion, suspension,
precipitation or dispersion polymerization, and interfacial
polycondensations.61 In situ polymerization is based on
mixing monomers or prepolymers within immiscible liq-
uids of oil and aqueous phase to establish polymerization.
Basically, in situ polymerization involves8: (a) dispersion
of PCM in water as oil in water (O/W) emulsion,
(b) prepolymer preparation by mixing different mono-
mers, (c) initiation of the polymerization process by stir-
ring the prepolymer within O/W solution, (d) stabilization
of the polymer structure by washing and drying the
MEPCM. Emulsion and interfacial polycondensations are
commonly used to microencapsulate medium and high-
melting PCMs.

3.1.1 | Emulsion/miniemulsion
polymerization

The emulsion polymerization method involves combin-
ing the monomer with a surfactant in an oil system. The
initiator is used to start the chemical reaction and is dis-
solved in water system, while the monomer is emulsified
with the help of a surfactant in the polymerization
medium. Because the initiator is only present in the
aqueous phase, the polymerization reaction begins in this
phase (ie, outside of the droplets and micelles) and subse-
quently progresses to the micelles.62 The method of
miniemulsion polymerization is similar to that of emul-
sion polymerization, with the exception that smaller
droplets can be generated using high-shear devices such
as ultrasound and high-pressure homogenizers.61

Şahan et al40 investigated the nanoencapsulation of
stearic acid (SA) with melting temperature about 66�C toT
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83�C using polymethyl methacrylate (PMMA) (SA0) and
four PMMA-hybrid shell structures. The PMMA-hybrid
shells were synthesized using different reagents, such as
methyacrylate (SA1), 2-hydroxy-ethylacrylate (SA2), sil-
ica (SA3), and styrene (SA4). Differential scanning calo-
rimetry (DSC) test resulted in melting temperature of
MEPCMs were in the range of 60�C to 89�C with the
maximum encapsulation efficiency by about 38.9% for
SA1, as summarized in Table 8. Thermal stability of all
microcapsules was compared with SA and it exhibited an
increase in the core material's thermal degradation tem-
peratures in all microcapsules, demonstrating that encap-
sulation can improve SA's thermal stability. Scanning
electron microscope (SEM) images show that the PMMA-
HEA (SA2) was the most spherical of the five varieties
created, while the PMMA-SiO2 shell (SA3) had irregular
shapes. They concluded that water solubility and interfa-
cial tension variations between core and shell were the
most important chemical variables that dictated the pre-
ferred morphology. The authors suggested that SA2 and
SA4 be investigated further.

Fuensanta et al14 adopted miniemulsion polymeriza-
tion to encapsulate RT80 paraffin Tm ¼ 85:1�Cð Þ in a a
styrene-butyl acrylate (SBA) copolymer shell. Sodium
dodecyl sulphate (SDS) was selected as surfactant, and
various surfactant/paraffin mass ratios were investigated.
The presence of RT80 in the nanoencapsulated PCM
(nPCM) was confirmed by Fourier transform infrared
(FT-IR) spectra exhibiting typical bands of both the RT80
and the shell employed to create the nPCM. According to
the nPCM size study, the amount of SDS in the particle
size was more noticeable when using less RT80. This was
supported by the morphology of the nPCM observed by
SEM . With increasing SDS, the particle size of the nPCM
obtained with the same mass content of the RT
80 dropped marginally. The melting and crystallization
heat of nPCM were found about 10 to 20 J/g with reduc-
tion of 87.6% to 93.8% when compared with pristine
RT80, according to DSC results. After 200 thermal cycles,
the nPCM's thermal stability was confirmed by a minor
change in thermal characteristics. The TGA was used to
assess the thermal stability, and results showed that

nPCM had a higher temperature degradation than raw
RT80, indicating that it had a stronger thermal stability.

The emulsion polymerization of inorganic PCMs
could be accomplished in two ways: either by generating
an oil in a water system (O/W) emulsion for direct emul-
sion, or by producing water in an oil system (W/O) emul-
sion (inverse emulsion). For instance, Graham et al63

demonstrated the nanoencapsulation of magnesium
nitrate hexahydrate (Mg[NO3]2.6H2O) by employing in
situ inverse miniemulsion polymerization with
poly(ethyl-2-cyanoacrylate) (PECA) shell material. The
W/O emulsions were prepared using toluene and cyclo-
hexane as oil phase, while the aqueous phase consisted of
different PCM/water ratios. Ethyl-2-cyanoacrylate (ECA)
was employed as a monomer and subsequently added to
the W/O mixture dropwise at different volume. Two sam-
ples of nanoencapsulated PCMs (NanoPCM), NanoPCM1
and NanoPCM2, were fabricated using toluene as the oil
phase with a different ratio of aqueous phase, while
NanoPCM3 was prepared using cyclohexane with less
surfactant and followed by ultrasonic treatment prior to
the addition of ECA. It was obtained that all NanoPCMs
were well encapsulated with smooth surface. Further-
more, after heating to 800�C, the TGA exhibited that
NanoPCM3 had more Mg(NO3)2�6H2O than NanoPCM1
or NanoPCM2. The DSC results indicated that the highest
encapsulation efficiency was achieved by NanoPCM3 by
about 51.93% with a melting point and latent heat by
about 91�C and 83.2 J/g, respectively, which remained
almost constant after 100 cycles. Another interesting find-
ing was that the NanoPCM3 considerably reduced super-
cooling and phase separation during heating and cooling
without damaging the capsule shell.

Furthermore, Graham et al64 encapsulated
Mg(NO3)2�6H2O and sodium sulphate decahydrate
(Na2SO4�10H2O, Tm ¼ 32�C,Δhm ¼ 228:1 J=gÞ using
PECA shell material as NanoPCM1 and NanoPCM2,
respectively. Moreover, NanoPCM3 and NanoPCM4 cap-
sules were sequentially prepared containing the mixture
of Mg(NO3)2�6H2O and Na2SO4�10H2O with the weight
ratio of 1:1 and 1:2. The encapsulation was carried out by
in situ inverse miniemulsion polymerization combined

TABLE 8 DSC and TGA results of stearic acid (SA) with PMMA and four PMMA-hybrid shell structures40

SA SA0 SA1 SA2 SA3 SA4

Melting temperature (�C) 66 to 83 64 to 84 66 to 86 65 to 89 64 to 89 60 to 85

Storage capacity (J/g) 189 50 73.5 70.8 60.4 63.3

Encapsulation percentage (%) — 26.5 38.9 37.5 32 33.5

On-set PCM mass loss (�C) 160 160 160 160 150 160

Degradation temperature (�C) 226 340 325 340 290 347

Note: Reused with permission from Elsevier license number 5193620427763.
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with ultrasonic treatment. Results showed that the diam-
eter of NanoPCMs was in the range of 100-300 nm with
the smooth PECA shell through SEM images. TGA curve
was used to observe the reduction of water loss in
NanoPCM2, NanoPCM3, and NanoPCM4 as the increase
of Na2SO4�10H2O content in the capsules. This study also
investigated two types of mixture: (a) single NanoPCM1
and NanoPCM2 in different ratios, and (b) NanoPCM3
and NanoPCM4 capsules containing the mixture of salt
hydrate PCMs as core component. The DSC results
showed the multiple melting points of the NanoPCM
mixture in Figure 2C,D which was attributed to the phase
transition of each PCM with maximum latent heat reduc-
tion of about 80% to 83%. Meanwhile, the transition tem-
perature of NanoPCM3 (Figure 2E) was unstable and
they found it difficult to predict the latent heat. In con-
trast, the phase transition of NanoPCM4 in Figure 2F
was clearly shown at melting point of 15.4�C in 67%
encapsulation efficiency with the supercooling reduction
of 16.5�C.

3.1.2 | Interfacial polymerization

The interfacial polymerization is characterized by the for-
mation of polymerization at the surface of dispersed PCM

as core material. The interfacial polymerization is based
on the dissolution of oil-soluble reactive monomer in the
organic phase consisting of core materials, followed by
the introduction of water-soluble reactive monomer into
the dissolution prior to polymer shell formation.

Hayashi et al65 adopted interfacial polymerization to
encapsulate erythritol in polyurethane shell material. Poly-
ethyleneglycol (PEG) 600 was selected as water-soluble
monomer and subsequently mixed with erythitol to be dis-
solved in distilled water to prepare the aqueous phase. The
solution was then added to corn oil as oil phase to establish
W/O emulsion. Three different isocyanate monomers (tolu-
ene diisocyanate [TDI], diphenyl methane diisocyanate
[MDI], and hexamethylenediisocyanate [HDI]) were
employed as oil-soluble monomer. The isocyanate was
mixed afterward to W/O emulsion to form polymer shell
material, and it was observed the rough surface of each
sample through SEM images. They also reported that
microencapsulation using TDI, MDI, and HDI achieved
maximum encapsulation efficiency respectively, about 82%,
50%, and 40%. The DSC results showed that microcapsules
prepared with TDI achieved the highest latent heat, about
82 J/g, without any significant change of melting tempera-
ture at 121�C. The MEPCM using TDI was subsequently
investigated to study the effect of supercooling prevention
agent by employing potassium dihydrogen phosphate and

FIGURE 2 DSC for (A) NanoPCM1, (B) NanoPCM2, (C) 1:1 NanoPCM1:NanoPCM2 ratio, (D) different NanoPCM1: NanoPCM2 ratio,

(E) NanoPCM3 (encapsulated 1:1 wt% Mg(NO3)2.6H2O: Na2SO4�10H2O), (F) NanoPCM4 (encapsulated 1:2 wt% Mg(NO3)2�6H2O:

Na2SO4�10H2O). Reused from Graham et al64 with permission from The Royal Society of Chemistry
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calcium sulphate with PCM. Results revealed that the crys-
tallization temperature of PCM shifted from 21�C to 100�C
due to the introduction of supercooling prevention agent.

3.2 | Sol-gel encapsulation

Sol-gel method is defined as the production of an oxide
association in a liquid via polycondensation reactions of a
molecular precursor. The sol-gel encapsulation process is
initiated by uniformly mixing of precursor in liquid phase
followed by the hydrolysis condensation chemical reaction
to generate a stable dispersion of colloidal solution (sol) par-
ticles. A gel with a three-dimensional network structure is
subsequently formed by the assembly of the sol.61

In this technique, silicon dioxide (SiO2) is typically
utilized as the shell material, which has thermal stability,
mechanical strength, and can withstand high tempera-
tures.66 Tetraethylorthosilicate (TEOS) is employed by
many studies as precursor, and the appearance of silica
nuclei via hydrolysis and condensation of TEOS is
described as follows12:

Hydrolysis :: Si OC2H5ð Þ4þ4H2O! Si OHð Þ4þ4C2H5OH

Condensation : Si OHð Þ4þ OHð Þ4Si!� Si�O�Si
�þH2O

Microencapsulated NaNO3 was prepared by Sanchez
et al67 by adopting sol-gel method using SiO2 shell. The
SiO2 precursor was TEOS, with the molar ratios of 1:0.5
and 1:0.25 to PCM, and labelled respectively as Na-0.5Si
and Na-0.25Si. According to the SEM images, the NaNO3

in Na-0.5Si had crystallized into bundles with SiO2 micro-
particles coated on them in particle size of 0.2 to 0.5 μm.
Micrographs of Na-0.25Si, on the other hand, showed
prismatic shape NaNO3 crystals coated shell in the range
of 0.5 to 1 μm. In addition, DSC result exhibited melting
peak at about 306.8�C with enthalpy 158.1 J/g. It was also
reported that the presence of SiO2 caused some discrep-
ancies in the thermal behaviour of synthetized Na-0.5Si
and Na-0.25Si microparticles. Due to the presence of
SiO2, the melting points of Na-0.5Si and Na-0.25Si were
changed to 294.2�C and 293.4�C, respectively, in accor-
dance with an encapsulation efficiency of 11.43% and
15.74%. After that, the thermal stability of Na-0.25Si was
examined, and the results revealed that it was more sta-
ble than Na-0.5Si even after 20 thermal cycles with con-
stant melting and cooling enthalpies of 20 and 22 J/g,
respectively.

