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Abstract: Efficient and sustainable thermal management
of buildings is critical since the building sector is consid-
ered as the largest energy contributor contributing around
40% of the total energy consumption which is responsible
for about 38% of greenhouse gas emission. Utilisation of
phase-change material (PCM) in building energy systems
can enhance the overall energy performance of buildings,
thereby making drastic reduction in greenhouse gas emis-
sions. The major shortcoming of organic PCM is their
leakage problem; however, this can be overcome through
the employment of either encapsulation or shape stabilisa-
tion technology. Numerous papers have prepared unlim-
ited number of form stable PCMs for various applications
ranging from textiles to thermal energy storage (TES); how-
ever, the factors to consider when selecting PCM for an
intended application are not clear and the influence of
synthesis techniques and processing parameters on the
performance of stabilised PCM is yet to be understood.
Also, majority of the publications have focused mainly on
the encapsulation of paraffins for TES by employing dif-
ferent encapsulation techniques. Therefore, selecting a sui-
table technique for the synthesis of form stable PCM is the
most challenging. This review aims at providing a compre-
hensive database addressing these issues, focusing mainly
on PCMs, processing techniques, performance of encapsu-
lated and composite PCMs, and phase change building
materials prepared in previous studies, since this is the
most critical information required to widen the potential
usage of PCM technology in building applications. A con-
cise summary of environmentally friendly poly(ethylene
glycol)-based composite PCMs is also included.
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Abbreviations

BDO 1,4-butanediol

CNT carbon nanotube

CHS chemical heat storage

EG expanded graphite

EP expanded perlite

LA lauric acid

LHS latent heat storage

LHTES latent heat thermal energy storage
MPCM microencapsulated phase-change material
MA myristic acid

MF melamine formaldehyde

PA palmitic acid

PCBM  phase change building material
PCM phase-change material

PCMW  phase-change material wallboard
PEG poly(ethylene glycol)

PGMA  poly(glycidyl methacrylate)

PGI poly(glycerol-itaconic acid)
PMMA poly(methyl methacrylate)

POM polarised optical microscopy

PSt polystyrene

PUU poly(urea-urethane)

PVA polyvinyl alcohol

PVC polyvinyl chloride

SA stearic acid

SHS sensible heat storage

TDI 2,4-toluene diisocyanate

TES thermal energy storage

UF urea-formaldehyde

1 Introduction

The building sector is reported as the highest energy con-
sumer worldwide due to the rapidly and continuously
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growing population accompanied with rapid urbanisation
[1,2]. The international energy agency reports that build-
ings contribute to 40% of total global energy consumption
wherein the building envelope was responsible for 36% of
the total energy consumed which was accountable for 39%
of greenhouse gas emissions in 2018 [3,4]. Therefore, sev-
eral studies and research projects have worked towards
enhancing the thermal performance of buildings and/or
building envelope by utilising the highly efficient, afford-
able, and high impact phase-change material (PCM)
technology to make significant energy-saving and decarbo-
nisation in the built environment [5]. Moreover, the appli-
cation of PCMs is widely found in other fields such as
thermal energy storage (TES), battery thermal manage-
ment, electric and power peak regulation, and textiles for
the fabrication of smart thermal fibres/clothing [6-8]. How-
ever, the building envelope is mainly comprised of building
materials including bricks, cement, and concrete, which are
sensible heat storage (SHS) materials. Utilisation of latent
heat storage (LHS) materials via the application of advanced
LHS materials like PCMs or incorporating stable PCMs in
buildings is more effective, thus in the recent years, PCMs
have become the hot topic among scientists and researchers.

PCMs can be embedded in bricks, wallboards, gypsum
boards, and concrete slabs, to enhance the thermal mass of
the building materials or components [9,10]. Integrating
TES technologies in building energy systems or building
envelopes is advantageous. It can overcome existing sea-
sonal mismatch issues, increase the flexibility of energy
usage, drastically reduce energy demand, and effectively
utilise renewable energy like solar energy [11], and sub-
stantially enhance the overall performance and reliability
of the energy systems, since no difference exists between
the supply and demand, and heating and cooling loads will
be reduced [12]. In addition, it reduces total premium fuel
consumed and reduces the investment and running costs,
overall it improves the cost effectiveness of the system [13].
The baseline concept of TES is that energy in the form of
heat or cold can be stored in the designated storage medium
for a particular duration and can be retrieved from the
same location when required. Thermal performance of all
TES methods is influenced strongly by the characteristics
of the storage material. Hence, a material with high latent
heat capacity along with good heat transfer characteristic
(e.g. high thermal conductivity) will be desirable, since it
will enhance the overall performance of the system [14].
Thermal energy can be stored by different methods, namely
physical and chemical methods which are both differentiated
based on their TES mechanisms; physical methods are com-
monly used in TES applications, and it involves using direct
ways to store thermal energy, while the chemical methods use
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chemical processes only in which advantages of endothermic
and exothermic reactions take place indirectly [15]. TES is
mainly classified by three different mechanisms: (1) SHS, (2)
LHS, and (3) thermochemical heat storage [8]. Expected desir-
able characteristic of TES materials includes high energy
storage density, thermal reliability, mechanical strength, che-
mical stability, and good chemical resistance [7].

This review first comprehensively summarises the dif-
ferent categories of PCMs available in market and the
merits, which the PCMs are expected to exhibit for building
applications since this will help choose the correct PCM for
the intended building application. Second, the different
approaches employed including encapsulation and shape
stabilisation techniques to resolve the leakage problem of
solid-liquid PCMs are discussed in detail and the properties
of different PCMs and composite PCMs are investigated and
summarised, mainly to help propose formulations that pro-
duce composite PCMs of optimum thermal performance.
Third, the building application of PCMs are discussed and
the properties of different phase changing building mate-
rials (PCBMs) prepared and investigated in previous litera-
ture are reported. Future recommendations are made to
optimise the potential use of PCMs in buildings to enhance
its thermal performance and thereby, work towards achieving
carbon zero buildings.

2 PCBM through physical TES

The storage capacity of physical heat transfer processes,
namely SHS and LHS depends mainly upon thermophysical
properties including the thermal conductivity and specific
heat capacity [16]. Previous literature states that LHS mate-
rials (e.g. PCMs) are more advantageous than SHS materials
because they can store more energy in the form of both latent
and sensible heat while the latter has relatively lower storage
capacity; therefore, SHS systems require more space to store
significant amount of energy [17]. LHS materials (e.g. PCMs)
have TES capacity 5-14 times more than that of a conven-
tional SHS material; therefore, less space and material will be
required to store the same amount of energy [18,19]. Figure 1
shows the storage medium of different TES technologies, and
the characteristics of both physical and chemical storage tech-
nologies are compared and summarised in Table 1.

2.1 PCBM working through SHS

SHS materials are intrinsically capable of storing or releasing
thermal energy through conduction, convection or radiation
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Figure 1: The different classes of TES technologies available.

as a result of being subjected to a temperature change
without undergoing any physical phase change. Moreover,
the supplied energy results in increasing temperature of the
material which is attributed to the change caused to its
internal energy which consequently results in energy storage
within the material in form of sensible heat [21]. There are
two types of SHS materials, namely (1) solid storage materials,
and (2) liquid storage materials. Examples of solid SHS mate-
rials include metals and non-metals (e.g. concrete, rock,
gravel, brick, marble, granite and sandstone rocks, stones,
dry and wet earth/soil, iron, wood plasterboard and cork-
board); and liquid SHS materials include water, oil, molten
salt pure and derivatives of alcohols [20]. For operation that

Eutectic Mixture

requires elevated temperatures above 100°C, molten salts, oils
and liquid metals are commonly used for storing purposes,
whereas for other purposes like heating the air, rock bed-type
materials are preferable [22] because molten salts have desir-
able thermophysical properties; therefore, can be adopted in
various elevated temperature TES applications, provided that
special measures are taken to prevent corrosion, which could
significantly increase the overall cost of the storage system.
Energy systems that utilise liquids as heat storage and transfer
material are preferred for wide range of applications from
low-temperature to medium-temperature thermal storage.
Water is the most common liquid used as storage material
because it has high specific heat capacity and is abundantly

Table 1: Comparison of different TES technologies available

SHS LHS Chemical heat storage (CHS) Ref.
Storage medium  Solid: gravel, metal, soil, ceramic Solid-liquid PCMs Metal chlorides [12,20]
Solid-solid PCMs Metal hydrides
Liquid: water, alcohol and their Solid-gas PCMs Metal oxides
derivatives, oil Liquid-gas PCMs
Type Water-based system e.g. water Active storage Thermochemical-/thermal-sorption e.g. ad-  [14]
tank and aquifer and absorption
Rock or ground-based system Passive storage Reversible chemical reaction (high-
temperature storage)
Advantages Environmentally friendly and cheap  Higher energy density than SHS  Highest energy density than both SHS and  [12,14]
materials used LHS, thus system is compact
Simple TES technology controlled ~ Thermal energy provided at Negligible heat loss
easily constant temperature
Reliable
Disadvantages Low energy density, large volume  Lack of thermal stability Poor heat and mass transfer property under  [12,20]
required high density condition

Self-discharge and heat loss issues
High cost in site construction

Crystallisation
Corrosion
High cost of storage material

Unsure cyclability
High cost of storage material
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available at relatively low cost. Solid media including rock,
metals, concrete, sand and brick are commonly used for
both low and high temperature storage purposes because
they have very high operating temperatures (e.g. over 100°C)
along with excellent thermal conductivity [15]; however, their
high cost tends to limit their potential use [13]. The TES per-
formance of conventional building materials which are all
SHS materials is presented in Table 2. SHS technology is
reported as one of the oldest and well-developed concepts
conventionally used for long-term and seasonal energy sto-
rage purposes to conserve primary energy consumption since
it is comprised of numerous low-cost materials. Additionally, it
is a simple and easy technology with high reliability; therefore,
it has been implemented in numerous projects in the past
[13,14]. Major drawbacks of using solid SHS materials is their
inherently low specific heat capacity, which is on average
around 1,200 KJ/(m*K), relatively low energy density, and
loss of thermal energy at any temperature [23].

The partial factors that determine the quantity of
energy stored by the SHS materials are the quantity of
material used, temperature variation, and specific heat;
and thus, may be represented by equation (1) [24,22,25]
which indicates that the change in temperature has a
linear relationship with thermal energy stored or released
by the SHS material while the amount of thermal energy
stored in SHS system depends mainly upon the specific
heat capacity of the material/medium.

i
0 = [mGar = mey(; - 1), M
T;

where Q is the quantity of SHS of a material (]), m is the mass
of storage material (kg), C, is the specific heat capacity of
storage material at constant pressure (J/kg K), Tt is the final
temperature (K), and T; is the initial temperature (K).
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2.2 PCBM working through LHS

LHS systems utilise PCMs, which are a class of “functional”
materials capable of storing and releasing thermal energy
by virtue of the phase transition phenomenon at their oper-
ating temperatures under isothermal conditions. PCMs are
the most used energy storage material in LHS systems and
play a vital role in efficient LHS applications, since their
incorporation in TES systems enables adequate control
over the operating parameters of the system through the
utilisation of the exothermic and endothermic phase transi-
tions, and they are classified based on their physical trans-
formation of absorbing/storing or releasing thermal energy
capabilities as a result of undergoing phase transformation
from one state to another at their operating temperatures
as either solid-solid, solid-liquid, solid—gas, or liquid—gas
PCMs [8,28]. Hence, in latent heat thermal energy storage
(LHTES) systems, thermal energy accumulated at molecular
level within the material ensures that relevant phase trans-
formation processes occur. In solid-solid PCMs, thermal
energy is stored as the material gets transformed from
one crystalline form to another, e.g. semi-crystalline or
amorphous [29], and therefore, requires no encapsulation
since no liquid gets generated during the phase transition
process; however, they exhibit very small latent heat capa-
city which is attributed to the very small volume changes that
occur during their phase transition process [30]. Solid-gas and
liquid—gas PCMs present higher latent heat but they experi-
ence very high-volume changes during phase change, and
therefore, require more stringent containers which makes
them impractical and unsuitable for most applications [31].
Although solid-liquid PCMs exhibit smaller latent heat during
phase change compared to that of solid—gas or liquid-gas,
they are practical and thus, are conventionally utilised in
most applications. Also, in the last 20 years, numerous studies

Table 2: Thermal performance of conventionally used SHS building materials [26,27]

Material name Temperature range (°C) Density (kg/m3)

Thermal conductivity (W/mK)  Energy storage capacity (J/kg K)

Sand 20 1,555
Rock 20 2,560
Brick 20 1,600
Concrete 20 2,240
Granite 20 2,640
Aluminium 20 2,707
Cast iron 20 7,900
Sand-rock minerals 200-300 1,700
Reinforced concrete  200-400 2,200
Cast steel 200-700 7,800

0.15-0.25 800
2.00-7.00 879
1.04 840
1.70 880
1.70-4.00 820
204 896
29.30 837
1.00 1,300
1.50 850
40.0 600
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have mainly focused on developing and testing solid-liquid
PCMs [18].

PCM integration in building envelope components
results in producing PCBMs, which are considered as
the most promising strategy to improve the energy per-
formance of buildings, which subsequently results in
reducing its overall energy consumption and greenhouse
gas emissions [32]. Currently, PCMs are utilised in dif-
ferent fields including building air conditioning, electro-
nics cooling, waste heat recovery, textiles, preservation of
food and milk, solar energy storage, fabrics, and many
more [33,34]. Moreover, it has been a hot topic of research
over the last few decades due to their high energy storage
density characteristic [18,35].

The storage capacity of a LHTES system may be repre-
sented by Eqs. (2) and (3) [22,25].

T T
0 = [mGAT + mandhy, + [meydr, @
T T,

Q= m[Csp(Tm - T) + anbhy + Clp(Tf - Twl, 3)

where Q is the quantity of LHS of a material (]J), m is the
mass of storage material (kg), C, is the specific heat capa-
city (J/kg K), Csp, is the specific heat of solid phase (J/kg K), Gy, is
the specific heat of liquid phase (J/kg K), ay, is the fraction of
melted PCM (no unit), Ahy, is the latent heat of fusion (J/kg),
Ty, is the melting temperature (K), T; is the final temperature
(K), and T; is the initial temperature (K).

3 PCBM through chemical TES

The principle of chemical energy storage is based on rever-
sible chemical reaction of a compound, and it involves
initiating a reversible chemical reaction using an energy
source. Chemical energy storages allow wasted thermal
energy of industries, power plants, and renewable energy
to be stored [36], and are divided into two types, namely (1)
chemical reaction storage and (2) thermochemical sorption
storage [14]. Major desirable characteristic of CHS includes
high energy storage density along with long-term storage
duration at ambient temperature [5].

Thermochemical systems rely on the energy supplied
to break existing molecular bonds, and the energy released
when new bonds are formed during the endothermic and
exothermic steps of a completely reversible chemical reac-
tion. A reversible reaction can be defined as a reaction in
which both forward and backward reactions occur simul-
taneously. The major operation of the thermochemical
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energy storage system is charging, storing, and discharging
(Figure 2), and the general reaction equation may be repre-
sented as shown in equation (4).

AB + AH < A+ B, 4

where AH is the amount of heat required to dissociate
reactants A and B (e.g. energy required to break bonds).

In the charging process, energy is absorbed from the
surrounding, and therefore, it is classified as an endothermic
reaction [37], and the supplied thermal energy is used to
decompose the chemical reactants into products (e.g.
exothermic process). The sensible heat contained in the pro-
ducts of the reaction will be recovered in a heat exchanger.
The products formed will be separated and stored in indivi-
dual containers by sealing the connection during the storing
period at ambient temperature until the requirement of the
discharging process, which can be defined as the process by
which the stored energy gets extracted from the system. The
stored heat can only be kept for a long time if the products of
reaction are stored separately. Provided the sensible heat
effect is negligible compared to the heat of reaction, no heat
loss is likely to occur. Before initiating the discharging process,
the products are preheated to reach the reaction temperature,
after this step, the products are combined via an exothermic
reaction to retrieve the reactants. Energy will be released
during the discharging process. The heat stored depends
mainly upon the amount of storage material, the endothermic
heat of reaction and the extent of conversion. This method is
considered as the most viable and effective technology, espe-
cially for long-duration TES and transport [5,36].

