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Abstract :  The demand for energy has been rising exponentially, so it becomes important to find ways to efficiently conserve and store 

energy. Out of four energy storage methods, thermal energy storage is considered most suitable to use. Energy is stored in the phase 

change material (PCM) as its internal energy. Using bare PCM causes major leakages when it’s in the liquid state. Bare PCM also has 

low thermal conductivity and its high reactivity with the environment causes other problems. It needs to be enclosed in a shell by 

encapsulation or making form stable polymeric resin that does not hinder its properties. This is achieved by preparing microcapsules, 

form-stable compounds, and solid-solid phase change resin. A lot of research is still ongoing in PCM and its applications. This review 

is to summarize the basics of PCM which includes its working, properties, types, ways of incorporation (direct impregnation, form stable 

and encapsulation), the technique of microencapsulation, mathematical significance and properties of PCM and FSPCM and application. 

Further, it includes an underdeveloped topic that is the PCM/Polyolefin composites and their applications to gather available information 

in one place. 
 

 

Index Terms - Thermal energy storage, phase change material, polyolefin, microencapsulation, and form stable. 

 

1.INTRODUCTION 

Energy and the environment are expected to become two of the world's most critical factors to manage together in the future as increased 

usage of energy causes various environmental problems. So, the requirement to store energy as well as minimize energy loss has a huge 

global significance. Energy can be stored in 4 possible ways viz. mechanical energy, electrical energy, chemical energy and thermal 

energy. The mechanical energy storage system uses electrical energy, which already needs to be conserved. Electrical energy storage 

systems involve battery energy storage, which converts chemical energy to electrical energy. They are efficient but comparatively 

expensive. Chemical energy storage systems store hydrogen energy using fuel cells. It has low efficiency of recovery, is expensive and 

still a developing technology [1]. 

Thermal energy is the total kinetic energy of moving particles of matter, even if matter feels cold. Cold matter thermal energy is called 

cold thermal energy.[2]. Thermal energy storage (TES) devices for both heat and cold are required for many industrial processes to 

function properly. Thermal Energy can be stored as a change in a material's internal energy as thermochemical, latent heat, sensible 

heat, or a combination of these. The energy is stored in a thermochemical energy storage device after chemical bonds are broken or 

dissociated at the molecular level, releasing energy, which is then recovered in a reversible chemical reaction. The method of sensible 

heat storage (SHS) involves adding energy to a material to raise its temperature without changing its phase. The amount of heat stored 

in sensible heat storage is determined by temperature changes, the heat capacity of the substance, and the amount of storing material. 

There are two SHS material category one is a liquid storage medium which includes water, mineral oil, molten salts, liquid metals and 

alloys and the second is solid storage materials which include rocks, concrete, sand, and bricks [3]. The heat released or absorbed during 

the phase change of a storage substance from solid to liquid, liquid to gas, or vice versa is known as latent heat storage (LHS). When 

compared to SHS, LHS provides a higher energy storage density with near-zero temperature variations [1][4]. Thus phase change 

material (PCM) is used as latent heat storage material. For cold TES also low temperature liquid-solid PCMs are used [5] like 24.8 wt.% 

HCl, 0.8 wt.% NaCl, tetradecane and docosane eutectic mixture etc. [2][6]. Cold TES has a broad range of applications, including air 

conditioning, free chilling of buildings, food storage, medicinal, and cold packing, among others [7]. For normal LHS examples of PCM 

used are sodium phosphate[8], paraffin [9], etc. 

PCM retains heat in the form of internal energy, which is the amount of energy necessary to change its phase. Material with phase 

transition from any of the three phases to any of them can be used as PCM, accordingly, it is categorized as solid-solid, solid-liquid and 

liquid-gas PCM. Solid-liquid PCM is considered best, as its phase transition heat is higher. PCM when used as it is, has two major 
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problems one leakage while solid-liquid transition and reaction with the ambient environment. To solve these problems, it is 

encapsulated in a macro or micro sized shell or made into a form-stable composite. There are different physical, chemical and 

physicochemical methods available for encapsulation. The physical method includes spray drying, solvent evaporation and fluidized 

bed, the chemical method involves interfacial polymerization, suspension polymerization, emulsion polymerization and in-situ 

polymerization, and physicochemical methods include coacervation and sol-gel method [10]. Form-stable composites are generally 

considered to be used for high thermal conductivity materials. It can be formed by melt mixing or simple or solution impregnation [11]. 