Wu et al12 prepared microencapsulated composite
material using Na2SO4 as core and SiO2 as shell using the

sol-gel method. To explore the impacts of silica mass per-
centages on the thermal properties of MEPCMs, TEOS
was utilized as the silica precursor, and various masses of
Na2SO4 were synthesized with the ratio of 2.7% to 26.8%.
SEM images showed that the MEPCM with 5.4% silica
added had a homogenous structure throughout the whole
Na2SO4 particle. Due to the increase of silica mass per-
centage, specific heat capacity and thermal conductivity
increased first and subsequently declined. Because of the
limited impact of silica outside, the peak melting temper-
atures essentially rose with the increase of silica mass
percentages, as shown in DSC thermogram. DSC also
showed that with silica additions of 2.7% and 3.8%, the
latent heat of pure Na2SO4 rose from 182.3 to 211.0 J/g
and 194.8 J/g, respectively, which might be promoted by
the silica phase transition. The MEPCM with 5.4% of sil-
ica could be a tipping point for the silica phase transition
and the Na2SO4 solid-liquid phase transition, resulting in
a lower total heat release about 170.6 J/g, than pure
Na2SO4. The overall heat storage density of 5.4% silica,
including latent heat and sensible heat, was 390.6 J/g for
working temperatures ranging from 850�C to 950�C,
which proved critical for thermal storage applications.
Furthermore, they discovered that after 50 thermal cycle
tests, the latent heat loss of MEPCM with 5.4% silica was
just 4.3%, which was finally determined as the best sam-
ple in this study.

Zhang et al66 investigated the microencapsulation of
KNO3 in silica shell for high-temperature applications of
more than 300�C. The capsules were obtained by
employing different amount of TEOS from 0.5 to 2 mL. It
was observed the rougher surface morphology of silica
shell as the increase of TEOS concentration. They
assumed that the smoother shell development was due to
the smaller primary silica nuclei size and lower silica
condensation degree. DSC was utilized to describe the
phase change behaviour of the MEPCMs, as well as to
investigate the sample's heat storage capability and ther-
mal stability. The greatest encapsulation efficiency was
determined to be around 98.8% for 0.5 mL of TEOS. All
other MEPCMs with lower encapsulation ratios, on the
other hand, were found intact after 10 cycles of DSC test-
ing. They concluded that the MEPCM with 0.75 mL
TEOS exhibited a stable shell after durability testing and
a high encapsulation ratio of 95.2%.

Moreover, the microencapsulation for binary carbon-
ate salt of Li2CO3 and Na2CO3 in silica shell was devel-
oped by Zhang et al68 through water-limited sol-gel
method with TEOS as precursor. By restricting the
amount of water in the solution, binary salt may exist as
a solid particle on which the silica might cover. TEOS
concentrations of 1.5 and 2 mL were used during the
preparation and were denoted respectively as LiNa@Si-
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1.5 and LiNa@Si-2. DSC test was carried out to show the
498.6�C of melting point with latent heat of 360.5 J/g.
Besides that, LiNa@Si-1.5 had a latent heat of 250.9 J/g
and a melting point of 498.6 C, resulting in an encapsula-
tion ratio of 69.6%. Because of the greater silica concen-
tration in LiNa@Si-2, it could only regain a latent heat of
131.3 J/g. It was also found that after 100 cycles, 82% of
the latent heat by around 220.7 J/g could be preserved at
494.3�C of melting point. Another significant discovery
was that LiNa@Si-1.5 had a considerably greater effective
heat capacity of around 516 J/g for temperatures ranging
from 400 C to 540 C, an increase of 134.4% above
binary salt.

He et al69 selected Al-Si eutectic PCM and synthesized
Al2O3 as shell material using aluminium precursor. The
microencapsulation was performed in sol-gel process and
the developed MEPCMs were investigated for multiple
thermal cycling. The SEM micrographs of MEPCM after
multiple heat cycles are presented in Figure 3. The initial
surface of MEPCMs in Figure 3A was smooth and thick,
with no defects or cracks, and was remarkably compara-
ble to the five heat cycles depicted in Figure 3B. The
MEPCMs after 15 cycles (Figure 3D) also had an incorpo-
rated spherical particle; however, it began to lose its
smooth surface and transformed to a fractured morphol-
ogy due to excessive sintering, which caused some of the
gel pieces to flake. Regardless of surface shape, the ther-
mal stress caused by solid-liquid cyclic phase transition
did not fully disintegrate the shell after 15 cycles.
According to the TG curve, when the shells of MEPCM
cracked during the thermal cycling process, the majority
of samples showed a similar pattern of mass increase,

which was primarily driven by oxidation of the exposed
Al-Si alloy core. This phenomenon was also shown dur-
ing DSC test with a mass increase of about 0.35% to
3.77%. The DSC findings also indicated the reduced latent
heats during thermal cycling, from 307.21 kJ/kg of
MECPM to 271.90 kJ/kg of MEPCM after 20 cycles. The
link between cracked ratio and thermal cycling times was
also investigated, with findings revealing that the cumu-
lative cracked ratio surpassed 20% at the 20th time
cycling.

3.3 | Spray drying

Spray drying involves dispersing the PCM in aqueous
coating solutions to produce the desired size of microcap-
sules. The liquid emulsion is then atomized into droplets.
The water is subsequently evaporated in a drying cham-
ber, allowing the active components to be encased in an
encapsulating material matrix. The schematic diagram of
spraying drying method is illustrated in Figure 4. The
benefits of spray drying include cheaper manufacturing
costs, higher yields, less waste of raw materials, ease of
control, and multi-purpose applications. The primary dis-
advantages of this technique, on the other hand, are
agglomeration and the fact that leftover particles are not
encapsulated.70

Tudor et al53 selected potassium nitrate (KNO3) with
melting and crystallization point of 338.5�C and 319.1�C,
respectively, into an inorganic shell of ZnO. Solvothermal
technology and spray drying were carried out for micro-
encapsulation process at various weight ratios of ZnO:

FIGURE 3 SEM images of MEPCM

after (A) 0, (B) 5, (C) 10, (D) 15 thermal

cycles.69 Reused with permission from

Elsevier license number 5260831069677
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KNO3 in the range of 1:1 to 1:5 with different synthesis
temperatures. Aside from KNO3 and ZnO, secondary zinc
nitrate hydroxide hydrate (Zn5(OH)8(NO3)2(H2O)2) was
discovered during the manufacturing at synthesis tem-
perature below 200�C. According to DSC findings, the
melting/crystallization temperatures of MEPCM with the
weight ratio of 1:5 were slightly lower than those of pure
KNO3, 328.5�C/312.6�C and 336.1�C/323.7�C, respec-
tively, in agreement with synthesis temperatures below
and above 200�C. Meanwhile, the latent heat of samples
synthesized at temperatures lower than 200�C was almost
half than that of those synthesized at temperatures
higher than 200�C. This finding was explained due to the
presence of Zn5(OH)8(NO3)2(H2O)2 phase. However,
thermal stability was not covered in this study.

Furthermore, Romero-Sachez et al71

microencapsulated KNO3 with ZnO shell by the same
method as in Reference 53. The samples were prepared at
various KNO3/ZnO mass ratios and different tempera-
tures in solvothermal process. The KNO3-ZnO P2 and P4
represented the samples with the 3:1 KNO3/ZnO mass
ratio in synthesis temperature of 110�C and 200�C,
respectively. Meanwhile, KNO3-ZnO P3 and P1 denoted
the microcapsules with a 5:1 KNO3/ZnO mass ratio and a
synthesis temperature of 200�C and 110�C, respectively.
The samples KNO3-ZnO P2, P3 and P4 were observed in
SEM images and it was shown that P2 sample resulted in
ZnO microparticles with varying morphologies, including
spherical and urchin-like forms, which was attributed to
the intermediate zinc hydroxide compound. In addition,
the temperature increase during solvothermal process

promoted the development of ZnO in spherical shape,
which covered the KNO3 particles in P3 and P4 samples.
Another interesting finding showed that DSC curves for
both KNO3-ZnO P2 and P4 revealed two endothermic
points at 133.7/139.6�C and 328.3/339.1�C, respectively,
which related to pure KNO3 phase transitions. The ther-
mal stability was further examined for 20 cycles, and it
was discovered that the enthalpy rise of KNO3-ZnO P2 as
the increase of cycles number both in melting and crys-
tallization. In contrast, even after 20 heat cycles, the
enthalpy of KNO3-ZnO P4 remained unchanged.

3.4 | Fluidized bed

This encapsulation method is based on the following
steps: (a) the atomized shell material is mixed into the
fluidized bed particle of PCM, (b) solvent is evaporated
while shell material coated the PCM, (c) drying the
MEPCM for avoiding agglomeration of solid particles.
Figure 5 illustrates the experimental design of this
method. A blower is utilized to flow various mass rate of
air, and subsequently heated by electrical heaters before
entering the column. The uniform distribution of air gets
into the plenum of the column before flowing to the bed
through a distribution plate.

Fluidized bed was selected by Ushak et al73 to encap-
sulate inorganic PCM of MgCl2�6H2O and Bischofite (95%
MgCl2�6H2O). Following compatibility testing, acrylic
and chloroform were chosen as the polymer and solvent,
respectively. During fluidization production yield, various
fluidization time and atomization flow were carried out
to achieve maximum yield. The results indicated that a

FIGURE 4 Schematic of MEPCM fabrication through spray

drying.60 Reused with permission from Elsevier license number

5260841023950

FIGURE 5 Schematic diagrams of fluidized bed.72 Reused with

permission from Elsevier license number 5260841360331
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fluidization time of 120 seconds and an atomization flow
rate of 2 kg/h were optimal for achieving a maximum
yield of encapsulated bischofite and MgCl2�6H2O of 72.5%
and 84.9%, respectively, in accordance with an encapsula-
tion efficiency of 87% and 92%. They reported the melting
temperatures for bischofite and MgCl2�6H2O, respec-
tively, as 104.6�C and 95.3�C, which was slightly lower
than pure bischofite and MgCl2�6H2O. Unfortunately, the
encapsulated inorganic PCMs suffered from the super-
cooling phenomenon. Visual observation and an optical
microscope were used to examine the morphology of the
microencapsulated PCM and it was obtained an
extremely high encapsulation efficiency through the
image of MgCl2�6H2O. This was indicated by the sample
being totally red, while the bischofite image revealed blue
and white portions representing encapsulated crystals
and non-encapsulated crystals.

3.5 | Hydrolysis followed by heat
oxidation

Nomura et al74 developed MEPCM consisting of Al-25 %
Si alloy core into α-Al2O3 shells using hydrolysis treat-
ment followed by heat oxidation. The technique was
based on two steps, as in Figure 6: (a) boehmite treat-
ment for AlOOH preparation shell by hydroxide precipi-
tation process in hot water, and (b) heat-oxidation
treatment in an O2 atmosphere to form stable α-Al2O3

shells by heating from room temperature up to 930�C
before finally cooled down to room temperature. A fast
weight increase in the 530�C to 650�C range and at 705�C
of TG was detected as a result of rapid Al oxidation.
Cracks appeared on the shell at these points as a result of

thermal expansion of the shell material produced by vol-
ume expansion of the PCM core. The weight increase
appeared to cease around 705�C, indicating the develop-
ment of a transient stable oxidation coating on the inter-
facial surface of the exposed liquid Al, which prevented
leakage and oxidation of inner liquid Al. The developed
MEPCM had a phase transition temperature at 573�C,
which was close to that of the pristine PCM, about
577�C. The MEPCM had a latent heat of 247 J/g, which
was approximately 57% of the raw material. In addition,
after 10 cycles, the MEPCM's phase change temperature
and latent heat were fairly similar to those measured dur-
ing the first cycle, indicating that the MEPCM retained
its original structure without leaking.

Furthermore, Nomura et al75 developed the encapsu-
lation of Al-25 wt% Si microspheres using α-Al2O3 shells
by employing boehmite and heat-oxidation treatment as
in Reference 74. In this study, during heat oxidation, the
sample was heated from room temperature to 1130�C
prior to finally cooling to room temperature again. The
MEPCM in this study were compared with the sample
with heat oxidation at 930�C in Reference 74, and they
found that the MEPCM had thinner and more continu-
ous bands of crystals as a result of the higher tempera-
ture heat-oxidation treatment. DSC result showed the
melting and crystallization temperature of MEPCM was
respectively 579�C and 530�C, which was comparable
with the core's. Meanwhile, the latent heat of the
MEPCM was about 54% that of the raw material. The
most interesting finding was that the samples achieved
almost constant temperature and latent heat after
300 cycles and retained its original structure without
leaking. Unfortunately, supercooling remained a concern
in that investigation.