The sorption storage process comprises of absorption
and adsorption. In the adsorption process, gas molecules
combine with the surface of a solid material via forming
bonds, so no new material gets formed, while in the absorp-
tion process a new compound gets produced. There are in
total four different thermochemical reactions, including (1)
gas-gas reversible reactions, (2) liquid-gas reversible reac-
tions, (3) liquid-liquid reversible reactions, and (4) solid—gas
reversible reactions [38]. Thermochemical energy storage
has the highest TES density of all TES; however, the reaction
efficiency tends to reduce with time. Desirable characteris-
tics of thermochemical energy storage materials include
high reaction enthalpy, rapid reaction kinetics, high thermal
conductivity, good cyclic stability, abundant availability, and
non-toxic with no side reactions [39]. The main drawback
that limits the application of this storage type is that the
technology is still in an infant stage, and therefore, sev-
eral questions in terms of its cyclic stability and ease of its
integration with concentration solar power remain unan-
swered [40].
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Figure 2: Schematic representation of a thermochemical energy storage system.

4 Materials for latent heat thermal
storage PCBMs

4.1 Principal parameters of PCMs for PCBMs

The effectiveness of PCMs in enhancing the thermal per-
formance of buildings depends entirely upon the type of
PCM used; therefore, selecting the correct PCM is essential
for the utilisation of its benefits in building applications
[41]. One of the principal factors to consider when making
the right selection of PCMs for building application is its
operating temperature. For building envelopes, the defined
human comfort level is between 23 and 27°C in summer,
and therefore, the melting temperature of PCM should be
between 19 and 24°C [42,43]. For sufficient heat transfer,

the temperature difference between air temperature and
melting temperature of PCM should be within the range of
3-5°C [44]. However, the free cooling of buildings coupled
with PCM storage unit can perform efficiently in climatic
conditions even when the daytime temperature is in the
range of 12-15°C. Hence, the melting point selection of PCM
for the free cooling of buildings should be made according
to the climatic conditions. The suitable working tempera-
ture ranges of building applications is 18-30°C [45,46].
Overall, selection of PCM to be used for any application
in various fields such as construction, refrigerators, air-
conditioning, textiles, food preparation, astronautics, and
waste heat recovery is determined based on the operating
temperature of the intended application [47]. Additionally,
the PCM used for building application needs to meet a
certain criterion in terms of physical, chemical, thermal,
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Table 3: Summary of desirable characteristic PCMs

Property Criteria

Physical High density

No supercooling/sub-cooling
behaviours

Low vapor pressure

Low volume variations

No segregation

Good chemical stability

Good compatibility with building
materials

Non-toxic

Non-corrosive

Non-explosive

Suitable phase transition
temperature

High latent heat capacity

High thermal conductivity

High specific heat capacity
Exhibits sufficient crystallisation rate
Exhibits no supercooling effects.
Available abundantly at relatively
low cost

Non-polluting

Low environmental impact
Recyclable

Low embodied energy

Chemical

Thermal

Kinetic

Economic and
environmental

kinetic, and economic properties as indicated in Table 3
[22,28,48] to make noticeable improvements in the indoor
thermal comfort level of buildings, and thus to reduce
indoor temperature fluctuations which results in reducing
the energy consumption of buildings. However, it is impos-
sible to find one PCM that possesses all the merits. Super-
cooling effect is a troublesome aspect of PCMs since it can
impact its efficiency undesirably, and it can be defined
as a phenomenon by which the PCM does not crystallise
at its normal freezing point but at a much lower tempera-
ture which means the stored energy will not be discharged
fully [49]. If the supercooling temperature is greater than
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5-10°C, it will lead to improper energy extraction [50,51].
Overall, the selection procedure of PCM is considered as
a highly complex and time-consuming process since an
unlimited number of PCMs are available in market, and
new PCMs are being developed over time. Since it is
known that the thermophysical properties (e.g. thermal
conductivity) of PCMs is necessary for the evaluation of
its suitability, PCM with high thermal conductivity [52]
are preferred if they exhibit suitable charging and dischar-
ging characteristics along with a suitable phase transition
temperature that matches the heating and cooling tem-
perature of the chosen operation. However, this informa-
tion is not available in literature for most PCMs making the
selection process even more challenging [53,54].

4.2 Solid-liquid PCMs

Solid-liquid PCMs, including organic, inorganic, and eutectic
mixtures (Figure 3), are materials that undergo changes in
their internal molecular arrangement from a highly ordered
crystalline arrangement to a disordered amorphous
arrangement (i.e. irregular arrangement of molecules) as
result of being subjected to an elevated temperature, higher
than its phase transition temperature. The vibrational energy
increases with temperature which eventually causes breakage
of the supramolecular bonds existing between the individual
atoms, leading to a random arrangement of atoms in the
liquid state. As temperature falls below the phase transition
temperature, the nucleation process initiates (e.g. crystallisa-
tion process), whereby atoms rearrange to form a crystalline
lattice. Phase changes in solid-liquid PCMs are accompanied
by volume changes (e.g. volume increases) because PCM con-
verts from solid to liquid [55]. Compared to solid—solid PCMs,
they have higher LHS capacities. Vast number of solid-liquid
PCMs have been prepared and characterised in the past for the
development of highly effective storage systems at low costs;
however, this has not been possible yet since solid-liquid PCMs

[ Solid-liquid PCMs

Non-paraffin

Figure 3: Types of solid-liquid PCMs available.
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Salt hydrates

¥
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! |

Inorganic-Inorganic ]
I

[
[
[ Inorganic-Organic ]
[

Organic-Organic ]




8 —— Amende Sivanathan et al.

have poor shape-stability, which leads to leakage issues along
with other operational problems including supercooling effect
and corrosion [56]. Therefore, current research has mainly
focused on overcoming these shortcomings of solid-liquid
PCMs by employing either the encapsulation or shape stabilisa-
tion technology. The advantages and disadvantages of the dif-
ferent solid-liquid PCMs are outlined in Table 4.

4.2.1 Organic PCMs

There are two types of organic PCMs: (1) paraffins which
are comprised of saturated linear and branched hydro-
carbon chains, and (2) non-paraffins (e.g. fatty acids and
fatty acid esters, unmodified/modified polymers, and
polyalcohol).

4.2.1.1 Paraffin-based PCMs

Organic paraffins or paraffin waxes are derivatives of fos-
sils and are usually found in natural gas, petroleum, or can
be produced synthetically from coal. They are comprised of
straight n-alkanes, CH3—(CH,)—-CHj; chain, and other hydro-
carbon (CH) molecules. Their chemical composition can be
determined using the general formula C,H,,.1, Where n
represents the number of carbon atoms in the compound,
whereby alkane mixtures preferred for most applications
exist as wax-like solids at room temperature which fall in
the range of 20 < n < 40. Most paraffins show a volume
change by ~10-15% while having good thermal reliability
which is attributed to their low specific gravity [59]. Paraf-
fins are soft waxes, therefore will not generate large
expansion forces. The latent heat of paraffins depends
upon the crystallisation of the alkyl chain in the saturated
hydrocarbon chain (e.g. the synthesis process of the methyl
CHs-chain) since this process is responsible for releasing
energy in the form of latent heat. Hence, the crystallisation
of CH3 chain releases a significant amount of latent heat.
The melting temperature of paraffins and paraffin waxes
are a function of the number of carbon atoms in the chain
according to Figure 4 [24,60]. Paraffins are hydrophobic,
and therefore, will not dissolve in water or chemical sol-
vents; thus, this makes them ideal candidates as PCMs in
the encapsulation process [61,62]. Exposing them to elevated
temperatures causes evaporation of short chain hydro-
carbon molecules as result of paraffin bond breakage. Par-
affins and waxes with melting temperature in the range of
-12 to 71°C, corresponding to a latent heat of storage in the
range of 128-198 kJ/kg [63], have been studied for commer-
cialisation purposes in several studies. Paraffins show no
phase segregation even after being subjected to numerous
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phase transition cycles; however, paraffin blends/waxes
have commonly been used over pure paraffins due to their
lower costs, and because their phase transition tempera-
tures can be tailored easily for the intended application by
mixing alkanes of different chain lengths [64]. Table 5 sum-
marises the thermal properties of the selected paraffins and
their waxes [65].

4.2.1.2 Non-paraffin based PCMs

Non-paraffin PCMs, namely fatty acids and fatty acid esters,
are the abundantly available PCMs existing with highly
varied properties, unlike the different paraffins and their
waxes which exhibit very similar properties. They are usually
characterised by the general formula CH;(CH;),,COOH, where
n represents the number of carbon atoms in the compound
[66]. Their melting temperature is in the same range as the
paraffins and their waxes. Furthermore, non-paraffins can
maintain a long-term thermal stability when exposed to ele-
vated temperatures above their phase transition tempera-
ture. Compared to paraffins, they have lower vapor pressure;
therefore, they are thermally more stable and less volatile.
Moreover, they are environmentally friendly and non-flam-
mable [67], and therefore, are more desirable in building
applications.

Behzadi and Farid [67] investigated the potential changes
that occurred in the thermal characteristics of organic PCMs
such as RT21 and esters with time when exposed to elevated
temperatures above their melting points. Results indicated
that paraffin-based PCMs had experienced irreversible phy-
sical changes which caused changes in their intrinsic thermal
characteristics. Hence, paraffin waxes have higher vapor
pressure than esters, and therefore, they were observed to
be more prone to weight loss and change in physical proper-
ties caused by the evaporation of their light compounds. Ester
mixtures were observed to exhibit good stability since no
changes in its mass occurred, and it remained thermally
stable throughout the heating period. Fatty acids like stearic
acid (SA), palmitic acid (PA), myristic acid (MA), and lauric
acid (LA) are considered as the most promising PCMs for LHS
applications since they have high latent heat capacity, along
with other desirable characteristics such as they experience
little or no supercooling effect [68] and they exhibit self-nucle-
ating behaviour. Alkan and Sari [69] prepared fatty acids/poly
(methyl methacrylate) (PMMA) blends using PMMA, a com-
mercially available acrylic resin and different fatty acids,
namely SA, PA, MA, and LA, through the simple solution
casting approach, for LHTES applications. Results confirmed
the presence of strong interaction between the fatty acid and
the supporting material. PA is one of the most investigated
fatty acids as PCM since it consists of a suitable phase change
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Figure 4: The relationship between the number of carbon atoms in the

chain and thermal properties of paraffins.

Table 5: Phase transition temperature and the corresponding latent
heat capacity of paraffin and their waxes

PCM name Phase transition Latent heat
temperature (°C) (/9)
Hexadecane 18-20 224
Cetane 18 231
Heptadecane 23 182
n-Eicosane 37 250
Paraffin ZDJN-28 26-28 231
Paraffin 44-46 259
Paraffin wax P56-58  42-72 250
Paraffin wax 18 237
Paraffin wax 44 190
Paraffin RT21 25 133

temperature range for solar passive application (e.g. 58—-64°C),
along with a high latent capacity usually in the range of
190-220 J/g [70]. Also, it experiences little or no supercooling
effect and has no corrosion effect on metal construction mate-
rials, but its inherently low thermal conductivity tends to
limit its potential application. Previous literature has solved
this problem in several ways through the utilisation of heat-
transfer promoters: (1) using finned configurations, (2) dis-
perse particles of high thermal conductivity, and (3) dispersing
metal matrix into the PCM. Although thermal conductivity of
PCM gets enhanced, it has a negative impact on the overall
weight and volume of the LHTES system. Moreover, both
weight and volume of the LHTES system gets increased. Sari
and Karaipekli [70] prepared PA/expanded graphite (EG) PCM
composite containing 80 wt% of PA and 30 wt% of EG. Results
indicated that PA and EG had good chemical compatibility,
and that the resulting composites had enhanced thermal
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conductivity of 0.60 W/m K, which was 2.5 times more than
that of pure PA. Fang et al. [68] prepared PA/silicon dioxide
(Si0,) composites containing melamine which is a well-known
non-corrosive flame retardant via the sol-gel method. Resulting
composites were reported to have enhanced thermal stability
and good fire-retardant property. Non-paraffin PCMs pos-
sess major drawbacks such as material availability for
large-scale production and their high costs because they
cost approximately 2-2.5 times more than conventional par-
affin waxes [71] and 3 times more than paraffin PCMs [66].
Also, it is impossible to match their phase transition tem-
perature completely with the temperature of the practical
application field which limits their utilisation in building
applications [72].

4.2.1.3 Poly(ethylene glycols) (PEGs) and their
derivatives as PCMs

PEGs, also known as poly(oxyethylene), are a class of poly-
meric organic solid-liquid PCMs made up of linear dimethyl
ether chains with hydroxyl (OH) ending groups. The general
formula of PEGs is H-(0—CH,—-CH,),,—OH where n represents
the number of carbon atoms in the chain. They are polar
substances due to the presence of two terminal OH groups
[73] in their chain and are comprised of a highly defined
macromolecule [74] with good characteristics, such as
non-toxicity, good biodegradability, and hydrophilicity.
The width to height ratio (e.g. aspect ratio) of PEG parti-
cles are dictated by the molecular weight of PEG [75].
Moreover, this environmentally friendly polymer has
proven to be suitable in several fields including cos-
metics, food, pharmaceutical, and biomedical. Currently,
they are reported as the most versatile environmentally
friendly polymeric PCM due to its high phase change
enthalpy, controllable and suitable phase change tem-
perature ie. phase change temperature is in the range
of -55 to 100°C [76], and broad range of molecular weight,
along with desirable characteristics including high latent
heat capacity usually in the range of 150-180 J/g [77],
congruent melting, non-toxicity, no super-cooling beha-
viour, low vapour pressure in melted state, high resistance
to corrosion, chemically inert, small volume changes during
phase change, high thermal and chemical stability even
after long-term utility duration, and competitive pricing
[78]. Also, they require no encapsulation but can be stabi-
lised through both physical and chemical shape stabilisation
approaches material [79]. Owing to their excellent desirable
characteristics, they have been investigated in various TES
applications, which range from building envelopes to fab-
rics, foams, and fibres. Melting temperatures of PEGs vary
according to its molecular weight (Figure 5) [59], which
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Figure 5: The relationship between the molecular weight of PEG and its
thermal properties.

enables their utilisation in various applications including
industrial heat utilisation and electronic device manage-
ment and protection. In addition, they can also be used in
active and passive heating or cooling systems of buildings
[80,81]. Adjusting the melting temperature and heat absorp-
tion capacity should be done by mixing PEGs with different
molecular weights to enhance its feasibility.

4.2.2 Inorganic PCMs

Inorganic PCMs include salt hydrates, alloy of inorganic
anhydrous salts with water, and metals and alloys, e.g.
copper (Cu), zinc (Zn), aluminium (Al), magnesium (Mg),
silicon (Si), and tin (Sn). They consist of several remarkable
characteristics compared to organic PCMs, such as high
latent heat capacity, high thermal conductivity, non-toxi-
city, non-flammability, and relatively low costs. Therefore,
the is a high potential in several applications including
building, concentrated solar plants (CSPs), and thermal
management of lithium-ion battery.

4.2.2.1 Salt hydrate PCMs

Salt hydrates are ionic compounds usually composed of an
alloy of inorganic anhydrous salts and few water molecules.
They are characterised by the general formula M-nH,0,
where n represents the number of water molecules present
in the compound. Common salt hydrates investigated in
literature include fluoride, chloride, and carbonate salts
because they have good potential as high temperature
PCMs. During the phase transition process, they experience
phase transformations involving hydration and dehydration
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processes resembling the typical melting and crystallisation
processes of other solid-liquid PCMs. Benefits of salt
hydrates include high energy storage density (~350 MJ/m?)
and they are cheaper than paraffins, paraffin waxes [54,82],
and metal PCMs; however, their major drawbacks such as
incongruent melting and supercooling (Figure 6) tends to
reduce its effectiveness as PCM. Thus, its disadvantages
are reported to overshadow their advantages which makes
them unsuitable for building applications [83]. Most of the
salt hydrates available are observed to undergo changes
in the stoichiometric composition during the heating and
cooling processes [84]. Previous studies have reported
that microencapsulating salt hydrate is difficult; however,
Huang et al. (2013) [85] demonstrated the successful micro-
encapsulation of disodium hydrogen phosphate heptahydrate
(Na,HPO,7H,0) by employing the suspension copolymerisa-
tion-solvent volatile method using modified PMMA as shell
material. They concluded that microcapsules of smooth and
compact surface with average diameter ranging from 650 to
740 um was obtained. Table 6 [86] presents the thermal prop-
erties of salt hydrate PCMs with operating temperatures
matching building applications.

Table 6: Thermal properties of salt hydrate PCMs suitable for building
applications

Salt hydrate PCM  Melting temperature (°C)  Latent heat (J/g)
KF-4H,0 19 231-330
K,HPO,+4H,0 19 231

FeBr3-6H,0 21 105
Mn(NO3),-6H,0 26 126-148
CaCly'6H,0 29 170-192
Na,C03-10H,0 32-34 267

LiBr-2H,0 30 296
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4.2.2.2 Metal-based PCMs

Metals and alloys with low melting points have the poten-
tial to be used as LHS materials due to the several desirable
characteristics they exhibit including high thermal conduc-
tivity, good electrical conductivity, low vapour pressure,
and relatively low heat of fusion per unit weight attributed
to their very large density. Compared to salt hydrates,
which suffer from inherently low thermal conductivity
that is usually resolved using sophisticated exchangers,
both metal and alloy PCMs are conventionally investigated
and utilised in high temperature applications [87]. Pre-
vious studies have used numerous metals, such as Cu, Zn,
Al, Mg, Si, and Sn. One major drawback limiting the poten-
tial application of both metals and their alloys is the corro-
sion resulting from the reaction occurring between the
molten metal ions and the container. However, this problem
can be overcome by employing the encapsulation tech-
nology. Therefore, tremendous efforts have been made to
prepare metal based PCMs via the encapsulation technology.
Metals and alloys including Al-Si, Al-Si-Mg, and Al-Si-Cu
have been investigated commonly in the past as high tem-
perature PCMs. Maruoka et al. (2002) [88] prepared Cu-based
PCM coated by a nickel film by the electroplating method
for high temperature (e.g. T > 1,200 K) application. They
reported that forming a film with a two-layer structure
using either carbon or ruthenium was beneficial since it
could prevent the formation of solution and such reaction
between Cu and nickel. Encapsulated metal PCMs usually
have poor durability as a result of getting exposed to high
temperatures for a long term. Zhang et al. [89] prepared
durable Cu-based PCMs by encapsulating Cu within a
chromium-nickel bimetallic layer through an innovative
approach called electroplating for high temperature TES
application. Results demonstrated that the Cu capsules
experienced no leakage even after being subjected to 1,000
charge—discharge cycles which was attributed to the pre-
sence of the chromium layer between nickel and copper.
An investigation on copper-magnesium metallic alloys as
intermediate/high temperature PCMs was carried out for
LHS at CSPs [90]. It was found that the formation of a cor-
rosive layer was governed by the diffusion of both magne-
sium and nickel from the base metal. They reported that this
can be abided by selecting a construction material of proper
composition. Blanco-Rodriguez et al. [91] also proved through
lab scale experimental work the possibility of utilising metal
alloy as latent heat energy storage materials. An approach
involved using BN-based coating material to avoid corrosion
of steel containers was attempted to prepare Al-Si PCMs
[92]. Experimental results demonstrated the possibility of
industrialising PCM-based high temperature TES. However,
they reported that there is a need to study the mechanical
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behaviour of the coating in more detail. In summary, major
drawbacks that limit the potential application of metal and
alloys as PCMs include high cost and corrosion which arises
due to its compatibility issues with the supporting materials.
For building applications, metal-based PCMs are considered
being unsuitable because their phase transition temperature
does not match the operating temperature range of building
applications [93].

4.2.3 Eutectic mixtures

Eutectic mixtures of PCMs are comprised of a combination
of two or more chemical compounds of single chemical
composition and solidify at a lower melting temperature
than any other composition obtained from the same com-
ponent. Therefore, they tend to melt and freeze congru-
ently to produce a mixture of component crystals during
the crystallisation process. A blend of crystals is formed
during the freezing process. Eutectic mixtures may be com-
posed of either inorganic with inorganic, organic with inor-
ganic, and organic with organic. Table 7 shows the melting
point and latent heat of different combinations of eutectic
mixtures synthesised in the past with phase transition tem-
peratures matching the operating temperature of building
applications [63]. Due to the existence of large number of

Table 7: Combination of eutectic mixtures suitable for building appli-
cations [63]

Eutectic mixture PCM Melting Latent heat
point (°C) 0/9)
Capric/LA 21.0 143.0
Capric/myristic 214 152.0
Capric/palmitate 221 153.0
Methyl stearate/cetyl stearate 222 180.0
Capric acid/MA 22.6 154.8
Methyl stearate/methyl 23.9 220.0
palmitate
C14H280,/C1oH200, 24.0 147.7
C14H280,/C1oH200, 24.0 147.7
Tetradodecanol/LA 245 90.0
Capric acid/SA 24.7 178.6
CaCl,/MgCl,-6H,0 25.0 95.0
CaCl,"6H,0/nuclear/ 25.0 127.0
MgCly-6H,0
Capric/stearate 26.8 160.0
CH3CONH,/NH,CONH, 27.0 163.0
Methyl stearate/cetyl palmitate ~ 28.2 189.0
Triethylolethane/urea 29.8 218.0
Ca(N03)-4H,0/Mg(NO3);:6H,0  30.0 136.0
CH3COONa-3H,0/NH,CONH, 30.0 200.5
CaCly/NaCl/KCI/H,0 26-28 188.0
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individual salt species, and large number of mixtures, the
combination space of eutectic mixtures is enormous. Main
advantage is that their melting points can be easily adjusted
by combining different weight percentages of components,
which means for every temperature range several potential
eutectic PCM mixtures can be obtained, which encourages
optimal selection for the intended application. For instance,
tetradecane with melting temperature in the range of 1.5-5.6°C
can be obtained by combining octadecane, docosane, and hex-
adecane [94]. Moreover, eutectic mixtures have other desir-
able characteristics such as high thermal conductivity, density,
and experiences no segregation and supercooling effect; how-
ever, their specific heat capacity is smaller than the ones of
salt hydrates and paraffin, which limits their potential appli-
cations significantly.

5 PCM stabilisation for PCBM
applications

Two main shortcomings that limit the potential application
of solid-liquid PCMs are the leakage and inherently low
thermal conductivity. However, previous studies have
demonstrated the possibility of overcoming the issues
by either employing the encapsulation or shape-stabilisa-
tion technology.

5.1 Type of encapsulation

The encapsulation was first introduced in the 1940s and
1950s by BK Green to overcome the leakage problem of
solid-liquid PCMs [18,95]. Since then, this technology has

Key: d =diameter of capsule
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evolved further and become the most researched and
applied techniques in various fields, including chemistry,
biology, and medicine which is attributed to their remark-
able advantages [55,96]. Overall, value-added end products
can be obtained via this encapsulation technology, and it
can be defined as a process by which a PCM core comprised
of one or more compounds in the form of a solid, liquid, or
gas particle gets enclosed within an inert protective shell
(e.g. supporting material) which results in the formation
of a core-shell structure mainly to isolate and protect the
PCM core from the surrounding [55,97]. The encapsulated
PCM particles resulting from the different encapsulation
techniques including nanoencapsulation, microencapsula-
tion, and macroencapsulation are classified according to
their size as shown in Figure 7, namely as nanocapsules,
microcapsules, and macrocapsules [98-101].

Producing micro- and nanocapsules via the encapsula-
tion technology is challenging since they involve producing
smaller particles whereas the fabrication of macrocapsules
tend to be much simpler since they are prepared by filling
the chosen container such as pouches, shells, tubes, thin
plates, or spheres with the chosen liquid PCM [99]. How-
ever, preparing capsules of reduced particle size is highly
desirable for building applications (e.g. to produce PCBMs),
because they have better structural stability and enhanced
fracture resistance [102] since previous literature reports
that incorporating encapsulated PCMs with poor fracture
resistance reduces the compressive strength of concrete
and cement mortar. Moreover, they get damaged during
the mixing process [103,104]. The size and morphology
of particles produced depend entirely upon the encapsula-
tion approach and the design parameters like the type
and amount of PCM, shell material, and chemicals used
[105-108]. In the encapsulation technology, PCM and shell
material selection is flexible and can be made according to

d
d M
d M
Nanocapsule Microcapsule Macrocapsule

0nm<d<1000nm

d<lmmord<lcm

d>1mmord>lcm

Figure 7: Classification of encapsulated PCM particle according to its size.
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the practical requirement; however, it is important to
select the correct design parameters like the core-to-shell
ratio, PCM content, shell material, and encapsulation tech-
nique for the optimisation of encapsulated PCMs perfor-
mance in building applications [109] but no standard selection
procedure is available in the previous literature; and there-
fore, relevant information regarding the final properties and
performance of microencapsulated PCMs (MPCMs) resulting
from the different encapsulation approaches should be com-
piled which will subsequently identify the optimum design
parameters for the fabrication of encapsulated PCMs for the
preparation of PCBMs of enhanced thermal performance
[22,48,58].

The geometry of MPCM produced depends entirely
upon the type of encapsulation technique used. Due to
the basic characteristic of encapsulation technology, it is
possible to produce capsules in any shape such as rectan-
gular, cylindrical, and spherical [99]. However, spherically
shaped capsules are preferable in building applications.
Capsules can be spherically shaped where its core is coated
with a continuous polymeric material, or asymmetrical with
inconsistently shaped particles, where a quantity of core
material, in smaller droplet form, is embedded throughout
the microcapsule. In general, it is possible to microencapsu-
late matter of all states such as solid, liquid, or gas, making
handling of both liquid and gaseous phases easier, in addi-
tion to enabling safer handling of hazardous materials [107].
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The morphology of MPCMs can be classified into three types:
(1) mononucleus capsule in which core material is sur-
rounded by the shell material, (2) polynucleus capsule con-
sists of several cores bounded within the shell material, and
(3) matrix encapsulation in which the core material is con-
sistently distributed in the shell material evenly [107] as
illustrated in Figure 8. However, in most studies, particles
with the mononucleus morphology have been prepared and
studied. Overall, the morphology of micro- or nano-encap-
sulated PCMs needs to be studied in detail to produce homo-
genous PCBMs since this will affect the structural integrity of
the building material.

The key purpose of encapsulating solid-liquid PCMs is
to overcome their major leakage problem. Therefore, it is
crucial to know the factors that are likely to impact the
microencapsulation efficiency of PCMs which can be defined
as the ratio of mass of microcapsules with complete shell
coating formed to the total number of microcapsules pre-
sent in the sample, and it is commonly used to measure the
yield of employed microencapsulation approach [110].

5.2 Encapsulation methodologies
The different encapsulation methods available and used to

resolve the leakage problem of solid-liquid PCMs are pre-
sented in Figure 9.

Mononuclear

&

Polymer shell

Multi-walled

O
@

Figure 8: Shows the different morphologies of microcapsules reported in the literature.
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5.2.1 Physical encapsulation methods

Here spray drying and solvent evaporation approaches
will only be discussed since the remaining physical encap-
sulation approaches have not been used for the encapsula-
tion of PCMs.

5.2.1.1 Spray drying

Spray-drying, pan-coating, air-suspension, and centrifugal
are the physical encapsulation techniques available for the
encapsulation of solid-liquid PCM cores. Spray drying was
the first and one of the oldest physical methods developed
in the 1930s, and since then it has attracted much attention
[111], because the technology is simple, convenient, repro-
ducible, and scalable [112-114]. Moreover, it is comparable
with the “one stage drying operation” [112] and are com-
prised of simple steps of high feasibility. First, the chosen
PCM gets dispersed in an aqueous coating solution to
encourage the production of MPCM of desirable particle
size under the spray drying process. Second, the atomisa-
tion of the liquid PCM results in producing droplets which
are then passed through the drying chamber. Evaporation
of water results in producing dried isolated droplets called
MPCMs [112,113,115]. Figure 10 illustrates schematically the
spray drying process [116].

Hawlader et al. [96] encapsulated paraffin wax within
gelatine/acacia shell material and observed a reduction in
microencapsulation efficiency with the increase in the
core/shell ratio and concluded that enough shell material
was required to successfully encapsulate the PCM within he
chosen polymeric film. Incorporation of cross-linking agent
in the range of 6-8 mL enhanced the microencapsulation

Advances in PCBM === 15

efficiency significantly. Borreguero et al. [117] encapsulated
paraffin with/without carbon nanofibres within a low-den-
sity polyethylene ethylvinylacetate shell material. Experi-
mental results demonstrated that particles of better size
and shape were obtained from the collection vessel; thus,
microcapsules collected from the inside of the drying vessel
were bound together, which is attributed to the melting of
polymer. Fei et al. [118] encapsulated n-octadecane (C18) (e.g.
paraffin) within a titania shell material via a rapid aerosol
process and concluded that microcapsules of two structures,
namely dense and hollow, with diameters in the range of
0.1-5.0 microns were produced successfully. Overall, the
spray drying method is well-established approach in the
food industry; however, the approach does not produce a
good yield of encapsulated particles which is attributed to
the agglomeration of the particles due to the use of very
high temperatures during the process. Moreover, the
spray drying equipment is bulky and expensive.

5.2.1.2 Solvent evaporation
In this approach, a coating polymer solution is formed
initially by dissolving the chosen coating polymer material
in the chosen volatile solvent with continuous stirring which
eventually results in producing a coating polymer solution.
This coating polymer solution is subjected to continuous
agitation until the solvent gets partitioned into the aqueous
phase, and as result of solvent evaporation MPCM particles
will be produced. This approach is very simple, easy, and
cheaper compared to the other physical approaches.

Table 8 summarises the properties of MPCM prepared
though the commonly used physical encapsulation methods
such as spray drying and solvent evaporation.

(oncimie ]  ([osechonaineios ) ([Cemclmints )
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[ Pmﬁng ) o= ] [[eme ]
( An-mpmsm ) (] (oo ]
=0 ==

Figure 9: Shows the different microencapsulation methods available.
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Figure 10: Schematic illustration of the spray drying technique [116].

Table 8: Summary of properties of MPCMs prepared via the physical encapsulation approaches

Physical encapsulation
method

PCM/shell material

Results

Ref.

Spray drying

Solvent evaporation

Paraffin wax/gelatine-acacia

Paraffin/polystyrene (PSt)

Paraffin RT27/carbon
nanofibres

Linseed oil/untreated and
silane treated ethyl cellulose

PA/polylactic acid

MA/ethyl cellulose

n-Eicosane/PMMA

Capric acid and PA eutectic/
polyvinyl chloride

The encapsulation efficiency was influenced greatly by the crosslinking
agent and the core-to-shell material ratio

Using a crosslinking agent content between 6 and 8 mL resulted in
optimising the encapsulation efficiency

At a core-to-shell material ratio of 2:1 the latent heat capacity was
216.44 J/g

MPCM had good potential as solar energy storage material

The latent heat capacity of the spherically shaped encapsulated PCMs
were 107.1)/g. The thermal conductivity had reduced from 0.34 to 0.22
W/m K after encapsulation

Encapsulated PCMs had a particle size of 100 nm

MPCMs with an optimum PCM content of 48.61 wt% had a latent heat
capacity of 96.7 J/g and a melting temperature of 28.46°C

The microencapsulation efficiency was 63%

Incorporating carbon nanofibres resulted in producing agglomerated
particles

Optimum encapsulation efficiency of 97.6% was obtained with an oil
content of 68.7%

At a core-to-shell ratio of 7:3, spherically shaped particles with an
average size range of 5-35 pm and shell thickness in the range of
0.5-2.0 ym was produced

An optimum PCM content of 41.9 wt% resulted in producing particles
with a size range of 90-100 pm; and latent heat capacity of 70.1)/g and
a melting temperature of 62.1°C

At an ideal core-to-shell ratio of 2:1, the particle had an optimum
encapsulation efficiency of 62% and produced particles with an
average size in the range of 3-5pum

Optimum latent heat capacity of synthesised particles was 122.61 J/g
and melting temperature was 53.32°C

At an optimal core-to-shell ratio of 1:2, the encapsulation efficiency
reached 58.2% and resulted in producing spherically shaped particles
with size in the range of 5-10 pm

The encapsulated PCMs had a latent heat capacity of 150.8 }/g

An optimal core-to-shell ratio of 2:1 had an encapsulation efficiency of
57% and resulted in producing spherically shaped particles sized
159.3 pm

The latent heat capacity and melting temperature was 92.1 )/g

and 17.1°C

[96]

[119]

[17]

[120]

[83]

[121]

[122]

[123]
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5.2.2 Physio-chemical encapsulation methods

Pan-coating, air-suspension coating, and ionic gelation are
all physio-chemical approaches used commonly in the phar-
maceutical, food, and cosmetic industries for the encapsula-
tion of the chosen core; and therefore, will not be discussed
here since they have not been used for the encapsulation of
PCMs. In the pan-coating method small, coated capsules are
prepared by mixing the coating material with the solid par-
ticles followed by melting of coating material and then
cooling to encourage solidification [105].