FIGURE 6 Schematic diagram for

the preparation of MEPCM. Reused

from Nomura et al74 with permission

from Springer Nature
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Nomura et al76 followed the process described in Ref-
erences 74 and 75 for encapsulating Al in Al2O3 shells,
where heat oxidation treatment was performed at tem-
peratures 1100�C, 1150�C, and 1200�C. The raw Al mate-
rial was chosen as the core material due to its
comparatively high latent heat of 384 J/g at 660�C melt-
ing temperature. The DSC results indicated the reduced
MEPCMs' heat storage capacity as the rise of heat oxida-
tion temperature. The reductions were around 21.6%,
23.2%, and 28.9%, respectively, for generated MEPCM at
1100�C, 1150�C, and 1200�C heat oxidation temperatures.
Meanwhile, the melting point of all MEPCMs remained
relatively consistent at 660�C. Additionally, an interesting
observation was that MEPCMs with a higher heat oxida-
tion temperature demonstrated superior cyclic endurance
after 100 thermal cycles.

Sheng et al77 modified the microencapsulation
method of boehmite and heat-oxidation treatment in Ref-
erence 74 to enhance the thermal stability of
microencapsulated Al-25% Si alloy and self-repairing
Al2O3 shell. To offer an additional aluminium source, the
boehmite treatment was initially performed in an
Al(OH)3 solution with an adjusted pH value prior to pre-
cipitation of more Al(OH)3 on the surface. Finally, heat-
oxidation treatment at temperature 1150�C was carried
out in an O2 atmosphere. The SEM images of MEPCM
samples were observed, and they exhibited a less rough
and reasonably compact surface shape when compared
with those that had not been treated with precipitation. It
was also observed the more stuck of tiny particle on the
surface for sample with the addition of Al(OH)3. This
finding corresponded to the formation of θ-Al2O3, which
could increase the shell strength. After 100 thermal
cycles, it was obtained that the sample with pH 9 suffered
from shell breakage. Thermal stability test was subse-
quently conducted, and the MEPCMs obtained at pH 8
exhibited less breakage ratio than those of the prepared
sample at pH 7. They reported the latent heat of the sam-
ple with pH 8 was about 183 J/g, which was lower than
the prepared samples in Reference 75 due to the thicker
Al2O3 shells in this study. Interestingly, the samples
obtained at pH 8 achieved high durability until
3000 cycles without obvious leakage or cracks.

Kawaguchi et al78 modified the MEPCM with Al-
based and Al2O3 shell. Prior to boehmite treatment,
Al(OH)3 was used to modify the coating thickness. The
precipitation treatment was subsequently conducted in
distilled water at 75�C for 16 hours prior to heat oxida-
tion at 1200�C and 1300�C. The samples were then com-
pared with the fabricated MEPCM in Reference 73, and it
was discovered that the modified samples included voids
in almost half of the MEPCM particles, which allowed
volume expansion during phase change. Due to the

existence of voids, it was confirmed that the modified
MEPCM demonstrated excellent durability three times
than samples in Reference 73, about 300 cycles, with a
maximum latent heat capacity of 186 J/g.

Sheng et al79 synthesized the MEPCM of Al-25 wt% Si
with in multilayer of Al2O3 and Cu shell for enhancing
the thermal performance. Boehmite was initially used to
prepare the Al2O3 shell precursor, followed by heat treat-
ment and oxidation to prepare the Al2O3 shell, prior to
HCl etching to improve adhesion. Finally, formation of
copper multilayer shell was created by chemical plating
process. A high melting temperature of MEPCM by
570�C with an enthalpy of fusion of 100 J/g was achieved.
After 100 thermal cycles, the produced MEPCM exhibited
two melting points of 518�C and 570�C, respectively,
corresponding to enthalpies of 25 and 41 J/g. SEM images
showed the retained original MEPCM samples without
any leakage and low broken ratio after 10 and 100 cycles,
as displayed in Figure 7.

Following the method described in Reference 79, Li
et al80 prepared the microencapsulation of aluminium in
the composite shell material of Al2O3 and copper. The
DSC curves resulted in latent heat decrease due to the
formation of multilayer shell of MEPCM. Additionally,
after 10 melting-solidification cycles, the latent heat was
reduced to 63.46 J/g while the melting point remained
nearly constant, which was also characterized by smooth
and thick shell surface.

Li et al10 developed another composite shell material
by employing Al-10 wt% Zn alloy as the PCM in compos-
ite Al2O3, ZnO, and Cu shell materials using the proce-
dure outlined in Reference 79. After copper plating, the
latent heat of Al-Zn alloy was lowered by approximately
50%, from 176 to 89 J/g, while the melting temperature
was slightly decreased at 638.6�C. The MEPCMs were
then subjected to 50 thermal cycles, with the findings
indicating a latent heat of approximately 66 J/g without
cracks or leakage.

Kawaguchi et al81 developed the microencapsulation
of Zn-30% Al alloy by employing the hydrothermal
method followed by heat-oxidation treatment for middle-
high temperature applications. The composite consisting
of MEPCM and glass frit (GF) as a sintering agent was
subsequently prepared at a weight ratio of 1:1. The DSC
curves and SEM images were employed to analyse the
raw materials, as-prepared MEPCMs, as-prepared com-
posites, and composites after cyclic testing 100 times.
DSC results exhibited phase change temperature in the
range of 437�C to 512�C for MEPCM and MEPCM-GF
composite. Nevertheless, the heat capacity of the as-
prepared MEPCMs was decreased from 166 to 117 J/g
compared with the raw material. The reduction was
attributed to the formation of an oxide coating on the
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sample surface. Meanwhile, the heat capacity of the
MEPCM-GF composite was 48 J/g and the heat capacity
was the same after 100 thermal cycles.

3.6 | Other methods

Other methods, such as solvent extraction, “double-layer
coating, sacrificial inner layer,” combination of mixing
and sintering, etc, exist in addition to the encapsulating
technologies.

Li et al82 prepared the microcapsules made of
perhydropolysilazane (PHPS) as the shell material and
sodium nitrate (NaNO3) as the core. Microcapsules were
prepared through solvent extraction and ultrasonic dis-
persion. Initially, PHPS solution was entirely mixed with
NaNO3 particles. Prior to particle dispersion using an
ultrasonic processor, tridecane was added to the solution
as an organic solvent. Finally, residual tridecane was fil-
tered out of the produced MEPCM powders. In addition
to particle size distribution, SEM images were utilized to
show that MEPCM particle sizes of 10 to 300 μm were
larger and more uniform than NaNO3 particles. This was
generated by tiny NaNO3 particles clumping together to
form a larger particle. The DSC thermogram of NaNO3

and MEPCM indicated that MEPCM had a lower latent
heat of 159.2 J/g than pure NaNO3 by 188.2 J/g. When
compared with NaNO3, the melting and solidification
points of MEPCM were 306.19 and 300.44�C, respec-
tively, without significant change of melting point and
3�C reduction of freezing point. TG curve confirmed the

36�C decomposition temperature enhancement of
MEPCM compared with the pure PCM. After heating the
MEPCM sample up to 350�C, no significant difference in
thermophysical properties and morphologies were
obtained.

Leng et al13 microencapsulated binary eutectic salt
PCM of NaCl and KCl in a diatomite shell material with
different ratios. Before melting at 680�C to create eutectic
salt, the NaCl and KCl were thoroughly mixed with a ball
mill in a mole ratio of 1.02:1. After cooling down the salt
to room temperature, it was crushed and processed to a
particle size of 200 to 400 μm in a ball mill. The encapsu-
lation was developed by using a combination of mixing
and sintering method. For subsequent usage, the diato-
mite was crushed down to 3-5 μm particles in a ball mill.
A particular amount of water was sprayed on the surface
of the eutectic salt powder, and then the diatomite parti-
cles were added to obtain final MEPCM. Using a
tableting machine, the encapsulated samples were then
put into a mould for the pressing process, resulting in
green pellets. Afterwards the DSC test was conducted at
various weight of PCM and diatomite and displayed as in
Figure 8A. The 70% of salt concentration was subse-
quently investigated according to the highest compressive
strength with 393.3 J/g of energy density. Furthermore,
the thermal stability of sample was studied, and after
1000 thermal cycling, the melting enthalpy of MEPCMs
decreased from 179.3 to 163.1 J/g without any significant
change of melting point, as depicted in Figure 8B.

Wei et al15 prepared the microencapsulation of Al-Si
alloy composition and Al2O3 shell material. The

FIGURE 7 SEM images of MEPCM

after (A and B) 10 and (C and D)

100 cycles.79 Reused with permission

from Elsevier license number

5260850010440
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microencapsulation procedure was mainly composed of
the formation of a precursor shell on Al microspheres
and the subsequent calcination in an argon atmosphere,
as displayed in Figure 9. Precursor TEOS was employed
in varying compositions from 3.9 until 5.1 g to develop
the MEPCMs with tunable melting temperature. DSC
resulted in the rise of MEPCMs melting temperature in
the range of 574�C to 641.4�C for higher TEOS concentra-
tion. In contrast, the melting latent heat decreased from
331 to 248.6 J/g due to the rise of TEOS concentration.
After 100 thermal cycles, the melting latent heat of all
samples was reduced, as exemplified by the 41.7 J/g
latent heat reduction of samples with 3.9 g of TEOS. In
addition, a sample with a 3.9 g of TEOS was cracked after
20 and 100 cycles, as depicted through SEM images.

Furthermore, Wei et al83 focused on the development
of void between Al2O3 shell and Al-Si/Bi core following
the process described in Reference 15 by utilizing immis-
cible alloy Al/Bi as precursor material. Bismuth
(Bi) basically acted as a catalyst, increasing the activity of
the alloy particles and stimulating the production of a
precursor shell on the Al/Bi surface. Bi also contributed
significantly to the formation of void space through the
evaporation of the majority of the outer Bi in Al/Bi alloys.
According to the DSC curve, the prepared composite
samples possessed multiple high melting points in the
range 571.8�C to 631.9�C with the latent heat 209.5 to
278.2 J/g, which was lower than the sample without
Bi. Additionally, the thermal conductivity of composite
was in the range 2.068 to 2.734 W/m K, while 2.966 W/
m K was obtained for the sample without Bi. After
300 thermal cycles, the latent heat of composite samples

decreased by around 24.3 to 31.7 J/g, which was still less
than the latent heat of the sample without Bi, which
decreased by approximately 58.1 J/g.

Moreover, Wei et al84 continued the microencapsula-
tion of Al-Si alloy in Al2O3 shell based on the method in
Reference 15. Varying quantities of TEOS (4.0, 4.5, and
5.0 g) were utilized during the calcination treatment in
nitrogen (N2), while 4.0 g of TEOS was used in argon cal-
cination process. SEM images showed a rough and dis-
continuous surface for encapsulated PCM in argon, but a
high dense and uniform surface for the sample con-
taining 4.5 g TEOS N2. Multiple melting temperatures
were obtained for all samples in the range 571.5�C to
637.9�C with highest latent heat of 255.8 g/J was pro-
duced for the sample in argon. However, after 3000 ther-
mal cycles, the latent heat was reduced by about
118.5 J/g for the sample in argon. Meanwhile, the latent
heat for the sample in N2 calcination were less reduced
by about 59.8 to 77.7 J/g indicating denser and more uni-
form shell material due to the self-repair shell material.