5.2.2.1 Coacervation

Coacervation technique used for the encapsulation of PCMs
can be simple or complex. The formation mechanism of
MPCMs is the same with the only exceptions being that
both techniques use a different polymer system and approach
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for phase separation. The simple coacervation process is com-
prised of simple steps as illustrated in Figure 11(a). First, the
core substance gets dispersed in the shell polymer solution;
and for the separation of coacervate from the solution, a
desolvation agent gets added during this process. As a result,
the core substance gets covered via the coacervate droplets
and coalescence of coacervate results in the formation of a
continuous shell around the core which leads to the forma-
tion of encapsulated capsules in the form of particles. The
steps of the complex coacervation technique are illustrated
in Figure 11(b). In the first step, an emulsion gets prepared by
dispersing the core material into the aqueous polymer solu-
tion. Then, a second polymer solution gets added followed by
the addition of relevant salt or dilution of medium to encou-
rage the deposition of shell materials onto the core particles.
Finally, crosslinking agents, desolvation, or thermal treat-
ments are used for the stabilisation of microcapsules pro-
duced. Overall, this approach of encapsulation is cheap and

‘ Soeaielispinien | Phase separation and Production of encapsulated
coalescence of coacervate PCM particles
from solution.
Drop-by. addition of gum
: acacia. Followed by adj PH,
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result of adding cross-linking agent.
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Figure 11: Schematic illustration of (a) simple and (b) complex coacervation techniques [116].
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has a good control over the size of encapsulated particles
produced, but the major drawbacks include the use of large
amount of solvent during synthesis, agglomeration of parti-
cles, and difficulty in scaling-up the production [124].

5.2.2.2 Sol-gel method

In the term solution-gelation, sol refers to the stable
dispersion of particles in solvent and gel refers to the
three-dimensional network of covalent bonds and intermo-
lecular forces comprised of aggregates of sol particles. The
steps involved in this approach of encapsulation is illu-
strated schematically in Figure 12. In the first step, a solu-
tion (e.g. sol) is formed by mixing the chosen precursor (e.g.
metal alkoxide) with the chosen solvent, catalyst, and com-
plexing agent, which initiates the chemical hydrolysis and
condensation reaction, and this results in producing a
stable dispersion of polymers or colloidal particles in the
solvent which are added to the PCM-in-water emulsion to
form a gel consisting of discrete microcapsules with PCM
droplets entrapped inside them. This approach allows the
utilising of inorganic shell materials with high thermal
conductivity, and they are suitable to produce nano sized
PCM particles using silicon dioxide as shell [125].

5.2.3 Chemical encapsulation methods

The properties of the MPCMs prepared via different che-
mical approaches are presented in Table 9.

A sol containing dispersion
of stable polymers.

[ =y
=

A sol resulting from precursor
compound undergoing hydrolysis
reaction.
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5.2.3.1 In situ polymerisation

In this approach, the core material is dispersed in the
chosen aqueous phase containing a small amount of emul-
sifier. Then, the required amount of chosen monomer or
pre-polymer gets added followed by the alteration of the
pH level of the system to initiate the polycondensation
reaction which leads to the formation of a crosslinked
resins. As reaction proceeds, the molecular weight of resin
increases and eventually gets optimised; and thus, remains
insoluble in the aqueous phase which encourages the for-
mation of a precipitate in form of a deposit at the oil-water
interface of the droplet. Solidification/hardening of this
resin results in the formation of microcapsules.

5.2.3.2 Interfacial/polycondensation polymerisation

In this process, the polymer wall (e.g. shell) of the micro-
capsule is formed at the interface existing between the two
chosen phases in the presence of a suitable reaction monomer.
Initially, the multifunctional monomer is dissolved in the
chosen organic core material to produce a mixture containing
emulsifier and protective colloid stabilisers in aqueous phase.

5.2.3.3 Suspension polymerisation

In this approach, the polymer gets dissolved in the organic
core phase followed by the formation of the oil-water
emulsion. Then, the monomer molecule gets segregated
and precipitated from the core material which results in
the formation of the solid shell. The encapsulation process

I Isolated microcapsules

Step 1

A solution (sol) i.e. silicate solution, is formed
as result of precursor compounds undergoing
hydrolysis reaction at a low pH (2-3).

Step 2

This sol gets added into a PCM oil-in-water emulsion
drop-by drop, whilst continuously stirring the
emulsion. Discrete silica gel wall starts to surround
the PCM droplets, as result of solid silica particles
undergoing condensation polymerisation reaction.

Step 3
Suspension is filtered and microcapsules
are washed several times with deionised
water.

Figure 12: Sol-gel method of encapsulation [116].
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Table 9: Properties of encapsulated PCMs prepared via the chemical encapsulation approaches

PCM/shell material Encapsulation

method

Properties of encapsulated PCMs

Reference

Styrene (St)/melamine-formaldehyde (MF)
resin

n-Octadecane/MF

n-Octadecane MF

n-Octadecane/MF resin

n-Octadecane/urea-melamine-formaldehyde
n-Nonadecane/urea-melamine-formaldehyde
n-Eicosane/urea-MF

PRS® Paraffin wax/PSt
Paraffin wax/St and methyl
methacrylate (MMA)

Suspension
polymerisation

In situ polymerisation

Particle size was in the range of 20-71 um

Core material content was ~60%

Decreasing the shell thickness from 270 to 150 nm
resulted in increasing the encapsulated particle size
from 39 to 71 pm

Increasing the stirring rate from 7,000 to 13,000 rpm
resulted in producing particles with a lower core
loading which was attributed to the reduced

particle size

An optimum PCM content of 59 wt% resulted in
producing particles with an average size of 2.2 pm
with a narrow diameter distribution

The latent heat of PCM reduced from 244 to 144 /g
(e.g. 40.98% decrease) after encapsulation

The phase transition temperature of PCM increased
insignificantly from 38.9 to 40.6°C

The thermal stability of the encapsulated PCMs
decreased with the increase in the dropping rate
PCM encapsulation was not possible when the stirring
rate was below 3,000 rpm

Increasing the stirring rate resulted in reducing the
size of encapsulated particles produced Hence, at
stirring rate of 4,000 rpm, particle size was 9.2 pm,
while increasing the stirring rate to 9,000 rpm
resulted in producing particles with an average size
of 0.9 um

Optimum PCM content was 70 wt% which resulted in
producing encapsulated particle with melting
temperature and latent heat capacity of 30.5°C and
170)/g

An optimum encapsulation efficiency of 92% was
achieved at a core-to-shell ratio of 75:25

The encapsulated PCM particles of average size 20 pm
had a melting temperature and latent heat capacity of
26.91°C and 146.5)/g

Varying the core-to-shell ratio resulted in producing
encapsulated PCMs of different latent heat capacities
and melting temperatures

The decrease in melting temperature and latent heat
capacity of PCM was attributed to the phase change
occurring within the encapsulated shell (e.g. a
confined space)

At stirring rates of 6,000 and 10,000 rpm,
encapsulated PCMs have the average particle size in
the range of 0.30-6.40 pm and 0.40-1.10 pm

At PCM content of 72, 69, and 71 wt%, the latent heat
capacity of encapsulated PCMs was 167, 161, and
172)/g

Adding 10 wt% of 1-octadecanol (e.g. nucleating
agent) resulted in decreasing the supercooling
temperature from 26 to 12°C but this was also
accompanied by a decrease in the latent heat capacity
Particle diameter ~30 pm

Energy storage capacity of 41.65)/g

(80]

[126]

[127]

[128]

(50]

[129]
[130]

(Continued)
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Table 9: Continued
PCM/shell material Encapsulation Properties of encapsulated PCMs Reference
method
+ Latent heat per mass at MMA/St proportion of 4 was
84.04)/g
+ Enhanced thermal conductivity and mechanical
strength
PRS® Paraffin wax/st + Latent heat ~41.65)/g (lower than pure paraffin) [131]
Tetradecane/St * Optimum melting heat (nonadecane) was 119.80)/g
Rubitherm® R27/5t + Mean diameter of Rubitherm® R20 was the smallest
Rubitherm® R20/st
Nonadecane/St
Paraffin/MMA and triethoxyvinylsilane * Enhanced thermal stability, thermal conductivity, and [109]
heat transfer rate, e.g. thermal conductivity was
reported to reach an increment of 116%
* Electrical resistance of PCM greater than 10'° Q/sq
n-Octadecane/St-divinylbenzene + Thermal decomposition temperature ~230°C [132]
* N-Octadecane content (at monomers/n-octadecane
mass ratio 1:1) ~56.8 %
+ Optimum enthalpy of 57)/g (at monomers/n-
octadecane mass ratio of 5:2)
* Average particle size ~71 pm (at stirring rate of
1,200 rpm)
Paraffin wax/PSt * Average particle size was 4.53 um [130]
+ Average storage capacity (latent heat) was 104.7 )/g
Butyl stearate/polyurethane (PU) Interfacial * Heat of fusion ~80)/g [133]
polymerisation * Melting point ~28.7°C
* Particle diameter ~20-35 um
+ Good property of thermal periodicity
+ Good thermal stability after subjection to 400
repetitive heating and cooling cycles
n-Octadecane/Si * Particle size 17.0 ym [61]

Octadecane/PU

Paraffin RT21/PU (IPDI and EDA as wall

monomer)

n-Octadecane/PU

Butyl stearate/cross-linked network

polyurethane (PU) with pentaerythritol used

as crosslinking agent

N-Octadecane/PMMA-TiO,

Emulsion
polymerisation

Good thermal stability

Enhanced thermal conductivity due to the presence of
silica

Optimum thermal conductivity (at core/shell weight
ratio of 50/50) ~0.6547W m™" K™’

Particle size of 0.1-1pm

Melting point of 28-30°C

Latent heat of fusion ~62.6-112 /g

Heat of crystallisation was 20.9-22.7°C

Mean particle diameter was 2.40 pm

Latent heat was 92.5)/g

Good anti-osmosis property

Good anti-permeability and high stability

Mean particle size of 5-20 pm

Jeffamine-based microcapsules exhibited better
phase change properties and anti-osmosis property
but poorer thermal stabilities

Diameter of microcapsule was in the range of
10-35pum

Enthalpy was in the range of 77-81)/g. Thus,
microcapsules have good LHS performance
Enhanced thermal stability due to the presence of
network polyurethane shell

At a core-to-shell ratio of 1:1, an optimum
encapsulation efficiency of 67.2% was obtained, and

[134]

[135]

[136]

[137]

[138]

(Continued)
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PCM/shell material Encapsulation

method

Properties of encapsulated PCMs Reference

encapsulated PCM particles had a latent heat capacity
of 179.9)/g

* MPCMs produced had excellent nuclear shell
structure and were covered uniformly with TiO,

is governed by several mechanism including coalescence
and break-up of particles, secondary nucleation, and monomer
diffusion towards the interface. Moreover, it is one of the most
used methods by several researchers for the encapsulation of
PCMs, because it is simple, cheap, robust, and environmentally
friendly, comprising the dissolution of polymer monomer into
chosen organic phase, formation of the oil/water emulsion, and
separation and precipitation of monomer molecules from the
core material [116].

5.2.3.4 Emulsion polymerisation

In this approach, the solvent containing the insoluble
monomer gets dispersed uniformly by mechanical stirring
in the reaction medium containing the chosen emulsifier
and surfactant. Then, an initiator is added which results in
the formation of a polymer membrane on the surface of
the PCM core. This initiates the polymerisation reaction in
the aqueous phase and as reaction progresses the polymer
particles will grow.

5.3 Shell materials for encapsulation

There are in total three classes of shell materials, including
organic, inorganic, and organic-inorganic hybrid shells.
Based on information available in previous literature, it
can be observed that shell material selection is made ran-
domly, since the only aim of most researchers was to be
able to successfully encapsulate the chosen PCM core
within the designated polymeric film. Not all shell mate-
rials available in market have good encapsulation ability;
therefore, it is important to compare the different shell
materials used in previous literature and thereby, to deter-
mine the suitable shell materials which result in producing
encapsulated PCMs with enhanced thermal performance.
Moreover, selecting the correct shell material is considered
crucial; however, this process is technically and scientifi-
cally challenging, since the chosen material should exhibit

acceptable chemical and physical properties and at the
same time be able to encapsulate the designated PCM
core fully. In previous literature, hard and dense poly-
mers used as organic shell materials include gelatine/glu-
taraldehyde (GA) complex [139,140], epoxy resin [141-143],
PMMA [144,145], melamine resin, MF resins, urea-formalde-
hyde (UF) resin [80,128,146,147], poly(urea-urethane) (PUU),
PU [45,131,135,148-151], and PSt [45,131,150,151], and acrylic
resins have been used mainly because they offer exceptional
structural stability to the microcapsules. Also, the resulting
microcapsules were found to have good durability even
after being subjected to numerous repeated heating and
cooling cycles. Major drawbacks of mentioned shell mate-
rials include poor chemical and thermal stabilities. Acrylic
resins, which are methacrylate-based copolymers, are con-
sidered as the most promising organic supporting materials
available compared to the others due to the numerous
advantageous characteristics they exhibit: non-toxicity,
easy handling, high mechanical strength, and good chemical
resistance [152]. In the recent times, inorganic support mate-
rials like silica, titania, calcium carbonate, PSt, and zinc
oxide have gained more attention due to their desirable
intrinsic characteristics such as relatively high thermal con-
ductivity and enhanced mechanical strength and durability,
chemically inert, and non-toxic [110]. Thus, encapsulating
organic PCMs like paraffins/paraffin waxes of high flamm-
abhility within an inorganic shell material tends to reduce its
flammability drastically [18]. Detachment of inorganic addi-
tives from the surface of the microcapsule is the major
shortcoming of this approach; however, this can be over-
come through the employment of the chemical hybridisa-
tion approach [152]. Organic-inorganic shell materials do
result in producing microcapsules of improved intrinsic
characteristics including superior thermal conductivity, good
chemical stability, and mechanical robustness through the
superficial attachment of inorganic additives including silver
nanoparticles, iron nanoparticles, and silicon nitride. In gen-
eral, natural polymers like gelatine and GA shell materials
were rarely used in previous literature for the encapsulation
of PCMs but are commonly used in the food industry for the
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Table 10: Advantages and disadvantages of different shell materials used
Type Shell material name Advantages Disadvantages Ref.
Organic * MF resin * Good thermal * Relatively low thermal and [80,96,158-160]
* UF resin reliability chemical stability
* PU * Good structural + Inherently low thermal
* PUU stability conductivity
* Acrylic resin + Good UV stability * Flammable
* Non-toxic
+ Good mechanical
strength
+ Good chemical
resistance
Inorganic * Silica + High thermal stability * Poor long-term stability [61,79,111,161,162]
« Titania * High thermal * Poor fracture resistance
+ Calcium carbonate conductivity * Brittle
* Zinc oxide * Susceptible to surface
+ Alumina modification
Organic-inorganic + Silver nanoparticles in an + Very high thermal + Inorganic additives can easily [116]
hybrid organic shell conductivity be detached from the surface
+ Silicon nitride in organic * Enhanced mechanical
shell strength

Good chemical stability

encapsulation of different essential oils like oregano oil to
enhance their shelf lives [153]. However, Onder et al. [139]
used gelatine and GA which are both natural polymers as shell
materials to encapsulate paraffin waxes through the complex
coacervation, to produce MPCM with an optimum PCM
loading of 80% and 144 ]/g latent heat capacity. In general,
the strength of gelatine and GA shell is influenced greatly by
the electrostatic force of attraction between the molecules of
gelatine and GA; therefore, the durability of this shell mate-
rial is affected undesirably in certain conditions such as
when the pH level is too high or when the ionic strength
is high which subsequently leads to the dissociation of gela-
tine/GA complex formed [154]. Pascu et al. [141] were the first
to report the production of microcapsules using non-toxic
epoxy resin as the shell material since epoxy results were
believed to have good thermal, and mechanical properties

along with acceptable chemical resistance. However, in the
recent times, they are commonly used for coating purpose to
enhance the strength of the designated shell material because
previous literature shows that most shell materials exhibited
poor heat resistance when exposed to elevated temperatures
in the range of 150-250°C [155]. Cheng et al. [156] prepared
MPCMs via the polycondensation approach, and coated the
resulting microcapsules with epoxy resin through a simple
stirring to produce MPCM composite with latent heat of
melting in the range of 32.41-50.75]/g which were able to
maintain good thermal stability below 300°C. The study car-
ried by Wang et al. [157] demonstrated the possibility of over-
coming the poor thermal stability of the prepared MPCMs
through the employment of the secondary wrapping and
pouring approach which involved wrapping the MPCMs
with a layer of epoxy resin. Results indicated that the

Figure 13: SEM images of MPCMs with (a) 0%, (b) 20%, and (c) 40% of cyclohexane [164].
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Figure 14: SEM images of MPCMs produced at immersion rate of (a) 0.5 mL/min and (b) 1 mL/min [165].

resulting products had an optimum latent heat capacity of
34.9]/g along with good thermal stability provided that the
mass ratio of MPCM to epoxy resin was 1:1; and therefore,
they were reported as suitable fillers which could be incor-
porated in asphalt mixtures. Table 10 summarises the dif-
ferent classes of shell materials along with their advantages
and disadvantages.

5.4 Morphological analysis of the
encapsulated PCMs

Park et al. [163] found that particle size of microcapsules is
influenced by the stirring rate and stirring time. The par-
ticle size reduced with the increase in the stirring rate and
time. At higher stirring time, more microcapsules had formed.
Zhang et al. [127] reported that microcapsules of good thermal
stability was produced at urea-MF ratio of 0.2:0.8 with an
average diameter in the range of 0.4-5.6 um. Appearance of
dimples on some of the microcapsules was caused by either
the volume contraction of n-octadecane during crystallisation,
or by the removal of cyclohexane. Further study by Zhang
et al. [164] indicated that surface of microcapsules formed

without cyclohexane was much smoother and no dimples
existed as shown in Figure 13.

Su et al. [165] produced microcapsules with MF shell
material exhibiting a smooth and compact surface with an
average diameter of 5 um. Increasing the rate of immersion
of shell from 0.5 to 1 mL/min resulted in affecting the surface
morphology significantly; thus, particles were observed to
have a rougher surface as shown in Figure 14 due to the
inability of MF prepolymer to be capsulated on core slowly
and tightly because dropping speed was too high.

Zhang and Wang [128] produced microcapsules with
an average diameter of 20 um, exhibiting better phase
change properties compared to the other microcapsules.
At a core-to-shell ratio of 75/25, an optimum encapsulation
efficiency of 80 wt% was obtained; however, the SEM images
indicated that the surface morphology of the resulting
microcapsules were not smooth, and the particles were
not spherical (Figure 15). Hence, at core-to-shell ratio of 65/
35, microcapsules of desired shape and size were produced.
Su et al [166] produced PMMA-MAA microcapsules with
average size in the range of 2-10 pum. Experimental results
indicated that wrinkles had formed on the surface of the
prepared microcapsules. The surface morphology was influ-
enced greatly by the molar ratios of shell monomers and

Figure 15: SEM images of microcapsules produced with core-to-shell ratio of (a) and (b) 65/35 and (c) 75/25 [128].
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Figure 16: SEM image of MPCMs produced at a stirring rate of
900 rpm [129].

thermal initiator used. Optimum surface morphology was
obtained at MMA:MAA weight ratio of 4:1 and 1 wt% of
thermal initiator.

Fang et al. [167] concluded that the particle size is
influenced by the stirring rate of the emulsion process.
They reported that 1,500 rpm is the suitable stirring rate
for the synthesis of nanocapsules with an average dia-
meter of 100 nm. The stirring rate influences the size of
the particles produced, therefore, its thermal storage capa-
city (Sdnchez et al,, 2008). Using a low stirring rate results in
affecting the surface morphology and increasing the stirring
rate is reported to reduce the diameter of the MPCM parti-
cles. Sanchez et al. [129] stated that high stirring rate such as
900 rpm should be used for successful encapsulation of PCM
but at this stirring rate desirable MPCMs were not prepared.
Hence, particles had agglomerated, which resulted in the
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Figure 17: SEM image of MPCMs with concaves.
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formation of large clusters as shown in Figure 16. You
et al. [132] used a stirring rate of 1,200 rpm to obtain sphe-
rical microcapsules with an average diameter of 71 um, and
at this stirring rate, the particles did not agglomerate. Alkan
et al. [145] produced microcapsules with an average dia-
meter of 0.16 um at an emulsion stirring rate of 2,000 rpm.
However, Sar1 et al. [168] obtained microcapsules with an
average diameter of 0.26 um at an emulsion stirring rate of
2,000 rpm, and later Sar1 et al. [144] produced microcapsules
with an average diameter of 0.25 um at the same emulsion
stirring rate. Alkan et al. [169] microencapsulated n-eicosane
using the same method and material but obtained micro-
capsules with an average diameter of 0.7 um. Results from
these studies indicate that the type of PCM being encapsu-
lated influences the size of the particles produced despite
the fact that the same emulsion stirring rate was used. Par-
ticles of reduced diameters are considered to have the
potential to be used for thermal storage applications since
they exhibit large surface area per unit volume.

Further studies by Sénchez et al. [130] reported that
provided the core/shell ratio did not exceed 1.0, microcap-
sules of comparable sizes to the ones reported earlier were
obtained. The morphology of microcapsules was observed to
improve significantly as the MMA/St mass ratio increased
from 3.5 to 4.0. At MMA/St mass ratio of 3, microcapsules of
non-spherical shape with a rough surface were produced.
Most of these particles had either broken or consisted of an
incomplete shell. The average diameter of microcapsules
decreased with the increase in the amount of MMA. You
et al. [132] observed the formation of concaves when the
mass ratio of monomer/n-octadecane was lower than 5:3
(Figure 17), and the enthalpy resulting microcapsules had
reduced when the mass ratio of monomer/n-octadecane was
below 1:1.

Qiu et al. [170] encapsulated n-octadecane microcap-
sules with poly(lauryl methacrylate), and one or more dim-
ples had formed on the surface of some microcapsules as

Figure 18: SEM image of MPCMs containing dimples.
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shown in Figure 18. Depression on the surface resulted
from the shrinkage of the polymeric shell. The average
diameter of most microcapsules was around 9 um, making
them suitable for thermal regulation applications since
such microcapsules exhibit increased surface area, and
therefore, better heat transfer capacities.

Cho et al. [171] concluded that adding cellulose acetate
(CA) will stabilise the particles to unimodal particles with
an average diameter of 250 nm from bimodal particles with
average diameter in the range of 100-500 nm. Nanocap-
sules with an average diameter of 80 nm was observed to
exhibit a well-rounded spherical shape. Fortuniak et al.
[172] obtained microcapsules with an average particle
size in the range of 5-22 um and concluded that the shape
and size of particles were influenced by the conditions
of their formation. Hence, if time taken for DVTMDS
crosslinker to be added on the PHMS chain was too
long, distorted microcapsules exhibiting good thermal
properties had formed, whereas if the time was too
short, microcapsules with deteriorated thermal proper-
ties had formed. Sar1 et al. [42] obtained microcapsules
exhibiting uniform spherical structures with a compact
surface at PMMA/capric-SA eutectic mixture (c-SEM)
ratio of 1:2. Deveci and Basal [173] microencapsulated
n-eicosane with SF/CHI shell material to produce micro-
capsules in the range of 8-38 um with an average dia-
meter of 23 um. Results showed that smaller particles
exhibited better hand properties, uniform heat absorb-
ing and releasing, and washing durability. Size of micro-
capsules produced are also influenced by the amount of
crosslinking agent used. At SF/CHI ratio of 20, the inner layer
of microcapsules was observed to be smooth whereas the
outer layer appeared to be rougher, with a sponge-like tex-
ture. Konuklu et al [174] produced microcapsules in the par-
ticle size range of 200 nm to 1.5 pm, and results indicated that
emulsifiers had no effect on the geometry of the microcap-
sules produced.
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5.5 Shape stabilisation technology

Due to the drawbacks of the encapsulation technology,
including high processing cost, and difficulty in choosing
and designing the correct materials according to the
intended application, researchers have put more focus on
the development of techniques that are more cost-effective
and thus, shape-stabilisation technology was developed and
in the recent times it has evolved very quickly [175]. Shape
stabilisation process involves the confinement of PCMs such
as fatty acids, polyalcohol, PEG, and others (e.g. soft seg-
ment) in the chosen polymer matrix (e.g. solid framework
which acts as the hard segment) designed to retain the ori-
ginal solid state of PCM during phase transition process by
capillarity. A wide range of polymers have been used, as
matrix, porous and nanomaterials [176] as the supporting
material in the past with limited number of references dis-
cussing about the benefits using biopolymers including
cellulose, chitosan (C), and many more as supporting mate-
rial to promote green chemistry [177]. The final product
resulting from this shape-stabilisation technology is known
as a composite PCM or a form-stable PCM, which is com-
posed of a working substance (e.g. PCM) and a supporting
material, where the working substance functions by storing
or releasing latent heat during the phase transformation
process, while the supporting material prevents leakage of
PCM during this process but makes no contribution to LHS.
In the recent times, this technology has become the key
interest of many researchers because the produced form-
stable PCMs tend to exhibit good thermal properties which
make them suitable for different applications such as thermal
management, e.g. in solar heating systems and thermal reg-
ulation in dwellings and commercial buildings [178]. This
technology consists of both physical and chemical methods
like the microencapsulation technology (Figure 19); however,
approaches are much simpler, easier, and requires no expen-
sive equipment.

[ Shape Stabilisation Approaches J

2 2

[ Physical methods

[ Physical blending

[ Impregnation/ Adsorption ]

Figure 19: The different shape stabilisation techniques available.
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Solid-solid PCMs function by absorbing, storing, and
releasing like the other PCM states, with difference lying in
terms of phase transitions they experience. Hence, during
phase change process, particles are likely to change from
highly crystalline phase to another phase such as amor-
phous or semi-crystalline. Researchers are currently
focusing on the utilisation of polymeric solid—solid PCMs
due to the numerous advantages; they require no encapsu-
lation, can be processed into arbitrary shape (i.e. desired
shape) [179], and can be incorporated with building mate-
rials directly, e.g. in concrete or gypsum without the need of
encapsulation [180]. The well-known drawbacks of solid—-
solid PCMs are the smaller latent heat of phase transition
and supercooling behaviour. Among the various solid—solid
PCMs available, such as polyhydric alcohol (polyalcohol)
and cross-linked polyethylene, polymers and hydrated inor-
ganic salts are a few of many recently developed functional
PCMs. Furthermore, using solid-solid PCMs will reduce pre-
paration steps involved and thereby cut down the overall
cost significantly. Common defects of solid—solid PCMs are
high transition temperature, low transition enthalpy, and
unstable thermal property, which tend to limit their appli-
cations greatly. Therefore, researchers have endeavoured to
fabricate novel materials, polymeric solid—solid PCMs, to
overcome these shortcomings, because they consist of excel-
lent integrated performances [181]. Overall, shape stabilisa-
tion technology is not limited to the preparation of solid—
solid PCMs, but it is used to enhance the shape stability of
the chosen PCM so that it is able to retain its original solid
state during the phase transition process. Developing mate-
rials from natural polymers for different applications is
desirable, and thus has been a hot topic for several years,
mainly to avoid the use of petroleum-based materials due to
their increasing costs and environmental concerns [182].

Also, biopolymers are available in abundant quanti-
ties. Currently, petroleum based PCMs, e.g. paraffins, are
commonly used in many sectors; however, it is more desir-
able to utilise environmentally friendly PCMs, such as PEGs
in building construction applications to encourage sustain-
able development. PEG is used in many fields including
cosmetics, food, biomedical applications, and pharmaceu-
tical industry due to its inert nature and previous studies
have proved its potential as PCMs in TES for the utilisation
of renewable energy sources like solar energy. PEG is
readily soluble in most solvents due to its hydrophilic
nature which is the major drawback limiting its applica-
tion as PCMs; therefore, encapsulation of PEG has not been
established till date. One study reported that encapsulation of
PEG is impossible based on experimental results obtained.
Previous studies have all demonstrated the possibility of over-
coming this shortcoming of PEG through the employment of
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the shape stabilisation technology. Either physical or che-
mical approaches can be applied to prepare PEG-based com-
posites for the chosen application. Physical methods including
blending, adsorption, and (vacuum) impregnation [183,184]
involve the preparation of composite by dispersing PCMs in
polymeric materials of higher melting point, which acts as
the supporting material, and if the temperature is main-
tained below its melting point, the composite PCM can exist
in its solid state. Moreover, they are known as passive mod-
ification, since it involves filling in the cavities of chosen
supporting material, usually porous manmade materials
like concrete, plaster, wallboards, and aerogels with chosen
PCM such as PEG without any chemical reactions taking place.
Resulting products are less durable since they are prone to
phase segregation mainly because leakage of PCM is prevented
by weak physical interactions including capillary and surface
tension forces due to the presence of physical interactions
between the functional groups of both PCM and supporting
material [185-187], thus no chemical bonds have formed
between the functional groups [188]. In contrast, chemical
approaches including chemical grafting, blocking, and cross-
linking copolymerisation are the most convenient methods
for the synthesis of good solid—solid PCMs, in which the
solid-liquid PCMs are commonly used as the working material
component [181]. Chemical methods are preferable over the
physical methods since final products have longer durability.

5.5.1 Supporting material for the shape stabilisation of
solid-liquid PCM

The two major drawbacks of solid-liquid PCMs are their
poor shape stability which causes leakage problems during
phase change, and their inherently low thermal conduc-
tivity; however, they can be overcome by selecting a
suitable supporting material. In cases where the leakage
problem needs to be overcome, a porous material will be
selected as the supporting material but if composite PCM is
expected to have improved thermal conductivity, the
porous material will be combined with the chosen nano-
material since such materials have very high thermal con-
ductivity. It is important to ensure that nanomaterial is not
incorporated in excess since high contents of nanomaterial
will reduce the latent heat of resulting composite PCM
because the supporting material makes no contribution
to latent heat. Vast number of papers have mainly utilised
porous materials as supporting material due to the desir-
able characteristics they exhibit which includes increased
surface area, high thermal conductivity, and enhanced
chemical compatibility. The interaction existed between
PCM and porous materials which arises due to Van der
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Table 11: Characteristics of supporting materials used in shape stabilisation technology
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Supporting
material

Advantages

Disadvantages

Examples

Porous carbon

Graphite

Polyurethane

Available abundantly
Non-toxic

Low density

Morphology susceptible to
undergo modification.
Good capillarity

High thermal conductivity
Highly porous

Good thermal stability
Low density

Flame retardant

Good insulator
Lightweight

Exhibits tailor made

Expensive

Highly complex steps are
involved in its preparation
protocol

Expensive

Highly complex steps are
involved in its preparation
protocol

High flammability
Toxic since they are prepared
using organic solvents

Tin tetrachloride reacted with sodium
polyacrylate to produce porous

carbon [190]

Eggplant porous carbon [191]
Mesoporous N-doped porous carbon [192]

EG

Polyurethane foam resulting from
crosslinking reaction

properties
Good corrosion resistance

Silica * Available abundantly at low * Expensive * Mesoporous silica [193]
costs + Silicon dioxide
* Highly porous * Monolithic silica [194]
+ Good mechanical properties
* Good chemical and thermal
stability
+ Excellent insulation
properties
Clays * Good thermal stability * Poor mechanical strength + Diatomite
* Low cost * Hygroscopic nature + Expanded perlite
+ Good compatibility with + Expanded vermiculite
building materials * Bentonite
* Naturally porous + Kaolin
+ Sepiolite
Cellulosic material * Available abundantly * Microcrystalline cellulose

Good mechanical properties
Can easily participate in
reactions

Non-toxic

» Wood powder

Cellulose diacetate (CDA)
Cardboard

Plant fibres

Waals, hydrogen bonds, surface tension, and capillary
force tend to prevent leakage of PCM, thus, enabling PCM
to retain its solid-state during phase change. Moreover, the
choice of supporting material used for the stabilisation has
great impact on the final properties of the prepared com-
posite PCM. The different types of supporting materials
used in previous literature to stabilise the chosen PCM
are presented in Table 11 with a summary of their char-
acteristics [29,189].