Yolk/shell microsphere encapsulated Al in Al2O3

shell was prepared by Li et al85 by the involvement of cat-
alyst. Various amounts of nickel chloride (NiCl) were car-
ried out to control the nickel species as catalyst on Al
surface for improving the oxidation of Al by oxygen to
form Al2O3. However, the relatively high concentration
of NiCl potentially reduced the void space between Al
and Al2O3 shell. Compared with the Al core material, the
fusion enthalpy of MEPCM was lowered from 390.5 to
315 J/g with a good morphology structure at 663.5�C.
The prepared sample obtained high thermal stability due
to retained original shape after 50 cycles with a phase

FIGURE 8 DSC thermograms for (A) eutectic sal and different ratios of MEPCM, and (B) MEPCM with 70% salt concentration before

and after 1000 thermal cycling.13 Reused with permission from Elsevier license number 5260850262098
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transition temperature and latent heat of 663.6�C and
311.8 J/g, respectively. In addition, when the temperature
was less than 600�C, the thermal conductivity remained
constant at 1.5 W/m K, but rapidly increased as the tem-
perature above the melting point of Al.

Bao et al86 attempted to accommodate volume expan-
sion of MEPCM by employing “double-layer coating, sac-
rificial inner layer” method. High-melting temperature
tin with a melting point of 234.7�C was selected as PCM,
and double layers of PMMA and SiO2 were prepared as
shell materials, as illustrated in Figure 10. Initially, tin
was encapsulated by PMMA using ultrasonic, followed
by sol-gel method to generate a second coating of SiO2.
The PMMA shell was subsequently degenerated at 400�C
before finally sealing the pores of MEPCM. Compared
with pure tin, the latent heat of MEPCMs with thermal
expansion void was lowered from 60.22 J/g to 57.8 J/g at
melting temperature of 235�C. Additionally, it was dis-
covered that the latent heat values of MEPCMs with ther-
mal expansion voids were almost identical to those of
MEPCMs with the original core-shell structure up to
200 cycles. In comparison, the morphology of MEPCMs
without a thermal expansion void amended drastically
after 200 thermal cycles, with a 20% decrease in
latent heat.

The “double-layer coating, sacrificial inner layer”
encapsulation method was also adopted by Ma et al87

using Sn microsphere PCM in a double-layer shell of
PMMA and CaCO3. After heating up to 400�C, the

PMMA was decomposed to form the void between Sn
and CaCO3. When MEPCMs with or without voids were
compared with Sn microspheres, there was no discernible
change in the melting temperature at 231.8�C. However,
the MEPCM without and with void lowered the latent
heat of the Sn from 60.22 J/g to 58.06 J/g and 56.31 J/g,
respectively. As a result of the encapsulation with a
CaCO3 shell, the supercooling of Sn was dramatically
reduced by about 59.8% and 7.76% for MEPCM without
and with void, respectively. Furthermore, SEM images
were utilized to observe both MEPCMs after 200 thermal
cycles, and it was determined that the MEPCM with void
had a good shell structure and retained an unchanging
latent heat of around 54 to 55 J/g. In contrast, the core-
shell structure of MEPCM without void was entirely
damaged, allowing the core material to flow out and
resulted a 15.5% decrease in latent heat. The MEPCM
with void was subsequently combined with ceramic
material of glass frit (GF) and Al2O3 sintering agent to
achieve higher thermal storage from sensible heat, and it
was observed that the composite MEPCMs was
maintained in spherical structure and uniform distribu-
tion. As the introduction of ceramic, the latent of
MEPCM was reduced by approximately 50.7% with high
thermal conductivity at 3.60 W/m K.

A “solvent evaporation-heating curing” method was
introduced by Wang et al88 to encapsulate Al-Si PCM in
SiCN shell material. Basically, solvent evaporation was
carried out intially by mixing Al-Si, precursor shell

FIGURE 9 Schematic diagram of the preparation process of microencapsulated Al-Si with Al2O3 shell.
15 Reused with permission from

Elsevier license number 5260850395043
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material of organic polysilazane (OPSZ) followed by
heating curing of solution up to 700�C at argon atmo-
sphere to generate SiCN shell material. Varying core-
shell mass ratios were prepared and it was obtained that
the core-shell mass ratio of 4:1 achieved regular spherical
shape without agglomeration. The MEPCM had a melt-
ing point and latent heat of 573.7�C and 281.2 J/g, respec-
tively, which was slightly lower than PCM's melting
temperature of 575.8�C and latent heat of 318.6 J/g.
Based on DSC result, it was also shown that the SiCN
could reduce the supercooling effect of Al-Si from 6.8�C
to 1.8�C. They also reported that the heat charging/
releasing rate of Al-Si was reduced as the quantity of
shell materials rose from 84.96 J/g min to 47.94 until
72.35 J/g min. Interestingly, after 100 thermal cycles, the
melting and freezing enthalpy of MEPCM dropped only
by approximately 3.8% and 6.2%. Interestingly, after
100 heat cycles, the melting and freezing enthalpies of
MEPCM dropped by approximately 3.8% and 6.2%,
correspondingly.

3.7 | Comparison of microencapsulation
techniques

Shell material selection is crucial for encapsulating
medium and high-melting temperature PCM. Liquid
metal and molten salt PCM generally exhibit high chemi-
cal corrosion in the presence of shell materials like
metals.13 The transition of high-melting temperature
PCMs from solid to liquid leads to the volume expansion
of capsule, which results in thermal stress.89 However,
fabricating MEPCMs with thick shells will decrease the
heat storage density. Therefore, the shell material for

most of the low-temperature MEPCM might not be capa-
ble of withstanding medium and high temperatures due
to the difficulties aforementioned. Thus, inorganic shells,
as shown in many studies, are required with temperature
degradation above the medium and high-melting temper-
ature of the PCM. Other studies considered the use of
polymer shell materials; however, they have relatively
low thermal stability and thermal conductivity. Numer-
ous approaches also have been devised to create space
between the core and shell materials in order to appease
volume expansion during phase transition.

Many studies have introduced various methods to
encapsulate medium and high-melting PCMs. Each
method has its own characteristics and can be utilized
based on needs. Chemical method using polymer shell
material is extensively used to encapsulate various types
of PCMs. The widely used polymer shell materials
include polymethyl methacrylate (PMMA), polystyrene-
butyl acrylate (PSBA), polyethyl-2-cyanoacrylate
(PECA), and polyurethane. However, the encapsulation
of salt hydrate PCMs using chemical method is more
complicated as compared with paraffin PCMs due to
their hydrophilicity and water content nature. In the sol-
gel technique, tetraethylorthosilicate (TEOS) is widely
used as a precursor via hydrolysis and condensation to
create silica shell. Hydrothermal followed by heat-
oxidation method could also be employed for encapsu-
lating medium-high melting temperature PCMs, such as
Al-Si and Zn-Si alloy in α-Al2O3 or θ-Al2O3 shells.
Unfortunately, the fabrication process of a boehmite
treatment and heat-oxidation treatment is only applica-
ble to Al-Si and Al-Zn alloy microcapsules. Finally, the
benefits and detriments of each method are summarized
in Table 9.

FIGURE 10 Fabrication process of MEPCM with “double-layer coating, sacrificial inner layer” technique.86 Reused with permission

from Elsevier license number 5260850532724
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4 | THERMAL
ENHANCEMENT PCMS

The potential of medium-high melting temperature
PCMs is often limited by barriers such as low thermal
conductivity and low efficiency of PCM storage sys-
tems. Some past studies have therefore looked at vari-
ous methods of enhancing their thermal conductivity
with materials such as metal particles, carbon, and
ceramic-based additives. Regarding low efficiency, the
concept of multiple storage arrangement systems has
been investigated as means of improving the overall
efficiency of medium-high melting PCM storage
systems.

4.1 | Thermal enhancement

4.1.1 | Metal-based additives

This was exemplified in the work undertaken by Zhang
et al.92 They investigated experimentally and numerically
the heat transfer of composite eutectic salt PCM (50 wt%
NaNO3, 50 wt% KNO3) by introducing copper and nickel
metal foams for the enhancement of thermal conductiv-
ity. To minimize thermal contact resistance with the
metal foam, the metal foams were manufactured into a
cylindrical shape in milli scale that was slightly bigger
than the inner diameter of the PCMs. The composite
eutectic PCM system was subsequently heated from 30�C
to a particular temperature, and vice versa for cooling
process, to observe the thermal improvement. The results
in Figure 11A,B show that there was about 19.3% and

28.8% reduction in the time-durations of heat transfer
during heating and cooling processes, respectively, for
the composite PCMs compared with the pure eutectic
PCMs in temperature difference of 210�C.

Li and Wu93 studied numerically the thermal perfor-
mance of NaNO3 with high thermal conductivity copper
by optimizing the porosity and pore density matrix. The
PCMs were inserted into the porous metal matrix with
cube-shaped matrix structures. Under steady and
unsteady heat transfer conditions, eight distinct porous
copper matrices were examined, each with two porosities
(90% and 95%) and four pore densities (5, 10, 20, and
30 pores per inch [PPI]). The effects of heat conduction
and natural convection on the heat transfer inside the
PCMs system were investigated under steady-state condi-
tions. The results indicated that heat conduction transfer
was magnified by around 28.1 times in the solid state, but
improved by 3.1 times in the liquid phase due to the pres-
ence of natural convection and heat conduction. These
magnifications associated with the shorter duration dur-
ing melting and solidification of composite PCMs, which
was studied under unsteady state. It was reported that
they were able to achieve a 20% reduction in the mini-
mum melting time for NaNO3 implanted with 90% poros-
ity and 10PPI compared with pure NaNO3. Meanwhile,
the shortest solidification time for NaNO3 implanted with
90% porosity and 30PPI was only 3.9% of the time
required for pure NaNO3 throughout the solidification
process.

Yang et al94 studied numerically the thermal behav-
iour of NaNO3 PCMs with copper metal foam. The
porous copper foam, which was filled by Na2SO4, was
contained by a rectangular domain with a length (y) of

FIGURE 11 Temperature profile during (A) heating and (B) cooling process.92 Reused with permission from Elsevier license number

5260850678157

SINAGA ET AL. 25



30 cm and a width (x) of 10 cm. Various copper foam
samples with varied geometric features, such as porosity
εð Þ, average porosity εð Þ, and pore density ωð Þ, were
examined and studied. Simulation result showed the
13.8% shorter melting time of samples with ε increasing
from bottom to top compared with constant ε at 0.9, and
it was 24.2% shorter than that of samples with ε decreas-
ing from bottom to top. The temperature variation of cho-
sen places in materials with increasing porosity from
bottom to top was also able to uniformize the thermal
field, according to the findings.

Yuan et al95 investigated the improvement of alumi-
nate cement as a TES material with a melting point of
282.2�C utilizing Cu particles in concentrations ranging
from 1 to 15% wt. After dispersing the copper particles
and polycarboxylate in water, the mixture was introduced
to the PCM for the hydration process. It was observed
that the thermal conductivity improved by the addition
of Cu particles and reduced as the temperature rose. The
best thermal conductivity values after heat treatment
were achieved at Cu powder concentration of 15 wt%,
which exhibited 24%, 50%, and 51% greater than that of
pure PCM at 105�C, 350�C, and 900�C, respectively.
According to the DSC curves, there were two major endo-
thermic peaks at 282.2 and 696.8�C, respectively, caused
by the dehydration product of TES. Similarly, endother-
mic peaks associated with TES dehydration emerged at
about 280�C in the composite PCM containing Cu parti-
cles. Dehydration of the products was also found to result
in a 13.7% mass loss in pure PCM. Meanwhile, the con-
tinuous oxidation process in composite PCM resulted in a
weight rise of 1.5%.

The improvement of convective heat transfer of
MEPCM was numerically investigated by Benner et al.96

Tin, aluminium, and copper were separately analysed as
core materials in the fused silica shell material. Encapsu-
lation of PCM was characterized by different ratio of shell
thickness and core (ϕ). It was concluded that the convec-
tive heat transfer rate was improved as the rise of ϕ as a
result of the increase in surface area. However, when ϕ
rose, the ratio of latent heat (LHR) to total energy storage
declined, indicating that sensible heat was the predomi-
nant energy held inside the particle due to convective
heat transmission. Among those PCMs, copper's LHR
was the lowest. In addition, the time required to com-
mence the melting process (theat up) was utilized to define
the transient process, followed by the time required to
complete the melting process (tmelting). The theat up for tin
and aluminium grew as ϕ increased, but the theat up of
copper was firstly reduced before progressively increas-
ing. This difference was attributed by the fact that the
thermal time constant changed as a function of convec-
tive thermal resistance and lumped thermal capacitance.