5.5.2 PEG composite through physical blending

Physical blending also known as polymer blending is a con-
temporary method for the development of new polymeric

materials and is an ideal technique for the synthesis of
materials with desired properties. It consists of three simple
steps as illustrated schematically in Figure 20 and they
include the dissolution of the chosen PCM and supporting
material in chosen solvent at 70°C followed by pouring solu-
tion onto a glass dish and then allowing solvent to evaporate
at room temperature which results in the production of the
desired composite PCM. Hence, using this method, it is pos-
sible to prepare final products of superior properties than
the individual constituent polymers (Table 12). The final
properties of synthesised polymers are influenced mainly
by the miscibility of the composite blend [182]. Wang et al.
[81] attempted PEG-EG composite PCM of mass ratio in the
range of 50-90 wt%, and Sundararajan et al. [183] prepared
PEG-cellulose acetate composites via a microwave-assisted
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Step 1: Melted PCM is stirred
vigorously at 80°C, followed by
addition of supporting material.
mixture is stirred for required
amount of time.

Step 2: PCM-supporting Step 3:

material mixture is placed in a PCM/supporting
vacuum oven at 80°C for 24h at material solid-
selected pressure to encourage solid PCM is
adsorption of PCM. obtained.

Figure 20: Schematic representation of physical vacuum impregnation approach for the synthesis of solid-solid PCMs.

blending approach and reported that optimum PEG content
to form film composites was 60 wt%. Li et al. [195] developed
a novel graphene oxide (GO)-PEG composite, as photo-thermal
conversion material, with latent heat capacity higher than
180]/g and a phase transition temperature of 50.5°C, via an
ultrasonic assisted physical blending approach. Composites of
high latent heat capacity was obtained since no changes
occurred to the crystalline properties and chemical structure
of PEG. A novel PEG/poly(i-lactic acid) (PLLA) composite PCMs
were prepared and results indicated that the PLLA content
caused no significant impact on the crystalline properties of
PEG [175], which was attributed to the partial miscibility of
PEG and PLLA but increasing PLLA content above 30 wt%
reduced the crystallinity of PEG in the composite PCM from
80 to 70%, and this was observed to decrease the latent heat
capacity insignificantly. Moreover, it was concluded that PEG/
PPLA blends with PLLA content less than 35 wt% were suitable
for TES purposes since they had latent heat capacity greater
than 100 J/g and good thermal reliability even after being sub-
jected to 100 thermal cycles.

5.5.3 Thermal properties of composite PCMs prepared
via physical shape stabilisation approaches

Vacuum impregnation is the most used physical approach
for the stabilisation of PCMs because it is simple, yet highly
effective [200-203]. Vacuum conditions are usually used to
enhance the impregnation efficiency by forcing the liquid
PCM into the pore system of the supporting material, and
the conventional set-up used in previous literature is
shown in Figure 20.

Since physical shape stabilisation processes is very
simple, easy and a highly feasible approach along with a
flexible design which means any PCM and supporting
material can be selected and used. Therefore, previous
studies have prepared numerous composite PCMs using
variety of PCMs and supporting material; thus, unlimited
PCM/supporting material combinations have been pre-
pared and investigated in literature as shown in Table 13.
However, there is a lack of understanding regarding the
changes caused to the thermal properties of PCM, namely
its phase transition temperature and latent heat after the
physical shape stabilisation process, which are discussed in
the following paragraphs by comparing the design para-
meters of different studies; thereby, determining major
factors influencing the thermal properties of PCMs.

In general, after the shape stabilisation through either
physical, chemical, or a combination of both, the thermal
properties determined using differential scanning calori-
metry (DSC) shows that the phase transition temperatures
(e.g. melting and crystallisation temperatures) and the cor-
responding latent heat of PCM gets reduced but the main
reasons for this is yet to be established since results pro-
duced in literature varies a lot. This section focuses on
identifying design parameters that alternates the phase
transition temperature and latent heat since thermal per-
formance of final composite PCM prepared depends entirely
upon this. Also, knowing the key parameters that decline the
intrinsic thermal properties of PCMs means more attention
can be paid during synthesis process, and it would be easier
to propose formulation procedures that produce composite
PCMs with optimum thermal performance. Moreover, it
reveals the ways of tailoring phase transition temperature
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Table 12: Properties of shape stabilised composite PCM from physical approaches

Crystallisation (PEG composite) Reference

Melting (PEG composite)

Crystallisation (PEG)

Melting (PEG)

Method

PCM Composite

AHfusion (J/g)

59.93

Tonset (oc)

43.02

AHfusion U/g)

62.67

Tonset (oc)
BC1: 58.51

Tonset (oc) AHfusion U/g)

Tonset (oc) AHfusion (J/g)

[196]

45.56 161.32

162.07

59.87

Impregnation

PEG6000-bone char (BC) composites

68.43

42.36

BC2:59.36 71.17

46-61

[183]

23-155

189.5

63

Blend

PEG8000-cellulose acetate blend (with

microwave)

[197]
[197]
[197]

94.7

42.8

140.3
183.3
204.7

Synthesis in ionic liquid 46.2

Cellulose-graft-PEG1100
Cellulose-graft-PEG2000
Cellulose-graft-PEG5000

PEG-MCS

129.9
153.1

51.0

Synthesis in ionic liquid 53.2

58.9
57.03

Synthesis in ionic liquid  60.1

Blending +

[198]

106.80

44.10

122.10

171.60

41.74

183.10

58.95

impregnation

31.10 69.80 [179]

73.20
104.5
73.6

55.9

161.80

39.20

166.70
186.7
186.7

63.40

Ring open crosslink

Blending

PEG10000-PGMA

PEG-CDA
PEG-CDA

[199]

[199]

Chemical crosslink
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to match the operating temperature of building application
(e.g. 18-30°C) because PCMs with high phase transition tem-
peratures are reported to have higher latent heat capacities.
Nomura et al. [203] prepared erythritol/expanded perlite
(EP) composite PCM with latent heat of 332.2]/g which was
lower than pure erythritol which had a latent heat of 354.7
J/g, and this phenomenon was predicted to occur due to the
existence of an unusual interaction between the PCM and
the nano-sized pores of EP. While Lee et al. [204] prepared
erythritol/EG composite PCMs via a simple melting method
with latent heats of 317.5, 322.1, 327.7, 334.3, 38.5, and 351.2 ]/g,
respectively. The difference in latent heat of the composite
PCMs was because the interlayer distance of EG varied and
the change in latent heat of pure erythritol (380.5]/g) was
reported to be attributed to the presence of EG in the com-
posite but according to literature other factors (e.g. tempera-
ture) may have affected the latent heat but this was not
addressed in this study. Jeong et al. [205] prepared n-hexa-
decane/diatomite composite PCMs with melting temperature
and latent heat of 23.68°C and 120.1]/g using pure hexade-
cane with melting temperature and latent heat of 20.84 and
254.7]/g, respectively. The cause for the change in melting
temperature and latent heat of melting and freezing was not
reported. The reduction in the crystallisation temperature
from 16.78 to 13.17°C (e.g. 21.51% decrease) was attributed to
the poor intermolecular forces existing between n-hexade-
cane molecule and pore walls of diatomite. Li et al. [206]
prepared paraffin/diatomite composite PCMs via a simple
mixing/surface absorption approach and observed that the
phase transition temperature of paraffin reduced insignif-
icantly from 26.1 to 25.2°C (e.g. 3.45% decrease) which was
due to the interaction generated between paraffin and dia-
tomite, and due to the confinement of paraffin within the
pores of diatomite but reason for the drastic reduction in the
latent heat capacity of pure paraffin from 133.7 to 45.96 J/g in
the composite PCM was not evaluated and reported in the
study. This may be attributed to the PCM content present in
the composite PCM. Hence, composite PCM with 47.9 and
34.4% of PCM had latent heats of 63.98 and 45.96 J/g which
suggests that higher PCM loading results in producing com-
posite PCMs of better thermal performance.

Karaman et al. [207] prepared PEG/diatomite compo-
site PCMs via the vacuum impregnation and observed
changes in the melting temperature of pure PEG from
33.32 to 27.7°C (e.g. 16.87% decrease) and reported that
the insignificant changes in the phase transition tempera-
ture may be attributed to the physical interaction existing
between PEG and diatomite. DSC results showed changes in
the latent heat of PEG in composite PCM containing optimum
content of PEG (e.g. 50 wt%) from 143.16 to 87.09]/g in the
composite; however, this was not addressed in the study
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but could have been explained by studying and evaluating
changes in the crystalline properties of PEG because PEG is a
polymeric PCM. The leakage problem of PEG was resolved,
and this was attributed to the prevention caused by physical
interactions such as capillary and surface tension forces,
resulting from physical interactions existing between the
functional groups of both PEG and diatomite. Results from
thermal cycling test indicated that the composite PCM exhib-
ited good thermal reliability and chemical stability, even after
being exposed to 1,000 repeated heating and cooling cycles.
Zhang and Fang [62] prepared paraffin/EG composite PCMs
via the melting approach with melting temperature and
latent heat of 48.93°C and 161.45 J/g. The melting temperature
and latent heat of pure paraffin was 57.99°C and 188.69 J/g,
respectively. Results showed that the physical stabilisation of
paraffin had affected its thermal properties, but the authors
concluded that significant changes did not occur because no
chemical reaction took place between paraffin and EG.

Sari and Karaipekli [208] prepared paraffin/EG compo-
site PCMs and investigated the influence of EG content on
thermal properties of paraffin. Mass fraction of 2, 4, 7, and
10% of EG led to the production of composite PCMs with
melting temperatures of 41.10, 41.00, 40.70, and 40.20°C and
corresponding latent heats of 192.6, 188.0, 181.9, and 178.3
J/g, respectively. Results demonstrated that increasing the
amount of supporting material tends to impact the latent
heat of chosen PCM negatively; thus, the thermal perfor-
mance of composite PCM becomes poor when EG content is
high. The melting temperature and latent heat of compo-
site PCM was lower than pure paraffin which had a melting
temperature and latent heat of 41.6°C and 194.6 /g, respec-
tively, but the cause for the change in melting temperature
and latent heat of paraffin in the composite PCM was not
discussed anywhere in the study. Mehrali et al. [209] pre-
pared paraffin/graphene oxide (GO) composite PCMs via
vacuum impregnation using paraffin with melting tem-
perature and latent heat of 53.46°C and 130.92 ]/g, respec-
tively. The composite PCM containing the highest mass
percentage of paraffin (e.g. 48.3%) had melting and crystal-
lisation temperatures of 53.57 and 42.25°C, respectively; thus,
no significant changes had occurred in the melting tempera-
ture, but the crystallisation temperature increased; how-
ever, the reason for the change was not reported. The latent
heat of composite PCM seemed to have a positive correlation
with the paraffin content (in wt%) because composite PCMs
with 44.3, 47.39, 47.80, and 48.30 wt% had latent heats of
59.12, 62.53, 63.11, and 63.77]/g, but the enhancement in
latent heat was not significant. Pure paraffin had a latent
heat of melting of 131.92]/g so the percentage difference
between latent heat of pure and composite PCM containing
optimum paraffin content was 51.7% which is very high,
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therefore, indicating that thermal properties of paraffin
was affected greatly by elevated temperature exposure
during the vacuum impregnation process. Sari [210] pre-
pared PEG600/gypsum and PEG600/natural clay composite
PCMs with maximum absorption ratio of 18 and 22 wt% via
the vacuum impregnation approach and observed changes
in the phase transition and latent heat of pure PEG600 after
impregnation, which was due to the confinement of PEG600
into the pores of gypsum or natural clay by capillary and
surface tension forces which resulted in restricting the
mobility of PEG chain during phase change. The cubicles
of PEG600/gypsum and PEG600/natural clay composites,
constructed at small scale, exhibited good thermal proper-
ties such as thermal reliability and chemical stability, even
after being subjected to a lengthy thermal cycling test. Li
et al. [189] prepared paraffin/TiO, foam composite PCMs
of three-dimensional interpenetrating structures [189]. The
composite PCMs had enhanced melting and freezing tem-
peratures with a difference of no more than 3°C which was
reported to be attributed to the surface tension forces and
the capillary effect present between paraffin and the TiO,
foam. Reduction in latent heat of melting and freezing
from 184.3 and 182.67]/g to 97.27 and 99.05]/g suggested
that the thermal properties of paraffin had changed after
vacuum impregnation although no chemical reactions occurred
between paraffin and foam. Hence, calculated percentage dif-
ference of 47 and 46% suggests that major changes in phase
change properties had occurred after shape stabilisation which
was due to the presence of solid content in the composite; thus,
the porosity and pore size of the supporting material was
reported as the two influential factors likely to impact the
thermal properties of paraffin compared to the surface ten-
sion forces and capillary forces. The composite PCMs were
observed to undergo thermal degradation when exposed to
an elevated temperature of 150°C and thus, its onset degra-
dation temperature was higher than that of paraffin which
suggests that the composite PCMs had enhanced thermal
stability below 200°C. Zhang et al. [211] prepared paraffin/
silica composite PCMs containing 30, 50, 55, and 60 wt%
of paraffin via the blending/impregnation approach. The
melting temperature and latent heat of composite PCM
with optimum paraffin content was 25°C and 95 J/g, respec-
tively. The latent heat of paraffin was observed to have
reduced from 168 to 95]/g which was attributed to the
accommodation of paraffin in the pores of silica. Kim
et al. [212] prepared paraffin/light weight sand composite
PCMs through a simple blending/impregnation approach
with melting temperature in the range of 19.67-25.36°C
and latent heat in the range of 19.01-19.11]/g, respectively.
Incorporating 50 and 100% of the prepared composites in
cement mortar resulted in enhancing its latent heat by 6 J/g.
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Sar1 et al. [76] impregnated PEG within a binary composite
consisting of raw diatomite (RD)/carbon nanotubes (CNTSs) to
prepare composite PCMs of enhanced thermal conductivity,
and with latent heat capacity and melting temperature in
the range of 51.4-62.9]/g and 7-8°C. Leakage test results
showed that the skeleton of RD/CNTs pre-composite pre-
pared could absorb an optimum PEG content of ~51.0 wt%
without sacrificing its structural stability which indicates
the feasibility of incorporating them successfully in conven-
tional building elements without fearing PCM leakage. They
also showed good thermal reliability and chemical stability
even after the long-term cycling operation, making them
suitable for low-temperature passive solar cooling applica-
tions in buildings. Presence of CNTs enhanced the thermal
durability of the composites significantly. Yang et al. [213]
prepared the PEG/EG composite, by filling the pores of EG with
liquid PEG under vacuum by air pressure and pore syphoning.
Cheng et al. [214] prepared PEG10000/CNTs/PVC/C (CPC) compo-
site PCMs via a blending/impregnation approach and reported
that 8% increase in latent heat of melting of the composites was
attributed to the hydrogen bonds present between the PCM and
the supporting material.

Liu et al. [215] prepared novel PCM/carbon composite
PCMs using carbon foam derived from insulation materials
polyisocyanurate foam. Pure PCM was reported to have a
degree of supercooling of around 4.10°C while the compo-
site PCMs only experienced a degree of supercooling in the
range of 1.90-2.50°C which was attributed to the enhance-
ment of thermal conductivity of PCM in the composite due
to the presence of carbon foam. With the increase in the
PCM content, the melting temperature shifted, and the
degree of supercooling was observed to increase which
was suggested to be caused by the physical interaction
existing between PCM molecules, and the three-dimen-
sional foam structure. Also, the latent heat of melting
and freezing was observed to be impacted by the PCM
content; thus, increasing PCM loading from 76 to 90.8 wt%
resulted in increasing the latent heat of melting from 80.5 to
105.2J/g which indicated that the thermal properties of the
prepared composite PCMs were influenced greatly by the
total pore volume of the carbon foam.

5.5.4 Thermal properties of composite PCMs prepared
via chemical shape stabilisation approaches

Chemical processes of enhancing the shape stability of soli-
d-liquid PCMs involve combining the chosen PCM with the
supporting material with the help of a suitable crosslinking
agent. It is important that both the PCM and the supporting
material consists of suitable functional groups which enables
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the formation of chemical bonds called covalent bonds
between them. Preparing chemically bonded composite
PCMs via chemical approaches like chemical crosslinking
is preferred over non-covalently bonded composite PCMs
prepared via physical approaches since the latter exhibit
drawbacks including poor mechanical performance and
solvent resistance [216]. Also, if supporting material gets
damaged by external forces or solvent, the PCM will
suffer from leakage in addition to phase segregation
due to poor compatibility between the PCM and the sup-
porting material. Whereas covalently bonded composite
PCMs acquire better mechanical performance and solvent
resistance along with enhanced anti-leakage properties.
In general, covalently bonded composite PCMs are pre-
pared by reacting the chosen polymeric PCM like PEG
with the chosen supporting material since PEG are sus-
ceptible to chemical modification due to the presence of
plentiful of OH groups, while paraffins are saturated
hydrocarbons which means they hardly react due to their
inert nature [217,218]. Li et al. [181] prepared PEG10000/
4,4-diphenylmethane diisocyanate (MDI)/pentaerythritol
(PE) composite PCM via chemical crosslinking. The latent
heat of pure PEG10000 was reported to reduce from
189.45 to 152.97 J/g after chemical crosslinking which sug-
gests possible weakening of the intrinsic endothermic and
exothermic capacity of PEG due to the reduction in total
number of crystallisable segments available attributed to
the presence of the rigid benzene ring in the crosslinked
structure. In addition, the crystalline regions had become
smaller which was reflected by a decrease in phase tran-
sition temperature from 59.43 to 58.68°C. Chen et al. [219]
prepared PEG10000/CA composite PCMs via electrospinning/
crosslinking reaction with melting temperature and latent
heat of 52.14°C and 36.72 J/g. The latent heat of PEG10000
was observed to have dropped by more than 50% in the
composite which was attributed to the restriction of PEG
phase due to the presence of interchain crosslinks within
the molecules which caused confinement of PEG on the
surface of the CA fibres during the phase transition pro-
cess. Subjecting the crosslinked composite PCMs to 100
repeated heating and cooling cycles resulted in changing
the melting temperature and latent heat from 52.14 to
52.12°C and 36.79 to 36.72 J/g, respectively. Thus, insignif-
icant changes were caused to its thermal properties after
thermal cycling exposure since the percentage difference
was 0.038 and 0.19% which indicates that crosslinked com-
posite PCMs have enhanced thermal stability which was
accompanied by a reduction in the latent heat compared to
the non-covalently bonded composite PCMs. Jiang et al. [199]
prepared a series of PEG/cellulose acetate composite PCMs via
crosslinking and discussed in their study the phenomenon
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behind the reduction in latent heat of pure PEG after cross-
linking. First, the crosslinked composite PCM consisted of
cellulose acetate impurity which resulted in destructing the
perfection of the crystallisation course. Second, end OH
groups of PEG were attached onto the backbone of cellulose
acetate which meant PEG was no more able to form crystals
freely due to the confinement of its crystalline segments. Also,
it was evaluated that if the composite contains low PEG con-
tent, the latent heat of resulting composite PCM will be almost
zero since at extremely low concentrations PEG is unable
to aggregate which is necessary for it to form crystals. Xi
et al. [220] prepared novel polymeric solid—solid PCMs and
reported that the latent heat of prepared composites was
lower than the pure PCM due to the incorporation of support
materials which makes no contribution to latent heat. Chen
et al. [219] prepared PEG/cellulose acetate composite PCMs
with latent heat capacity of 36.79 J/g via the chemical cross-
linking approach for TES applications [219]. A novel PEG/MD]/
(PE) tertiary cross-linking copolymer achieved a solid—solid
phase change with phase transition temperature of 58.68°C
and enthalpy of 152.97 k]/kg via a two-step condensation reac-
tion at 90°C for 24 h [181]. It is apparent that the solid—solid
composite PCMs had enhanced thermal resistance; therefore,
it was able to retain its solid state even when exposed to
elevated temperature conditions. Chen et al. [179] prepared
PEG10000/poly(glycidyl methacrylate) (PGMA) via chemical
crosslinking. The latent heat of melting and freezing of
pure PEG reduced after chemical crosslinking from 166.7
and 161.8 J/g to 69.8 and 73.2 ]/g, and its melting temperature
and freezing temperature reduced from 63.4 and 39.20°C to
55.9 and 31.1°C. This was attributed to the confinement of PEG
molecular chain by PGMA skeleton which resulted in sup-
pressing and partially restricting the orientation of the PEG
molecules due to the steric effect which caused reduction in
the crystallinity. Overall, the number of crystallisable seg-
ments and crystalline regions had reduced after crosslinking.
This had impacted the intrinsic thermal performance of PEG
negatively. Chen et al [64] prepared paraffin/polyurethane
(PU) composite PCMs containing PEG as soft segment via
the bulk polymerisation approach. The phase transition tem-
perature of the composite PCMs were observed to increase
with the increase in the PEG content which was attributed to
the attainment of a more ordered polymer which led to the
enhancement of the crystalline properties of the resulting
composite PCM. Three different paraffins, namely n-octade-
cane, n-eicosane, and paraffin were used to prepare the com-
posite since this was predicted to enhance the latent heat and
broaden the phase transition temperature of the resulting
composite. As a result, two dips were observed in the heating
cycle at 36.93 and 53.96 which indicates that no chemical
bonds had formed in the composite PCM, instead weak
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intermolecular forces existed between the PCM and the sup-
porting material. In the composite, insignificant changes were
caused to the melting temperature of pure paraffin in the
composite. However, increasing paraffin content reduced
the latent heat and the melting temperature of the composite
PCM because the lubrication of paraffin enhanced the mobi-
lity of the soft PEG chain. The synthesised composite PCMs
were susceptible to thermal degradation when exposed to an
elevated temperature of 300°C because this caused severe
thermal destruction to the PEG chain present in the compo-
site. Polarised optical microscopy (POM) analysis confirmed
changes in crystallinity of PEG in the composite PCM. Hence,
the spherulite size were observed to reduce with increasing
2/4-toluene diisocyanate (TDI) and 1,4-butanediol BDO (e.g.
hard segment); therefore, the characteristic spherulite shape
was not evident because the hard segment had reduced the
degree of crystallisation significantly which is the main
reason why the latent heat of the composite PCMs had
changed after synthesis. Yanshan et al. [147] prepared a series
of PEG/melamine/formaldehyde composite PCMs using PEG
with different molecular weights (e.g. 1,000, 2,000, 4,000,
6,000, and 10,000) via condensation/crosslinking reaction.
The latent heat of pure PEG was observed to have reduced
in the composite PCMs mainly due to two reasons: (1) in the
covalently crosslinked network structure, fewer crystallisable
segments were available due to the fixation of nitrogen atoms
in the end groups of PEG caused by the steric hindrance effect
which resulted in reducing the crystallinity of PEG chains;
and (2) reduced mobility of PEG chain and its fixed end
groups meant that its crystal lattice was unable to arrange
regularly to form perfect crystals. The melting temperature of
pure PEG10000 and its composite was 61.46 and 54.84°C,
respectively. Reduction in melting temperature was asso-
ciated with the formation of covalent linkages near the end
groups of PEG, e.g. bonds between PEG and nitrogen atoms
from amino in melamine, which resulted in reducing the
number of crystallisable segments of PEG available near the
end groups of PEG.

PEGs are semicrystalline polymers which means they
are comprised of both crystalline and amorphous phases.
The degree of crystallinity also known as the crystallinity
index (CI) can be calculated using the XRD data obtained
from XRD analysis using equation (5), and it is convention-
ally used in previous literature to evaluate changes caused
to the crystalline phases of PEG since this is known to affect
its thermal properties like the latent heat capacity and the
phase transition temperature. In addition, changes in the
XRD patterns will indicate changes caused to the crystal
morphology of PEG which impacts the thermal properties
of PEG. Therefore, the current section will focus on studying
the changes caused to the crystalline properties of PEG in
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the different composite PCMs prepared in the previous lit-
erature since this is influenced by various factors including
reaction condition, temperature, time, chemical composi-
tion of the reaction mixture, type of crosslinking agent, sol-
vent, etc.

Area of crystalline peaks
Area of crystalline and amorphous peaks (5)

% 100%.

CI (%) =

Li and Ding [181] reported that the formation of the
crosslinked network did not affect the crystal type since
the XRD pattern of PEG remained almost unchanged after
the chemical reaction; however, changes in the intensity
of the crystalline peaks indicated that the size of the crys-
tals of PEG had reduced which was attributed to the
restricted mobility of PEG during the crystallisation pro-
cess in the crosslinked network formed. Thus, the CI value
of pristine PEG10000 was observed to have decreased insig-
nificantly from 85.05 to 81.76% (e.g. 3.87% decrease) which
suggested that the crystalline regions of PEG10000 was pre-
served and remained intact after chemical reaction. This
is in good agreement with the DSC results which showed
that the latent heat of melting of pristine PEG10000 had
decreased from 189.45 to 152.97 kJ/kg (e.g. 19.26% decrease)
due to the insignificant decrease in the number of crystalline
phases. The POM images were in good agreement with the
XRD results since it showed that the shape of PEG crystal did
not change but the size of the crystals had reduced. Overall,
PEG10000-based composite PCMs were observed to have
good latent heat capacity because the chemical reaction
was observed to cause no major changes to its crystallinity;
however, the prepared composite PCMs were reported to
have a melting temperature of 58.68°C which is outside the
operating temperature range of building applications.

Li et al. [197] prepared a series of PEG-microcrystalline
cellulose based composite PCMs using PEG of three dif-
ferent molecular weights, namely 1,100, 2,000, and 5,000
g/mol via the chemical stabilisation approach using MDI
as crosslinking agent. The latent heat of melting of the
prepared composite PCMs were reported to lie in the range
of 46-153.6 J/g and was observed to depend mainly upon
the molecular weight of PEG and the PEG content in wt%
because composite PCM prepared using PEG5000 con-
taining an optimum PEG content of 90.1 wt% was reported
to have an optimum latent heat of melting of 153.6 J/g and a
melting temperature of 58.9°C. Based on the experimental
result, conclusion was made that increasing the PEG con-
tent (e.g. the working material) resulted in enhancing the
latent heat capacity but this is not always true since PEG is
a semicrystalline polymer; therefore, increasing PEG con-
tent does not only increase the crystalline phases but will
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be accompanied by an increase in the number of amor-
phous phases. For PEG-cellulose composites containing
57.6, 70.5, and 77.4wt% of PEG1100, the latent heat of
melting was determined to be 46.0, 60.5, and 73.3 J/g which
was much lower than the one of pristine PEG1100 which
had an enthalpy of 140.3 J/g. Hence, crosslinking reaction
had caused enthalpy of PEG1100 to decrease significantly
which was attributed to the restricted mobility of the PEG
chain due to the formation of the highly crosslinked struc-
ture. In addition, the incorporation of the amorphous cel-
lulose resulted in destructing the perfection of the crystal
lattice of PEG which resulted in decreasing the latent heat
enthalpy of PEG drastically. The phase transition tempera-
tures of pristine PEG experienced negligible changes since
after chemical crosslinking, it was observed to reduce from
27.0 to 25.7, 25.1, and 26.0°C which was attributed to the
reduced lamellae thickness of the crystals that led to the
formation of low melting point crystals. Overall, the study
demonstrated the possibility of preparing PEG—cellulose
composite PCMs with latent heat in the range of 79.9-94.7
J/g and the phase transition temperature in the range of
26.0-27.0°C which is within the operating temperature of
building applications. However, the main drawback of cur-
rent study was the use of MDI crosslinking agent since it is
toxic even though it enhances the thermal resistance of the
resulting composite PCMs due to the introduction of the
phenyl groups in the crosslinked structure [185].

Yanshan et al. [147] reported that the degree of crystal-
linity of PEG6000-based composites was lower than pris-
tine PEG6000 which indicated that the crystallite size
became larger after reaction. In addition, small amount
of supporting material in the composite was reported to
cause no significant changes in the crystallinity of PEG.
Changes in crystallinity was confirmed with the POM
images obtained. The characteristic cross petal shaped
spherulites of PEG at room temperature was less apparent
in the composite which confirms the reduction in PEG
crystallinity in the composite PCMs. Sundararajan et al.
[184] prepared PEG8000/hyperbranched composite PCMs
via crosslinking and reported that reduction in latent
heat was attributed to the interference of hard polyur-
ethane segment with PEG during the crystallisation pro-
cess. Also, formation of a highly branched structure was
another cause for making PEG less crystallisable. However,
increasing PEG content seemed to have a positive effect on
its thermal properties; thus, with the increase in the PEG
content, less hard segment and increased number of crys-
tallisable segments were present in the composite which
resulted in enhancing the crystallinity of PEG. POM images
confirm that the crystallite size of PEG had reduced after
chemical crosslinking reaction which indicates that
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crystalline properties of PEG get changed after chemical
reaction which may be due to elevated temperature expo-
sure during reaction. Sari et al. [221] synthesised novel
polystyrene-co-maleic anhydride (SMA)-graft-PEG copoly-
mers as solid—solid PCMs (S-SPCMs) for solar passive TES
applications. The phase transition temperature was in the
range of 39-45°C, with latent heat capacity in the range of
107-155 J/g. Hence, the phase transition enthalpies and
temperature were influenced greatly by the amount of
PEG side chains bonded to the backbone. The resulting
copolymers were reported to exhibit good thermal relia-
bility and chemical stability even after 5,000 heating—
cooling cycles because negligible changes in their LHTES
properties was observed and no changes in their chemical
structures occurred. Zhou et al. [222] prepared a novel PEG/
cellulose nanocrystal (CNC) PCM via a UV-induced thiol-ene
click chemistry and solvent exchange. Results showed that
the loading capacity of PEG could be as high as 97% with
latent heat capacity of 150 J/g. The phase transition of pris-
tine PEG was observed to reduce from 40.1 to 33.5°C which
was attributed to high specific area of CNC network, and
the presence of strong intermolecular hydrogen bonds
between PEG and CNC. Zhou et al. [223] prepared PCM/
PVA composite PCMs and reported that changes in latent
heat of PCM was attributed to the incorporation of sup-
porting material and crosslinking agents since both make
no contribution to latent heat. Also, increasing GA content
(e.g. crosslinker content) was reported to cause no changes
to the phase transition and latent heat of the composite
PCMs, and subjecting the crosslinked composites to 100
repeated heating and cooling cycles only reduced the latent
heat by 2 and 1 J/g. Yin et al. [224] prepared PEG6000/Poly
(glycerol-itaconic acid) (PGI) composite PCMs with optimum
PCM content of 72.67% and corresponding latent heat of 86.93
J/g. The crystallinity of the prepared composites was observed
to be lower than the one of pure PEG6000 which was attrib-
uted to the incorporation of PGI which acts as an impurity to
impact the crystallinity of PEG. Also, hydrogen bonds between
PEG and PGI were also reported to influence the crystallinity
of PEG. Increasing PCM content in the composites from
62.76% to 68.70% to 72.67% resulted in increasing the crystal-
linity from 50.15% to 60.78% to 60.95% which indicates that
the mobility of the PEG chain appears to improve with the
increase in the PCM content; thus, composite PCM con-
taining optimum PCM content of 72.67% had the highest
latent heat of melting of 86.93 J/g which suggests that com-
posite PCMs with high crystallinity have higher number of
crystallisable segments.

Kuru and Aksoy [225] prepared PEG-cellulose compo-
site PCMs using PEG1000 and PEG2000 as PCMs, cotton
waste as supporting material and GA as the crosslinking
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agent. The latent heat capacity and melting temperature of
the prepared composite PCMs were in the range of 8.1-33.8 J/g
and 17.3-51.2°C. The results demonstrated that using PEG
with low molecular weights resulted in producing compo-
site PCMs of poor thermal properties. Also, it had an oper-
ating temperature outside one of building applications.
Qin et al. [226] prepared PEG based composite PCMs via
the chemical process called free radical polymerisation
and reported that the crystalline properties of pristine
PEG experienced negligible changes after the chemical
reaction because the two characteristic peak of pristine
PEG4000 appearing at 260 = 19.4 and 23.5° attributed to the
lattice planes of (1 2 0) and (1 3 2) of the triclinic crystal
remained intact. The XRD pattern of both PEG and the
prepared composite PCMs were observed to be similar
but in the XRD pattern of the prepared composite PCMs,
a wide broad hump was observed at 20 = 21.0° which
confirmed the existence of amorphous structures in the
crosslinked composite PCMs. The calculated CI values
indicated that the formation of a crosslinked structure
resulted in decreasing the crystallinity of PEG which
was attributed to the increased number of amorphous
phases in the PEG based composite PCMs. Overall, XRD
results suggested that the crystal structure of PEG became
less perfect after the chemical reaction which resulted in
impacting its latent heat of melting and crystallisation
negatively. Table 14 shows the relationship between design
parameters and the thermal properties of prepared compo-
site PCMs and outlines the characteristic properties and
performance of PEG/cellulosic material based composite
PCMs prepared in previous literature.