Additionally, the tmelting dropped as ϕ raised for all cases,
which corresponded to the rapid cooling rate associated
with the thicker shells' higher surface area.

4.1.2 | Carbon-based additives

Another material that may be utilized to improve the
thermal performance of PCMs is carbon-based. Aside
from excellent thermal conductivity, carbon materials
have the potential to be employed owing to their non-
corrosive properties, light weight, and reduced density,
which metal-based materials do not have. Carbon sub-
stances are also employed because they have desirable
properties, such as high stability and PCM compatibil-
ity.97 Carbon fibre, carbon nanotubes, graphite, and
graphene are all extensively utilized to enhance the ther-
mal conductivity of PCM.

Expanded graphite (EG) was adopted by Tian et al58

to intensify the heat transfer performance of binary
eutectic chloride (NaCl-CaCl2) by impregnation of mol-
ten eutectic PCMs in porous EG at high temperature.
They investigated and evaluated various concentrations
of EG ranging from 0.5 to 20 wt% and determined that
the maximum EG content in the compound should be
7 wt% to avoid any leakage. When the EG concentration
was less than 3 wt%, the specific heat capacity of compos-
ite PCMs declined with increasing EG content in the liq-
uid state. Once the EG concentration exceeded 3 wt%, it
began to rise rapidly. Although the phase change temper-
atures of composite PCMs varied little in the range of
775-780�C, the phase change latent heats decreased line-
arly with the EG content by about 3 until 19.24%. The
thermal conductivity of composite PCMs containing 0.5
to 20 wt% EG was increased by 123.2% to 701.1% as com-
pared with binary eutectic PCM. Another important dis-
covery was that composite PCMs had a greater heating
and cooling rate than binary eutectic chloride due to the
enhanced heat transfer rate caused by the EG compo-
nent. The composite PCMs/EG could reduce the melting
and solidification time by about 11.54% to 23.85% and
23.63% to 32.72%, respectively, than that of pure eutectic
PCM. They determined that, when all heat storage prop-
erties were considered, the EG content of composite
PCMs should be between 7 and 10 wt%.

Shape stable PCMs (SSPCMs) were adopted by Wang
et al98 using high-melting temperature Na2CO3-K2CO3 as
PCM, while coal fly ash and EG served respectively as
ceramic skeleton material (CSM) and thermal conductiv-
ity enhancer. The mixture was fabricated under high
pressure and temperature by maintaining the PCM to
CSM at 7:3, while EG was prepared in the range of 1.5
until 6 wt%. It was observed that the more EG content in
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the composite, the lower the latent heat. Due to the intro-
duction of EG, the latent heat of composite was reduced
by about 32.98% until 36.77% at a nearly constant melting
temperature about 700�C. On the other hand, when the
EG content was 6 wt%, the thermal conductivity of the
composite was enhanced to a maximum of 183% with a
5% drop in heat storage density compared with SSPCM
without EG.

Ran et al99 prepared and characterized a high-
temperature composite of eutectic salt-based PCM in a
supporting matrix material of α-Alumina and EG addi-
tives. A mixture of NaCl, KCl, and MgCl2 was selected as
the PCM with a melting point of 471.8�C and 251.06 J/g
of latent heat. The composite was prepared with a uniax-
ial compression method with varying amount of
graphene from 5 to 15% wt. It was demonstrated that the
EG effectively enhanced the composite's thermal conduc-
tivity by means of 2.47 to 6 times. Due to the addition of
15% wt EG, the latent heat of composite was 91.32 J/ g at
a melting temperature of 471.8�C. After 300 thermal
cycles, the latent heat reduced to 86.98 J/g, while the
melting temperature remained almost constant.

Shape stabilized composite phase change material
(SS-CPCM) was prepared by Soleimanpour et al.100

Sodium nitrate (NaNO3) with melting point 308�C was
selected as PCM, while supporting material was devel-
oped by employing diatomite. The thermal performance
of SS-CPCM was improved by the introduction of nano
EG and subsequently compared with nano diamond
additives. The SS-CPCM was produced by uniformly
mixing the NaNO3, diatomite, and additive prior to
moulding them at different pressures. Various composi-
tion of SS-CPCMs were prepared and optimized
according to the phase change temperature and phase
change time stability as design of experiment. It was
found out that the optimized SS-CPCM was achieved
with the composition of NaNO3 and additives as 62.9%
and 3.99%, respectively, at pressure of 330 bar. The melt-
ing point of composites was obtained at 302.03�C and
302.14�C for NaNO3/diatomite/Nano EG SS-CPCM and
NaNO3/diatomite/nano diamond, respectively, with
corresponding enthalpy of about 87.32 and 90.51 J/g. IR-
camera was utilized to investigate the thermal perfor-
mance and obtained 60 seconds as the most stable time
in phase transition. In addition, nano diamond showed a
slightly better thermal performance compared with the
nano EG.

Kim et al101 analysed the heat transfer of MgCl2 as
PCM with melting temperature of 714�C by employing
graphite foam to enhance the thermal performance of
PCM. A system with capacity of 75-MW concentrated
solar power (CSP) facility was constructed using a storage
tank, a PCM/graphite foam composite, and vertically

oriented pipes conveying a heat transfer fluid (HTF) to
discharge the heat during solidification. For a
PCM/graphite foam system, the addition of the graphite
foam established a 30 W/m K effective thermal conduc-
tivity, allowing the number of pipes to be reduced from
11 427 to 839 resulting in significant cost savings.

Hybrid vacuum and pressure-assisted infiltration
were demonstrated by Lan et al102 to infuse high melting
PCM into graphite foams. Molten chloride salt blend
with melting temperature of 355�C and 200 kJ/kg of
energy storage density was selected as the PCM. Intially,
the PCM infiltration was regulated under vacuum condi-
tion. Pressurization with nitrogen up to 1100 kPa was
subsequently carried out at temperature of 500�C. The
efficiency of infiltration was obtained more than 90%
with thermal conductivity improvement, about 45 times
that of pure PCM. However, it was found that the per-
centage of energy density loss was approximately 30.05%.
The comparison weight of infiltrated samples before and
after cycling was evaluated to determine the thermal sta-
bility, and it was found 18% loss of sample after multiple
cycles.

Singh et al103 developed a composite of MgCl2 and
graphite foam using infiltration process. High density
(HD) and low density (LD) graphite foams were adopted
for thermal conductivity enhancement of PCMs. Thermal
conductivity was calculated by relating to measured ther-
mal diffusivity, density, and specific heat capacity at con-
stant pressure. They reported that the composite MgCl2/
HD and MgCl2/LD resulted in thermal conductivity
enhancement by about 200 and 30 times that of pure
MgCl2, respectively. Based on DSC test, due to the pres-
ence of HD and LD foam, the melting point of pure
MgCl2 was slightly lowered from 714�C to 709�C. How-
ever, the heat fusion of pure MgCl2 was significantly
reduced by about 50.17% and 21.77% from 353.6 to
225.2 J/g and 353.6 J/g for MgCl2/HD and MgCl2/LD
foam, respectively. Additionally, it was demonstrated a
small reduction in the MgCl2/HD and MgCl2/LD mass
ratios after 100 cycles of approximately 4.1% and 2.7%,
respectively, confirming the correctness of the infiltration
rate calculation.

Carbon fibre was selected by Zou et al104 to support
Al matrix composite with a self-encapsulated silicon
structure through rotating magnetic field. Various weight
percentages of Si were utilized to prepare Al-Si alloy, and
it was obtained the thermal conductivity improvement of
shell from 65.2 to 100.7 W/m K as the increase of the Si
content in initial Al-Si from 25 to 40 wt% of Si. They
determined that 30 wt% of Si was the optimum composi-
tion due to comprehensive properties of heat absorption
capacity and ultimate damage temperature. Additionally,
it was observed that the latent heat and melting point of
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the composite were between 455.4 and 480.9 J/g and
586�C and 594.2�C, respectively, at various heating rates.

An experiment using graphite powder was adopted as
reinforced and thermal enhancer material by Zhong
et al105 to encapsulate NaCl PCM utilizing quasi-isostatic
pressing technique. The high-melting temperature NaCl
was combined with 40 wt% graphite powder and 10 wt%
cellulose particles. After heat treatment at 850�C, the cel-
lulose was burned away to create void and provide ther-
mal expansion during phase transition of PCM. The
latent heat of the composite was lowered from 294 to
159.6 J/g when compared with NaCl, but the melting
point remained nearly constant at 803�C. Meanwhile, the
thermal conductivity of composite was 13.93 W/m K,
approximately 34 times that of NaCl. Moreover, numeri-
cal study was carried out to observe the heat performance
of composite during charging and discharging process. It
was discovered that after 99% of the storage capacity of
each system was attained, the thermal performance of
the composite NaCl and graphite was respectively 92.5%
and 168.4% greater than that of pure NaCl during charg-
ing and discharging process.

Expanded natural graphite treated with sulphuric
acid (ENG-TSA) was employed by Zhao et al106 to
improve the thermal conductivity of eutectic PCM,
KNO3/NaNO3, by cold-compression method. The eutectic
PCM was initially dissolved in water, and the solution
was gradually absorbed by the ENG-TSA particles via
mechanical stirring. After drying in the oven, the com-
posite materials were pressed using a mechanical equip-
ment. The effective thermal conductivity of nitrates/
ENG-TSA composites was found to be considerably
greater than that of nitrates/ENG composites in Refer-
ence 107, with the greatest magnification around
110 times that of pure nitrates. The addition of ENG-TSA
to the PCM resulted in a slight decrease in latent heat of
around 10.1% and 15.4%, respectively, but no significant
variation in phase change temperature, according to the
DSC thermogram. However, the segregation remained a
major issue in this study, resulting in excessive pore
pressurization.

Zhao and Wu108 studied the thermal transport
enhancement of NaNO3 as PCMs using metal foam and
EG during charging and discharging processes. Copper
and copper-steel alloy with different porosity were uti-
lized for metal foam, while 3 wt% of EG was mixed and
stirred with the molten PCMs. During the first heating
phase, the temperatures at specific points (T3) in con-
tainers filled with PCMs containing metal foams and EG
were greater than that within container with pure PCMs.
Metal foams and EG structures, on the other hand,
decreased the total heat transfer rate once PCMs were
entirely melted owing to the restrained natural convec-
tion effect. Similar with charging process, metal foams

and EG improved the discharging process of PCMs with
maximum time reduction of about 63.12% than that of
pure NaNO3. Additionally, decreased porosity metal foam
was able to mitigate the detrimental effect of natural con-
vection by increasing heat conduction, which therefore
enhanced composite heat transfer. As a result, they deter-
mined that metal foams with 90% porosity and 20 ppi
outperformed EG in terms of overall performance.

Furthermore, Wu and Zhao109 continued the investi-
gation of thermal performance enhancement for NaNO3

using metal foam (MF), EG, and their mixture. They
modified the heating condition by installing the heater
on top of container, a technique known as top heating,
and compared it with the bottom heating as described in
Reference 108. In the melting process, similar to the
result in Reference 108, the heat transfer rate of metal
foam with a porosity of 90% and a PPI of 20 (MF2) was
greater than that of other composites and pure NaNO3.
Top heating was subsequently carried out and ΔTmax was
defined as the maximum temperature difference inside
the liquid NaNO3 to examine the total heat transfer per-
formance and the role of the natural convection. It was
demonstrated that the heat transmission rate of the metal
foam composite under the top heating conditions was
120% higher than that of pure NaNO3.

4.1.3 | Ceramic-based additives

Ceramic-based materials have also been investigated for
the thermal enhancement of medium and high-melting
temperature PCMs.