5.6 PCBMs

The investigation of PCM application in buildings predates
1980 owing to their intrinsic TES potential [227], which is
reported to enhance the energy efficiency and thermal
performance of buildings. In general, building applications
of PCMs are divided into two parts: (1) combining PCM with
the cooling/heating system for energy storage and (2)
implementing PCBMs to construct the building envelope
since the building envelope is responsible for regulating
heat exchange between the outdoor and indoor environ-
ments; therefore, they influence greatly the quality and the
control of the indoor conditions, irrespective of the out-
door conditions. Table 15 shows the thermal properties
of PCMs used for the preparation of PCBMs and Table 16
summarises the properties of PCBMs prepared and
investigated.
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5.6.1 Shape stabilised composite PCMs in buildings

Major advantage of PCMs is that they can be incorporated
virtually into all constituent building elements such as
wall, floor, ceiling, and roof due to its easy installation pro-
cess for the enhancement of the thermal performance and
energy efficiency of buildings [63]. Different approaches
have been used to combine PCM with the building envelope:
direct incorporation, immersing incorporation, shape-stabi-
lisation method, and encapsulation. In general, lightweight
buildings are known to suffer from indoor temperature
fluctuations which is attributed to their low thermal mass.
Hence, literature reports that the indoor temperature of
lightweight buildings (LWB) are usually 10°C higher than
the outdoor temperature which results in decreasing the
indoor thermal comfort level while increasing the energy
consumption of air-conditioning [244]. Kuznik and Virgone
[245] installed shape stabilised in LWB and the results showed
that PCM was capable of effectively controlling indoor tem-
perature fluctuations and increase during summer; thus, the
optimum indoor temperature was decreased by 8.5°C. Kim
et al. [246] demonstrated the possibility of stabilising the
indoor room temperature and reducing the heating load in
winter by installing a paraffin-polypropylene/elastomer com-
posite PCM sheets of melting temperature in the range of
19.0-26.0°C and latent heat of 62.24 J/g on the floors, walls,
and ceilings of a building. The power consumption of a hut
without and with composite PCM sheets were 15.30 and 12.48
MJ. Thus, installation of PCM had resulted in reducing the
power consumption by 18.40% and increasing the PCM instal-
lation area was observed to reduce the power consumption

Table 15: PCMs used for the preparation of PCBMs
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further. Findings suggested that the effectiveness of PCMs in
buildings depended mainly upon the PCM installation area,
PCM content, and position of PCM. Yao et al. synthesised a
novel composite PCM wallboard (PCMW) by a horizontal
vacuum absorption rotate roller technique, in which paraffin
and EP was used as the PCM and supporting material. They
embedded the composite PCMs in the walls, and roofs of the
test room of dimensions 1.7 m x 1.7 m x 2.2 m. PCMW can be
used in building envelopes since they had sufficient latent
heat capacities: latent heat of melting and freezing was
67.13 and 69.06 ]/g, respectively. The latent heat values of
PCMW were greater than the criterion (50 J/g), therefore fab-
ricated composite PCMs are feasible to be utilised in build-
ings. The incremental cost of PCMW can be fully recovered in
5.84 years. The potential composites can be used to enhance
the thermal comfort as well as the energy efficiency of build-
ings. Dodecanol is one of the commonly used fatty acid as
PCM for the preparation of composite PCMs using different
building materials. In 2013, Memon et al. [247] prepared Dode-
canol/cement composite PCMs with a very low latent heat
capacity of 18.39 J/g with a melting temperature of 21.06°C.
Therefore, majority of current studies have worked on opti-
mising the latent heat capacity of the resulting PCBMs.
Concrete and cement are the most used building material;
therefore, incorporating PCM in concrete and cement can
reduce energy consumption of buildings greatly. One of the
commonly employed methods of increasing the energy perfor-
mance of the building envelope includes employing innovative
super-insulating or functional mortars which are prepared by
combing PCMs in cement mortars. Li et al. [248] incorporated
cement mortar with EG and PCM with melting temperature and

Name Latent heat of melting (kJ/kg) Phase transition temperature (°C) Ref.
Rubitherm 28 (RT28) 135.80 28.00 [228]
Rubitherm 27 (RT27) 98.14 27.00 [161,229,230]
n-octadecane 128.84 22.70 [231]
n-octadecane 186.50 29.90 [138]
n-Eicosane 185.89 29.87 [232]
n-octadecane/CaCl, 84.37 29.19 [233]
n-paraffin 170.00 25.00 [234]
Paraffin n-octadecane 180.00 28.00 [235]
Capric acid-myristic eutectic PCM (75:25) 153.19 2217 [236]
Graphite modified MPCM 124.80 27.70 [237]
Micronal PCM 110.00 26.00 [238]
Micronal DS 5001 X 110.00 23.00 [103]
Micronal DS 5038 X 110.00 26.00 [239]
Micronal DS5001 146.00 26.00 [240]
Micronal DS-5008X 102.60 23.50 [241]
Dodecanol 111.50 25.80 [242]
BioPCM Q25 250.00 25.00 [243]
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latent heat capacity of 28.8°C and 209.3 kJ/kg and reported that
the resulting composite PCMs had a melting temperature and
latent heat capacity of 28.55°C and 183 KkJ/kg. PCM incorporation
had reduced the compressive strength of the cement mortar
greatly; thus, results indicated that the optimum PCM content
was less than 20% to produce functional cement mortars of
adequate compressive strength of 5 MPa.

5.6.2 MPCMs in buildings

Main obstacle for long-term use of PCM in building appli-
cation is that they are susceptible to leakage. Also, direct
incorporation of PCM with building materials will influence
their intrinsic properties by interacting with its building
structure. Integrating MPCMs into conventional building
materials can overcome this problem [249]. MPCMs since its
introduction has commonly been applied in building mate-
rials for the preparation of PCBMs. The following paragraph
describes the thermal performance of different PCBMs pre-
pared in the past since the impacts caused by PCM to different
building materials is known to vary; however, literature is yet
to compile relevant information regarding this. Thereby,
better understanding the compatibility between PCMs and
the different building materials can be determined.

In general, incorporation of encapsulated PCMs in
building material is considered crucial to avoid affecting
the function and the intrinsic properties of the building
material [231]. Gypsum plaster and boards are one of the
most popular and conventionally used material in building
construction of internal and external walls and ceilings
because they are available at relatively low costs, have
good fire-resistance and aesthetics, and are non-toxic. There-
fore, gypsum board and/or plaster containing MPCMs have
been used increasingly in surrounding wall construction of
buildings for the optimisation of building energy perfor-
mance. Schossig et al. [250] conducted both simulation and
experiments for a duration of 5 years to investigate the
feasibility of applying MPCMs in building materials. Cabeza
et al. [251] conducted experiments to compare the perfor-
mance of two small house sized cubicles: one with inte-
grated MPCMs; and the other without MPCMs, for a duration
of 6 months. They used PCM with a melting point of 26°C and
a phase change enthalpy of 110 kJ/kg. Incorporating 5% of
PCM in concrete resulted in producing composite PCM with
compressive strength and tensile strength of 25 and 6 MPa.
They reported that the results demonstrated a real oppor-
tunity in energy savings for buildings because energy sto-
rage in concrete walls integrated with MPCMs had enhanced
its thermal inertia and caused reduction in the inner tem-
peratures. Lee et al. [252] prepared microcapsules with
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latent heat capacities of 210 J/g (23°C) and 200 J/g (24°C)
and integrated these microcapsules into gypsum wallboards
and olefin film for building materials. The thermal conduc-
tivity of gypsum board without PCM (0.144 W/m K) increased
significantly. Gypsum board with PCM had a thermal con-
ductivity in the range of 0.128-0.163 W/m K. Also, with the
increase in the thickness of the olefin film, the thermal
storage capacity inside the chamber increased. For practical
applications, the thickness of PCM plate must not exceed 20
mm to cause significant reduction in the indoor fluctuation
temperature [253]. The amount of PCM incorporated in the
gypsum board dictates its thermal performance. Oliver [254]
found that increasing the PCM content from 37.5 to 44.5%
resulted in improving the thermal performance of the
gypsum-based composite by 20% and concluded that 45 wt%
of PCM incorporation was capable of absorbing five times the
energy that traditional plasterboards could absorb. Barzin
et al. [255] investigated the thermal performance of PCM
impregnated gypsum board and reported that an energy
saving of 93% was achieved which corresponded to a cost
saving of 92% provided that PCM charging was facilitated
by a combination of night ventilation and free cooling
method since improper control strategy of PCM led to an
increase in the amount of air-conditioning energy required.
Borreguero et al. [256] studied the thermal performance of
three gypsum boards one without PCM and two containing
4.7 and 7.5 wt% of Rubitherm® (RT27) MPCMs at an optimal
core/coating mass ratio of 1.50. Results indicated that
gypsum board incorporated with 7.5 wt% of MPCM could
enhance the thermal comfort of the indoor conditions by
either increasing or decreasing the room temperature by
1.3°C. Borreguero et al. [257] discovered that incorpor-
ating 15% of MPCM in the gypsum board could save
45kWh of energy per operating cycle in a standard
room covered with 1 m® of gypsum board; however, pre-
sence of MPCM in the pores of gypsum resulted in redu-
cing its compressive strength which was attributed to the
decreased bulk density of gypsum due to the modification
of its porosity. Impregnating fresh concrete/or cement
mortars with PCM is a traditional approach used to effec-
tively enhance its energy efficiency. Moreover, it is reported
to have an adverse effect on the mechanical strength of
concrete. MPCMs are added into concrete and cement mor-
tars to avoid PCM bleeding during the melting process.
Cabeza et al. [251] reported that MPCM had real opportunity
in energy savings for buildings since incorporation of MPCM
in concrete wall caused significant enhancement of thermal
inertia which subsequently resulted in decreasing the indoor
temperature because for the enhancement of the thermal
performance of buildings, the thermal conductivity of con-
crete needs to reduce and the TES capacity of concrete needs
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to increase. Hunger et al. [104] reported that an inclusion of
4-5% of PCM with a phase transition temperature in the
range 24-36°C optimised the thermal mass of concrete to
6,800 J/K which corresponded to an energy saving of up to
12% which was accompanied by a significant compressive
strength loss; and 3% incorporation of PCM resulted in produ-
cing PCM-concrete with a compressive strength of 35 N/mm?
which was reported as being acceptable for constructional
purposes. Entrop et al. [258] investigated the effects of
applying MPCM with a melting point of 23°C and latent
heat capacity of 110 J/g. Results showed that concrete floors
containing 5% of PCM was able to reduce the additional
need of heating in houses. Also, concrete floors with a thick-
ness of 50 mm were observed to have a large latent heat
capacity but its charging period was too long. Overall, the
main problem of incorporating PCMs encapsulated within an
organic polymeric film via the microencapsulation approach
is that it reduces the compressive strength of concrete dras-
tically. Increasing the PCM content in cement mortar results
in decreasing the thermal conductivity and the compressive
strength which is attributed to the increased porosity of
cement mortar after MPCM incorporation [259].

However, this problem was demonstrated to be over-
come through the incorporation of macro-encapsulated
PCMs since these techniques causes no intrinsic changes
to the concrete because the PCM is stored in containers of
desired shape. Metals like steel is conventionally used as
the container for this purpose since they can overcome
both the leakage problem and the inherently low thermal
conductivity of PCMs. Dong et al. [260] encapsulated an
optimum PCMs mass of 80.3% within hollow steel ball
(HSB) containers with an outer diameter of 22 mm. To
investigate the influence of PCM-HSB on the thermal per-
formance and compressive strength of concrete, 25, 50, 75,
and 100% of coarse aggregates in concrete was replaced
with PCM-HSB, and results indicated that the compressive
strength of concrete decreased with the increase in the
PCM-HSB content. Cui et al. [261] reported that exceeding
a replacement level of aggregates by 75% of PCM-HSB will
cause severe reduction in the compressive strength of con-
crete (e.g. 55% reduction). Shi et al. [262] investigated the
effects of using straight and hooked steel fibres on the com-
pressive strength of concrete because steel fibres are reported
to enhance the mechanical and thermal properties of concrete
which is attributed to its high bending resistance, tensile
strength, and thermal conductivity. Thus, incorporating steel
fibres in concrete containing PCM-HSB as aggregate is known
to improve the compressive strength concrete. Therefore, Cui
et al. [263] used steel fibre reinforced PCM-HSB concrete
for the enhancement of energy piles performance. Results
showed that incorporating 0.70% of steel fibre in PCM-
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HSB concrete resulted in enhancing the compressive strength
by 63% and the heat capacity of concrete was also observed to
have improved. Kuznik and Virgone [245] investigated experi-
mentally, under controlled thermal and radiative effects, the
thermal performance of a PCM composite wall containing
60% of microencapsulated paraffin within the copolymer in
a full-scale test room. The tests were carried out in three
different external climates: summer, winter, and mid-season,
to evaluate the potential of PCM wallboards. Tested PCM
could maintain the room air temperature within the comfort
zone by reducing the maximum air temperature of the room
to 4.2°C. Enhancement of thermal comfort is very critical in
cases where the wall surface temperature is lower for PCMWs
compared to the regular ones. Also, no thermal stratification
was observed in the room containing PCM wallboard which
indicated that natural convection existed with PCMWs.

6 Conclusion and insights for
future work

A comprehensive investigation regarding the stabilisation
of different solid-liquid PCMs using the encapsulation and
shape stabilisation technology was investigated and ana-
lysed. Additionally, investigation on a selected number of
PCBMs was performed to evaluate the thermal perfor-
mance of PCBMs. Although PCMs and PCBMs have the
potential to enhance the thermal efficiency of buildings
when used for the construction of the building envelope,
there is still scope for further research as summarised
below:

1) There is a necessity to study the compatibility between
PCM and different building materials in more detail for
the optimisation of the interfacial bonding existing
between them both which subsequently enhances the
structural integrity of the resulting PCBM.

2) Comprehensive cost analysis for the stabilisation of
PCM via encapsulation and shape stabilisation and for
the fabrication of PCBMs was never reported. For the
acceptance of this technology world-wide, it is essential
to carry out an extensive cost analysis.

3) Encapsulation and shape stabilisation technologies rely
mainly on using petroleum-based synthetic supporting
materials. To promote green industry, biopolymers like
cellulose, nanocellulose, or chitosan should be utilised
instead, since they are available abundantly at lower
COSts.

4) A standard procedure for the development of composite
PCMs and PCBMs is yet to be prepared. It would be
necessary to propose and establish a standard mixing
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5)

6)

7)

8)

9)

code for the preparation of encapsulated PCMs and
PCBMs meeting the requirements of various climatic con-
ditions and of adequate thermal performance for the com-
mercialisation of PCM technology on a large scale.
Majority of previous studies have investigated PCBMs,
but the thermal properties are rarely reported. Fully
understanding thermal behaviour is vital to widen the
potential use of PCMs for the preparation of PCBMs of
optimised thermal performance.

The energy saving potential of PCBMs depends mainly
upon the intrinsic thermal properties of the chosen
PCM. Most studies have selected a PCM with a phase
transition temperature within the operating tempera-
ture range of building applications; however, studies
could try incorporating PCMs with higher transition
temperatures since they have higher latent heat capa-
cities and because the results from previous literature
showed that the phase transition temperature of PCM
changed after being integrated with the chosen building
component.

Numerous studies have evaluated the thermal proper-
ties of PCBMs using DSC analysis. However, the test
sample is in milligrams, and therefore, is not a repre-
sentative of the actual heat storage properties of the
chosen PCBM. This could be replaced by the T-history
approach since it is reported to produce more reliable
test results.

Numerous papers have managed to convert PEG into a
solid-solid PCM for TES applications only. However,
understanding factors influencing the intrinsic phase
change properties of PCM is crucial to promote the
development of form stable PCMs of exceptional perfor-
mance. Moreover, to widen the potential application of
PCM-composites in building construction, it is essential
to determine a synthesis route which enables the devel-
opment of PCM-composites operating within the room
temperature range.

Numerous design parameters including PCM, supporting
material, and processing temperature tend to influence
the thermal properties including the melting and
freezing temperatures and the corresponding latent
heats of the PCMs; however, extensive research on
how each parameter impacts the phase change proper-
ties must be carried out to get a better understanding on
its degree of influence. Also, the impact of processing
temperature on the intrinsic properties of PCM needs to
be investigated, studied, and evaluated since PCMs are
sensitive to temperature.
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