Gokon et al110 investigated the use of MgO-ceramics
with molten alkali-carbonate of Na2CO3, K2CO3, and
Li2CO3 in a double-wall solar reformer tube. To post-
pone the temperature decrease of a catalyst bed, the
annular area between the outer tube wall and the inte-
rior catalyst tube of a double-walled reactor was filled
with the composite material of MgO and molten PCMs.
The heat-discharge of Na2CO3 was used to avoid a quick
temperature fall of the interior tube while using the
100 wt% Na2CO3 molten salt. Additionally, the tempera-
ture of the interior tube was greater for the composite
than for pure Na2CO3, despite the fact that the less
Na2CO3 in 80 wt% Na2CO3/MgO composite material
than the pure Na2CO3 molten salt. Moreover, after
30 minutes of cooling, the alumina-bed temperature was
about 700�C without the composite material, but it was
760�C, 750�C, and 730�C with the composite material for
Na2CO3/MgO, K2CO /MgO, and Li2CO3/MgO compos-
ite, respectively. According to this finding, they conclude
that a composite with a higher melting point was poten-
tially used as a thermal storage medium in a double-
walled reactor.
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Ge et al111 developed a composite material made of a
eutectic salt of sodium carbonate and lithium carbonate,
along with MgO ceramic and graphite for support and
thermal enhancement, respectively. These materials were
combined and then cold compressed into slabs before
being sintered in an electric furnace with a mass ratio of
0.25:1:1 for the graphite, the carbonate salt, and MgO,
respectively. The composite melted in the temperature
range of 496 to 507.1�C, which was not appreciably differ-
ent from pure eutectic PCMs. Meanwhile, the composite
had a latent heat of around 178.3 J/g, which was almost
half that of the pure salt. A self-built automated apparatus
was used to test the cycle heating-cooling performance of
the composite materials, and the result during charging
and discharging was recorded. It was demonstrated that
the composite had a greater thermal conductivity than
pure eutectic PCMs due to the composite reaching 600�C
in approximately 442 seconds less time than pure eutectic
PCMs during the melting process. After cooling from
680�C to 390�C, the discharge period of composite was
similarly shorter than that of pure eutectic.

The SiC ceramic honeycomb (SCH) with high ther-
mal conductivity was utilized by Li et al112 to advance
the heat performance of alkali nitrate mixture by
employing vacuum infiltration. In this study, the mixture
of KNO3/NaNO3 was selected as PCM with the melting
temperature and latent heat of 226�C and 106.3 J/g,
respectively. The composite included 0 to 30 wt% SCH,
and it was discovered that the composite containing 30%
SCH had a melting point that was indistinguishable from
that of pure nitrate mixture. Meanwhile, composite PCMs
exhibited a somewhat lower latent heat value of 72.8 J/g
than pure PCMs. The thermal performance of the

composite revealed that increasing the mass percentage
of SCH in the PCMs resulted in a faster melting and
solidification process, as seen in Figure 12. When 30, 23,
or 18 wt% of SCH was added to the composite PCMs, the
heat storage duration was reduced by 52.8%, 38.0%, and
32.8%, respectively, while the heat release time was
lowered by 58.3%, 48.6%, and 47.2% compared with the
pure PCM.

Wang et al113 selected SiN4 ceramic skeleton material
to construct shape stabilized eutectic salt-based PCM by
pressure impregnation. The salt of ternary chloride
(ClNaKMg) was prepared to have a composition of 50 wt
% NaCl, 30 wt% KCl, and 20 wt% MgCl2., with a melting
temperature and latent heat of 471.2�C and 258.7 J/g,
respectively. Due to the introduction of SiN4, the latent
heat of composite was lowered by approximately 63.85%
while maintaining a nearly identical melting point to the
eutectic PCM. The thermal stability of composite was
determined according to thermal properties after 300 ther-
mal cycles, and the composite's latent heat declined by
9.3% at a melting point of 471�C. Additionally, they dis-
covered that the addition of porous SiN4 effectively
increased the thermal conductivity of the composite by
more than six times that of eutectic salt PCM.

Boron nitride (BN) additive was selected by Zhang
et al114 to improve the thermal energy storage and ther-
mal performance of eutectic sodium nitrate (NaNO3) and
potassium nitrate (KNO3). The eutectic PCM had multi-
ple melting temperatures of 114.09�C and 221.54�C as the
phase transition of soli-solid and solid-liquid, respec-
tively. Various compositions of BN and eutectic PCMs
were prepared through high-temperature static melting
method. The composite PCM with 0.8 wt% of BN was

FIGURE 12 Temperature profile during (A) charging and (B) discharging process.112 Reused with permission from Elsevier license

number 5260850932736
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reported as the optimum mixture due to the 16.03% of
specific heat enhancement compared with the sample
without additive. The 0.8 wt% of BN additive in PCM was
also capable of improving the thermal conductivity of
eutectic PCM from 0.27 to 0.32 W/m K with a high ther-
mal stability.

4.2 | Energy storage efficiency
enhancement

Multiple PCM arrangement is one of the methods that
could be employed to enhance the thermal performance
of PCM energy storage systems. For instance, Peir�o
et al115 evaluated experimentally the advantages of multi-
ple PCM configuration. Hydroquinone (HYD) and d-
mannitol (DMA) were selected as PCMs with melting
temperature in a temperature range of 150�C to 200�C.
The storage tanks were constructed utilizing the shell-
and-tubes heat exchanger principle, with PCM contained
within the shell's casing and heat transfer fluid (HTF) cir-
culating within the bundle of tubes. Three configurations
were investigated: (a) a single PCM of HYD, (b) a single
PCM of DMA, and (c) multiple PCMs of HYD and DMA.
The effectiveness parameter of heat performance was
defined as the ratio of real heat released over the theoreti-
cal maximum heat that may be discharged from PCM,
using the inlet/outlet HTF temperature and the melting
point of PCM. The inlet and outlet temperature of HTF
were measured and it was recorded that the greater the
difference in temperature between the input and output
HTF temperatures, the faster the heat transfer. According
to the HTF profile, a factor of four increase in the average
heat transfer rate could be attained by applying the mul-
tiple PCM storage arrangement. Additionally, an average
increase of 19.36% in efficacy over the single PCM setup
was potentially attained by the twin configuration.

Elsanusi and Nsofor116 investigated numerically the
thermal performance of multiple PCMs at different con-
figurations and compared subsequently with single PCM.
Three different PCMs with melting temperature in the
range of 170�C to 244.12�C were arranged in series and

parallel. With conduction and natural convection
included, it was observed that both series and parallel
configurations improved performance marginally when
compared with a single PCM structure, with a melting
time decrease of around 15.5% and 9.3%, respectively.
Additionally, the use of several PCMs reduced not only
the overall melting time, but also increased the total
energy stored, which was about 25% larger than the
stored energy in the single PCM configuration.

Wang et al117 studied the zigzag configuration of
serial multi-PCMs (m-PCMs) to provide more interaction
between high-melting point PCM, heat exchanger, and
heat transfer fluid. A two-dimensional mathematical
model was constructed for the charging process, and six
sets of m-PCMs with varying melting temperatures were
chosen for the modelling research, with the difference in
melting temperatures between PCM-1 and PCM-3 ΔTð Þ
ranging from 20 to 100K. The results were compared
with those obtained at ΔT¼ 0K (a single PCM only). The
effectiveness ηð Þ of m-PCMs was subsequently formu-
lated as the ratio of the total heat stored in m-PCMs to
that in a single PCM. These findings revealed that η was
greater than one for the majority of the charging process,
resulting in an overall process intensification via the
usage of m-PCMs.

Michels and Pitz-Paal118 studied numerically the heat
transfer behaviour of cascaded latent heat storage
(CLHS) for parabolic through solar power plants by
employing five PCM segments compared with single
PCM during charging and discharging process. The
CLHS was set up based on Figure 13 and compared with
single latent heat storage (LHS) of “All NaNO3”, “All
KNO3,” and “All MgCl2/KCl/NaCl.” The storage outlet
temperature was restricted while charging by the maxi-
mum operating temperature of the heat transfer oil,
which could be surpassed when heated in the parabolic
trough loop. Meanwhile, the temperature of the storage
outlet during discharge was restricted by the linked Ran-
kine cycles. In comparison to all other configurations,
“All NaNO3” demonstrated the largest storage capacity,
about 74 MJ, with a very little part of PCM mass sub-
jected to a phase shift at 8%, but the outlet temperature

FIGURE 13 Scheme of CLHS

test.118 Reused with permission from

Elsevier license number 5260860007218
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surpassed the maximum allowed level at the end of dis-
charging. Meanwhile, the CLHS had the largest phase
change fraction, about 47% with an acceptable storage
capacity, approximately 64.5 MJ. Another interesting
finding was that the consistency of the HTF exit tempera-
ture of CLHS during charging and discharging was
noticed when compared with the other configurations
without exceeding the permissible maximum and mini-
mum temperature.

Zhao et al119 analysed numerically the thermal per-
formance of TES system for applications to concentrated
solar power (CSP) plants. The exergy efficiency was car-
ried out to calculate the reversible energy available in
thermal systems using second law thermodynamics anal-
ysis, as well as a method for assessing and optimizing the
TES system's performance. Three systems were analysed
and compared as MgCl2 with graphite foam, cascading
PCMs of KCl and MgCl2 with graphite foam, and MgCl2
without graphite foam. The technical specifications and
the efficiency result are summarized in Table 10. In this
study, the cascading PCMs had a slightly better exergy
efficiency than the graphite foam-MgCl2 combination,
with a difference of about 1%.

Gong and Mujumdar120 carried out a mathematical
simulation to investigate single and different arrangement
of composite PCM slab with different melting points and
thermophysical properties. At first, the composite slab
was supposed to be uniformly at 26�C. At the initiation of
the first cycle, the upper face of the slab was maintained
at a constant temperature Twmð Þ at 120�C, which was
greater than the fusion temperatures of the PCMs, while
the bottom face remained adiabatic. During the freezing
phase, the slab's upper face was adiabatic, while the bot-
tom face was maintained at a constant temperature
Twmð Þ at 60�C, which was below the PCMs' fusion tem-
peratures. Several PCMs with melting temperature rang-
ing from 70�C to 105�C were arranged as 2 and 3 of
multiple PCMs slab, and subsequently compared with a
single PCMs with melting temperature Tmð Þ of 90�C. It
was reported that the highest enhancement was achieved
when employing three multiple PCMs slab with melting
temperature of 105�C, 90�C, and 75�C, as shown in Case
3 in Table 11. In this case, 21.9% of energy improvement
was obtained compared with single PCMs (Case 1).

5 | APPLICATION OF MEDIUM
AND HIGH-MELTING
TEMPERATURE PCMS

The following sections discuss the utilization of PCMs for
high-temperature applications. The application is focused
on the capture and storage of thermal energy generated
by solar energy and industrial waste heat.

5.1 | PCM in solar energy

Regardless of the abundance of solar energy, the applica-
tion based on solar energy resource is limited due to its
fluctuant occurrence. Therefore, the needs of PCM as
TES will reduce and overcome this shortcoming. The
integration of solar energy abundance with PCM is car-
ried out for a variety of applications, including solar
power generation and solar cookers.

5.1.1 | Solar power generation

Concerning to the application of PCM for solar power
generation, first reference is exemplified by Laing
et al121,122 who studied the use of thermal energy storage
(TES) in solar thermal power plants with direct steam
generator (DSG) system. The TES consisted of sensible

TABLE 10 Exergy efficiency in the latent heat storage

system119

Round trip exergy
efficiency

Case 1

Graphite foam–MgCl2 96.80%

8-h charging, inlet temp. 820�C

Average outlet temp. 765.0�C

VHTF_char = 0.15 m/s

12-h discharging, inlet temp. 607�C

Average outlet temp. 664.0�C

VHTF_dis = 0.15 m/s

Case 2

Cascading PCMs: KCl and MgCl2
(with graphite foam)

97.80%

8-h charging, inlet temp. 820�C

Average outlet temp. 773.5�C

VHTF_char = 0.15 m/s

12-h discharging, inlet temp. 616�C

Average outlet temp. 664.6�C

VHTF_dis = 0.1 m/s

Case 3

PCM: MgCl2 (without graphite foam) 67.70%

8-h charging, inlet temp. 820�C

Average outlet temp. 811.9�C

VHTF_char = 0.15 m/s

12-h discharging, inlet temp. 578�C

Average outlet temp.584.1�C

VHTF_dis = 0.1 m/s

Note: Reused with permission from Elsevier license number 5184400297418.
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heat for pre-heating and superheating, while latent heat
was used for the evaporator. Sodium nitrate (NaNO3)
with a melting temperature of 306�C was selected as
PCM. A laboratory-scale test was conducted on 140 kg
NaNO3 and tested for more than 4000 hours and resulted
in 172 melting/solidification cycles without degradation.
However, NaNO3 worked on different melting and solidi-
fication temperatures that directly related to operating
pressure and impacted the DSG design. Therefore, high-
pressure steam was throttled to mix the steam generated
in the solar field and steam generated in the storage. Due
to this barrier, Birnbaum et al123 proposed a reheat based
on a steam-steam heat exchanger for the low-pressure
turbine by utilizing a second PCM, KNO3, as the thermal
energy storage.

Due to the varying pressure levels during PCM dis-
charging process in DSG, Laing et al124 examined sliding
pressure operation in three different modes: forced circu-
lation, natural circulation and once-through operation.
In the scenario of forced circulation, the mass flow rate
was set by a pump. In the case of natural circulation, the
difference in density between the water column in the
cycle's steam drum line and the two-phase water column
inside the storage tubes compelled the flow. They mea-
sured the temperature of PCM at different positions, hot
and cold temperature of HTF, water/steam mass flow

rate through PCM (mDCh), and steam production
(mSteam). It was observed the longer discharge time of
once-through operation by about 23% and 18.5% com-
pared with the forced and natural circulation, respec-
tively. This finding revealed that the prospective and
practical once-through mode might eliminate either the
recirculation pump or the full circulation cycle, including
the steam drum, which potentially resulted in cost
reduction.

Feldhoff et al125 conducted a comparison analysis
between PCM-DSG and a system utilizing parabolic syn-
thetic oil through power plants as HTF, which included
an integrated salt-based TES. A parameter of levelised
electricity cost (LEC) was used to compare those two sys-
tems. LEC was defined as the ratio of the total annual
plant costs to the yearly net electricity production. Inter-
estingly, the LEC was observed to PCM-DSG plant
achieved about 5.9% to 6.3% higher than the oil reference
plant due to the immatureness of the PCM system. Using
PCM storage for evaporation and pre-heating was rec-
ommended to reduce the TES cost.

Bhagat and Saha126 evaluated numerically the tran-
sient response of encapsulated organic PCM A164 with
melting temperature of 171�C for solar thermal power
plant using hytherm 600 as heat transfer fluid (HTF). A
numerical model was developed during melting and

TABLE 11 Energy enhancement of

multiple 3-PCMs120

Case
Temperature
(�C)

Energy charge-
discharge,
QT (J/m2)

Ratio of actual energy
with maximum
energy, QT/QM

Enhancement
(%)

1 Twm = 120 404 508 0.632 —

Tm = 90

Twf = 60

2 Twm = 120 489 753 0.765 21.1

Tm1 = 90

Tm2 = 90

Tm3 = 90

Twf = 60

3 Twm = 120 493 178 0.771 21.9

Tm1 = 105

Tm2 = 90

Tm3 = 75

Twf = 60

4 Twm = 120 466 976 0.73 15.4

Tm1 = 110

Tm2 = 90

Tm3 = 70

Twf = 60

Note: Reused with permission from Elsevier license number 5184400487474.
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solidification process to measure several key parameters,
and it was reported that the temperature and mass rate of
HTF provided a positive impact on the heat storage sys-
tem, but not in the dimensions and porosity of the heat
storage system. Another important finding was that the
diameter reduction of encapsulated PCM managed well
the temperature fluctuation of HTF.

Mehrpooya et al127 performed a numerical evaluation
of an Iranian steam power plant with two regenerative
boilers. Integrated solar disc collector and PCMs storage
system was designed to take the place of one of the exis-
ting regenerative boilers. The composite NaBr (45% wt)
and MgBr2 (55%) was selected as PCM with a melting
point of 431�C and enthalpy of 212 kJ/kg. Despite a slight
reduction in energy efficiency, the hybrid system was
able to increase energy efficiency from 38.6% to 41.76%
when compared with the two regenerative boilers. The
proposed system was also capable of reducing CO2 emis-
sions by 14.86% corresponding with saving of fuel-natural
gas about 8.5 ton/hour.

5.1.2 | Integrated PCM solar cookers

The utilization of conventional solar cookers is limited
due to its disability to serve the cooking process during
cloudy days or in the late evening. The introduction of
PCM will improve the reliability of solar cookers by stor-
ing solar energy on bright days and releasing it later in
the evening.

Box-type solar cooker with inner reflectors was car-
ried out experimentally by Domanski et al128 during the
charging and discharging of PCMs. A storage-cooking
vessel (SCV) consisted of two concentric cylindrical ves-
sels with a gap between the outer and inner walls where
PCM was located. They selected 1.1 kg stearic acid
(SA) Tm ¼ 67�69�Cð Þ and 2 kg magnesium nitrate hexa-
hydrate (MNHH) Tm ¼ 89�Cð Þ as PCMs and ten cali-
brated K-type thermocouples (TC) were attached at
various points. Using solar simulator, SCV with an empty
or water loaded cooking medium was used to begin the
melting investigations. When TCs in PCM reached
around the same temperature which was higher than the
PCM's melting point, a melting experiment was accom-
plished. The sun simulator was then switched off and the
solidification experiment was initiated at a preset starting
temperature soon after the melting experiment was com-
plete, with known water mass as a cooking fluid. The
highest thermal efficiency was achieved by about 82.4%
during solidification of MNHH for heating 1.4 kg of water
as cooking load from 20.3 until 75�C for 75minutes. This
value was approximately 3 to 4 times higher than in
steam and heat pipe solar cookers for indoor cooking. To

accomplish high-temperature cooking, they suggested
PCMs with high melting temperatures, such as magne-
sium chloride hexahydrate (MgCl2 �H2O).

Sharma et al129 designed a cooking vessel that con-
sisted of 8 cm height of two-concentric cylinder with a
diameter of 18 and 25 cm in a box-type solar cooker. Two
kilograms of commercial-grade acetamide Tm ¼ 82�Cð Þ
was selected as LHS material, and filled the gap between
the cylinders. The cooking investigations were carried
out by comparing the “PCM Cooker” to the “Reference
Cooker” without PCM using the same amount of rice
and water as cooking load. The experiments were con-
ducted in three batches a day during the summertime,
while two batches in winter season in India. They
reported that during the summer season, the “PCM
Cooker” allowed for the cooking of three batches each
day at 11 A.M., 4 P.M., and 6 P.M. In the “Reference
Cooker” however, evening cooking could not be done.
Meanwhile, in winter period, the “PCM Cooker” allowed
two bats of cooking at 9.50 A.M. and 3.30 P.M., while in
“Reference Cooker” the load could only be cooked for
one batch only. Additionally, it was stated that if a PCM
with melting point between 105�C and 110�C was
employed, cooking with the same design was potentially
conducted at night.

Furthermore, Buddhi et al130 continued to develop a two-
concentric cylinder in a larger sizewith 12.5 cmof height and
two concentric aluminium cylinders with diameter 20 and
30 cm. Acetanilide Tm ¼ 118:9�C,Δhm ¼ 222 J=gð Þ was uti-
lized as LHS material and filled the gap between the cyl-
inders. The cooking experiment was conducted at
evening during winter season using rice and water as
cooking load at varying mass. Initially, 2.25 kg of acetani-
lide was exposed to the sun between 10 A.M. and 5 P.M.
using a single existing reflector. Cooker with 0.50 kg of
food (0.15 kg rice and 0.35 kg water) was subsequently
loaded to the storage unit and well cooked after 3 hours.
On the next day, the same cooking load was placed into
the cooker half an hour later than the previous day, and
after 2 hours, it was discovered to be properly cooked.
However, when cooking began at 6 p.m., the meal was
undercooked. Following that, the cooking method was
enhanced by utilizing 4 kg of acetanilide and three reflec-
tors to accomplish evening cooking at 6 p.m. with the
same food quantity. Surprisingly, the improved solar
cooker was capable of cooking 0.40 kg rice and 1.2 kg
water at 09.30 p.m. in about 2 hours.

Coccia et al131 developed and assessed a portable solar
box cooker with a reflective mirror in the upper part to
direct solar radiation to the cooking chamber through a
glass cover. It was designed to build the cooker with a
4.08-times larger cooker aperture surface compared with
the surface area of the glass cover. Two concentric
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cylindricals were placed in the chamber as cooking pot,
and erythritol filled the annulus between those pots. To
observe the effect of PCM in solar cooker, silicone oil was
utilized as cooking load with and without the presence of
erythritol. In the absence of solar radiation, it was discov-
ered that the system with PCM was capable to cool sili-
cone oil from 125�C to 100�C about 4.51 times longer
than that of silicon oil alone.

Chaudhary et al132 examined the improvement of
solar cooker based on parabolic dish collector for evening
cooking in Indian climatic conditions by using acetani-
lide as LHS. The cooking vessel was focused by solar radi-
ation by setting it at the focal point of the solar parabolic
dish collector, as shown in Figure 14. The solar cooker
was constructed from two hollow concentric cylinders
separated by a gap filled with PCM. The cooking vessel
was exposed to solar radiation for 7 hours from morning
to noon, prior to heat the water as cooking load in an
insulator box from 4 to 8 P.M. To enhance the thermal
performance of cooking system, the solar cooker surface
was painted in black, including the painted black surface
along the glazing. They discovered that the maximum
temperature of the cooking medium achieved during the
cooking process was 52.2�C in the case of an ordinary
solar cooker, 84.3�C in the case of blackened surfaces of
solar cooker, and 88.4�C in the case of a glazed darkened
surfaces of solar cooker. These studies indicated that
blackened surfaces and glazed darkened surfaces con-
served approximately 26.8% and 32.3% more heat, respec-
tively, than ordinary solar cooker.

Moreover, Yadav et al133 continued the use of para-
bolic dish collector for evening cooking using acetamide
as PCM. A pressure cooker was put in the centre of the
cooking vessel, which was made up of two concentric
pots of different diameters, each holding PCMs in the

inner pot and various sensible heat storage materials
(SHSMs) in the outer pot. Sand, iron grits, stone pebbles,
iron balls were used as SHSMs under same cooking load
of 200 g rice and 400 mL water. The system was exposed
to solar radiation for 3 hours at noon prior to the evening
cooking process in an insulator box for about 4 hours. It
was observed that combining acetamide with sand and
stone pebbles could reach a maximum temperature of
PCM at 83.5�C and 82.9�C, resulting in well-cooked
meals by extracting about 70% of stored energy. However,
cooking using iron grits and balls as SHSMs was ineffec-
tive due to the poor rate of heat transmission of such
SHSMs.

Bhave and Thakare134 selected magnesium chloride
hexahydrate (MgCl2�H2O) Tm ¼ 118�C,Δhm ¼ 167 J=gð Þ
as PCM to be used for paraboloid concentrating cooker.
A double-walled cylindrical was used as cooking vessel
with 100mL water and 50 g rice as cooking load. PCMs
were encased in 21 tubes and immersed in thermic min-
eral oil as HTF in the lowest portion of the vessel to mini-
mize incongruent melting of PCMs and to preserve
contact with the bottom and sides of the cooking vessel.
The charging procedure took 50minutes at midday to
achieve PCM temperature of 135�C before a 30-minute
cooking test in an insulated glass wool. Furthermore,
they observed that the energy consumption efficiency for
this cooking test was around 32.66%, which was equiva-
lent to the cooking utilizing wood burning cookstoves.

Mawire et al135 assessed the performance of a solar
cooker pot employing erythritol as a TES material and
compared it to that of sunflower oil as a sensible storage
material. Two parabolic dish solar cookers were con-
structed and tested with varying loads on each of those
two storage materials during the sun cooking period.
Subsequently, insulated wonderbag was utilized during
off-sunshine periods. The experimental results indicated
that erythritol took around 1.32 to 2.1 times longer to
cook than sunflower oil during the sunny period. How-
ever, due to the smaller temperature drop, the erythritol
cooking pot outperformed the sunflower oil cooking pot
over the storage cooking time. As a result, erythritol
cookers had a utilization efficiency that was around 1.1
to 3.86 times that of sunflower oil.

Hussein et al136 investigated the use of magnesium
nitrate hexahydrate as PCM in an indirect solar cooker
that consisted of an exterior flat-plate solar collector
linked to an indoor PCM cooking unit through a closed-
loop wickless heat pipes network. Two plane reflectors
were installed on the outdoor collector's top and bottom
edges to increase the amount of solar radiation falling on
it. Two cooking pots with a volume of 3 and 4 L were
built and PCM was filled in the space between the pots in
the inner box. The cooking experiment was carried out in

FIGURE 14 Parabolic solar collector.132 Reused with

permission from AIP Publishing license number 5238470307435
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Egypt during the summer and initially tested without
cooking load for 48 hours, and resulted in the lowest
PCM temperature as 76�C on 9 A.M. on the second day.
This was slightly higher than the required temperature
for cooking most types of meals. Different amount of
water was subsequently heated for 24 hours from 6 A.M.
to 6 A.M. the next day, and the temperatures of the water
load within the two cooking pots exceeded 80�C during
the test period from 1 PM until late evening. It was, never-
theless, insufficient for culinary cooking in the next early
morning. Finally, different cooking loads were conducted
for 3 batches for 24 hours and the results were recorded.
A well-cooked meal was acquired for lunch and supper
during the first and second batches, respectively. Mean-
while, the third batch was used to keep the food warm
for the next morning's breakfast.

Another indirect solar cooker was studied by Sharma
et al137 by employing 45 kg erythritol as a LHS material
under Japanese climatic conditions during summer and
winter season. Solar thermal energy was collected out-
doors using evacuated tube solar collectors (ETSC) and
transmitted via water HTF to a PCM storage unit.
Cooking vessel was put inside PCM storage unit using
various amount of water as cooking load. It was claimed
that throughout the summer, the temperature of PCM
was between 112�C to 128�C, which enabled it to boil the
water to a temperature more than 95�C at midday and
evening. They also reported that night-time cooking was
faster than noon cooking for the same load. Additionally,
it was stated that PCM temperatures near 100�C were
detected in the early morning, which was potentially uti-
lized to keep heated water warm till the next morning.
However, throughout the winter, low-temperature
cooking near 75�C happened, indicating that the PCM
did not entirely melt, despite the fact that certain meals
could still be cooked.

5.2 | Waste heat recovery applications

Industrial waste heat (IWH) is identified as an available
resource of thermal energy that can be recovered and
stored in PCMs for later application. This chapter reviews
some of the past PCM systems which have been consid-
ered for industrial waste heat recovery application.

Merlin et al138 demonstrated experimentally the use
of composed paraffin RT82 Tm ¼ 82:5�C�88�Cð Þ with
expanded natural graphite (ENG) for waste heat recovery
in the sterilization process of the food industry. The com-
posite PCM and ENG were installed in a secondary loop
for heating and cooling purposes utilizing water HTF.
Initially, the composite LHS was employed for pre-
heating process to replace the steam boiler. The conven-
tional vapour system took over when the temperature of

HTF in the secondary loop approached the melting point
of composite PCM. During the cooling step, the PCM was
used to chill the sterilizing water until it was entirely
melted before being cooled by tap water. The results indi-
cated that the storage system was able to conserve
6 kWh, or 15% of the energy used in the process, and
delivered thermal power more than 100 kW. For further
enhancement, they advised that more PCMs with graded
phase change temperatures be used to cover a greater
amount of recovered energy.

Kaizawa et al139 examined the melting and solidifica-
tion of 80 kg erythritol in a trans-heat (TH) system of
waste heat transportation. By melting the PCMs using
circulated heat transfer oil (HTO) in a direct heat
exchanger, IWH was stored as latent heat. The stored
heat in PCM was then transported across a large region
by a container vehicle up to 35 km from the heat source.
Finally, the heat was distributed to business buildings,
hospitals, and hotels, among other locations. It was found
that the HTO flow rate was obviously controlling the
charging of the PCM. It took 8 hours to completely melt
the PCM, which was equal to storing 51.7 MJ of heat at a
temperature above 135�C at a 10 nL/minute HTO flow
rate. Heat transmission was, however, abruptly termi-
nated during heat discharging because PCM solidification
prevented HTO flow at 4.2 and 10.0 nL/min, which
accounted for about 70% of heat release.

Nomura et al56 continued to study the feasibility of a
waste-heat transportation (HT) systemusing thebinary eutec-
tic mixture Na2CO3/NaOH Tm ¼ 285�C,Δhm ¼ 252 J=gð Þ
and dibenzyltoluene as HTF. The HT system was com-
pared with conventional system using combustion heat
of fossil fuels without transportation. The feasibility was
subsequently evaluated based on energy requirements,
exergy loss, and CO2 emissions. It was reported that the
waste HT system supplied the heat of 7.00 GJ/1 cycle at
250�C, which resulted in considerably lower energy
demands, exergy losses, and CO2 emissions by about
9.5%, 39.7%, and 19.6%, respectively, compared with the
conventional system.

Furthermore, Nomura et al140 proposed the use of
NaOH Tm ¼ 320�C,Δhm ¼ 159 J=gð Þ as PCM and oil as
HTF to recover and transport high-temperature waste
heat from steelworks to a chemical plant. The HT system
using latent heat (LHT) was compared with an oil sensi-
ble heat transportation (SHT) system and a conventional
system that used fuel for combustion heat. Due to the
high latent heat capacity of PCM, results revealed that
the LHT system supplied 2.76 times more of energy than
the SHT system. Additionally, the LHT system consumed
less energy, had fewer exergy losses, and produced less
CO2 than the SHT system by roughly 47.05%, 31.25%, and
43.89%, respectively, with corresponding 91.42%, 62.06%,
and 81.25% that of conventional system.
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Koide et al141 researched and evaluated the efficacy of
packed bed employing pellets within MEPCM, which
was envisioned for use in waste heat recovery from elec-
tric furnace. The MEPCM was prepared as fabricated in
Reference 77 using alloy Al-25 % Si at melting point of
577�C. A 1 L-scale cylindrical packed bed heat exchanger
was filled in by MEPCM and tested at various airflow
rates ranging from 75 to 150 L/min. The heat exchange
efficiency was defined as the ratio of experimental to the
maximum theoretical value of heat storage/release
amount of MEPCM. Despite the supercooling effect, the
heat exchanger operated effectively, achieving an effi-
ciency of more than 90% when the air flow rate exceeded
125 L/min. Additionally, the research of laminar or tur-
bulent flow was proposed to enhance the accuracy of the
MEPCM composite heat exchanger.

Nardin et al142 proposed the use of aluminium
Tm ¼ 660�C,Δhm ¼ 396 J=gð Þ as PCM to reduce the tem-
perature fluctuation from electric arc furnaces in steel
industry. Off-gas forced the PCM to reach temperatures
over its melting point during the process at high tempera-
tures, leading in a transition from the solid to the liquid
state and the accumulation of latent heat of fusion. At
low temperatures, off-gas led the PCM to transition from
liquid to solid state, releasing the latent heat of solidifica-
tion. Results revealed that the profile of off-gas was sig-
nificantly smoothed by PCM. They calculated that if the
recovery system was installed, it would generate a net
electrical power of around 6 MWe, saving approximately
14.4% of electrical energy supply.

Moreover, Magro et al143 evaluated the using PCM
with melting temperature of 576�C for temperature
smoothing due to the high power fluctuation of the
organic Rankine cycle (ORC) from the waste heat of bil-
let reheating furnace in the steel industry. The eutectic
alloy Al-12%wt Si, which had latent heat of fusion
560 kJ/ kg, was selected as PCM and integrated with bil-
let reheating furnace, as shown in Figure 15. The capacity
factor (CF), load factor, and thermal efficiency of the sys-
tem without PCM were utilized as comparison parame-
ters. The capacity factor (CF) was defined as the
quantitative relationship between the amount of electric-
ity generated and the greatest amount of electricity that
could be produced, whereas the load factor was defined
as the ratio of real thermal power recovered to its design
value. The PCM-based technology enabled the ORC sys-
tem to run continuously above the minimum thermal
power which was denoted by red dot line, whereas the
existing ORC system ran for the majority of the time
below the minimum thermal power in the present waste
heat recovery system. Additionally, with the introduction
of PCM-based technology, the ORC system operated con-
tinuously in its high-efficiency zone with load factor

more than 0.5, whereas the ORC system in the current
waste heat recovery system operated in the low-efficiency
zone for more than 67% of the total working time. These
findings correlated with an improvement in CF from 38%
to 52% and an increase in thermal efficiency from 15.5%
to 16.4% as a result of the adoption of PCM-based
technology.

6 | CONCLUSION

This paper primarily discusses microencapsulation tech-
niques, thermal performance improvement, and the use
of PCMs with a medium or high melting point.

This review established that a variety of PCMs with a
medium to high melting point are commercially
microencapsulated and employed in a variety of applica-
tions. Inorganic and paraffin PCMs are commonly encap-
sulated for medium melting temperature. Meanwhile,
salt-based, metallic, inorganic compound, and the eutec-
tic are extensively encapsulated and utilized for high-

FIGURE 15 The integration of PCM for waste heat recovery

from billet reheating furnace.143 Reused with permission from

Elsevier license number 5260860214017
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temperature applications. Each type of PCM has its char-
acteristics. For instance, metallic-based PCMs are charac-
terized based on their high melting temperature, high
thermal conductivity, and high latent heat. However,
they suffer from corrosiveness which limits their applica-
tions. Salt-based PCMs have been widely investigated
and applied for medium and high application due to their
high latent heat and relatively cheaper than those of
metal-based PCMs. Nevertheless, low thermal conductiv-
ity, phase separation, and supercooling confine their
competitiveness. Eutectic PCMs are attractive due to their
adjustable thermophysical properties by mixing different
types of PCM. Regardless of complexity, they are capable
of high thermal conductivity and relatively high
latent heat.

Due to chemical corrosion and thermal stress during
phase transition, the shell material selection is also cru-
cial when encapsulating PCMs with a medium or high
melting point. Inorganic shell is required with tempera-
ture degradation above the high-melting temperature of
the PCM such as silica-based and ceramic, which is
widely developed through sol-gel and hydrothermal
encapsulation method. However, the encapsulation
through hydrothermal followed by heat oxidation is lim-
ited for encapsulating particular PCMs with Al2O3 shell.
Several polymer shell materials are also utilized by some
studies to encapsulate high-temperature PCMs, such as
polyurethane, poly(methyl methacrylate) (PMMA),
poly(styrene-butyl acrylate) (PSBA), and poly(ethyl-2-cya-
noacrylate) (PECA) by chemical techniques. However,
polymerization with salt-based PCMs needs more atten-
tion compared with paraffin PCMs caused by their hydro-
philicity nature and water content during phase
transition. Additionally, it is discovered that void creation
during microencapsulation is critical for allowing volume
expansion during phase transition, resulting in increased
thermal stability.

This paper also reviews the thermal performance
enhancement employed in medium and high-melting
temperature PCMs, such as additive-composited PCM
and multiple PCMs. Metal, carbon, and ceramic-based
have been commonly introduced with PCM for thermal
performance improvement. Ceramic material to encapsu-
late corrosive PCM of metal and alloy has been reported
to overcome its corrosion issue. Compared with metal-
based, carbon materials are potentially used due to their
non-corrosive characterization, light weight, and lower
density, which are not owned by metal-based materials.
Various combinations of multiple PCMs are also devel-
oped by numerous studies to improve the energy effi-
ciency compared with single PCM. Therefore, the
selection of PCMs and their proportion play important
role in the thermal performance.

Solar energy generation is one of the PCM-solar appli-
cations that require the greatest melting temperature
range of PCM, around 100�C to 700�C. The most often
used PCMs in solar energy generation are inorganic com-
pounds such as sodium nitrate and potassium nitrate.
Meanwhile, organic non-paraffin and salt hydrate PCM
with melting points of 80�C to 120�C, such as acetamide,
acetanilide, or MNHH, are required for the solar cooking
system. Additionally, salt hydrate and eutectic PCM with
a melting point greater than 200�C are the most often uti-
lized materials for industrial heat recovery. In general,
salt hydrate, organic non-paraffin, and eutectic PCM are
typically used for high-temperature applications.

Finally, the review exhibits that medium- and high-
melting temperature PCM requires more research studies
to be more significant in the future.
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