A form-stable PCM (FSPCM) composite is formed in [12] using polyethylene glycol (PEG) as PCM and epoxy resin as support matrix 

using a casting-molding method and successfully demonstrated solid-solid phase transition. Application of PCM is in various fields like 

textile, construction, foam, solar heating systems, etc.  

The roots of polymer in human life is widespread. They serve the very basis of life as proteins, nucleic acids, and polysaccharides. They 

are used in construction, textiles, surface coatings, electronics, storage containers, packaging, etc. and in almost every activity. Amongst 

all synthetic polymers, the polyolefin is produced globally and accounts for 50% of the weight of all the produced polymer [13]. 

Polyethylene and polypropylene are the most conventional polyolefin with diversified properties. Various applications require different 

properties, which is sometimes impossible to find in one material so polymers are mixed with fillers or other polymers to make composite 

or blends to meet the requirement [14]. So, for imparting the property of thermal energy storage to polymeric material it is mixed with 

microcapsules of phase change material (PCM). This can also be useful in overcoming present crises of supply and demand for energy 

[10]. Polyolefin composite contains two distinctively separate phases. One phase is continuous TES called matrix and surrounds other 

called filler, here PCM or PCM microcapsules will act as filler [14]. If polymer and shell material of MEPCM are not compatible, a 

compatibiliser can be used or the surface of one can be modified. In [15] MEPCM consisted of polystyrene shell and paraffin wax as 

the core was mixed in polypropylene with and without SEBS modifier and a comparison study was done. 

Few factors should be considered while making MEPCM filled polymer composite like- 

1. The PCM microcapsule shell material should be compatible with polymer material.  

2. The shell should be robust enough to sustain mechanical stresses while processing.  

3. Microcapsules should be stable at processing temperatures and pressures.  

4. The first step onset degradation temperature of microcapsules should be higher than that of processing 

temperature of particular polymers.  

5. The particle size of the microcapsule should be optimal enough to be able to use in conventional polymer 

processing techniques.  

In this review, a brief about PCM, its working and classification are included. Along with this need for encapsulation, encapsulation 

shell material, encapsulation types and techniques, wax and mathematical formulas to calculate some properties (encapsulation 

efficiency, PCM loading capacity, energy storage efficiency, leakage rate, etc.) and the application of PCM is described. Then PCM and 

polyolefin composites and their applications are discussed. 

2. PHASE CHANGE MATERIAL AND ITS WORKING 

Phase change materials are those materials that have the capability to store and release a large amount of heat energy equal to their 

sensible and latent heat as they change their phase. They are also called as latent heat storage materials [10]. PCM is that material which 

stores thermal energy and can also be used for temperature maintenance of  

- cold storage of food, medicines, drugs, etc.,  

- thermal systems of battery, textiles, building, waste heat recovery system.  

When a PCM compounded material is subjected to warm ambience, the transient heat will be absorbed and the heat energy of PCM 

when reaches its latent heat, it melts and simultaneously will keep the temperature of compounded material constant at the melting point 

of PCM and prevent it from increasing its temperature. Upon complete melting, the transient effect will be ceased, which will result in 

the rise of the temperature of compounded material. Similarly, upon subjecting the PCM compounded material to an environment below 

the crystallization point of PCM, it will solidify and thereby interrupting the cooling effect of compounded material and its temperature 

will remain constant at solidification temperature. Once all the PCM is solidified, there will be a drop in compounded material 

temperature and PCM will not affect its thermal performance any further. This cooling and heating effect of PCM continues one after 

the other as the ambient temperature changes with night and day [16] [17]. (Fig.1) 
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Selection of material to be used as PCM for heat storage application can be done by different experimental methods, theoretical 

calculations, and numerical simulations but in the end characteristics of PCM must be broadly comparable with as large as the possible 

number of properties[18]. Requirement for a material to be used as PCM and its properties are closely associated and are tabulated below 

[10][19][20][21]. (Table 1) 

Table 1: Requirements and Properties of PCM 

Requirements Properties 

Congruent melting  Capable of completing reversible freezing/melting cycle  

Non-corrosive, non-toxic, non-flammable and non-

explosive  

No fire hazard (Inflammable) and Non-explosive  

No degradation after a large number of heating and 

cooling cycle  

Long-term chemical stability  

High latent heat per unit of mass, thermal conductivity 

and thermal diffusivity. 

Have compatibility with other materials 

Small change in volume while phase transformation.  Good chemical properties  

3. CLASSIFICATION OF PCM 

PCM can be classified based on phase transformation and based on chemical nature. PCMs are divided into 3 types on the basis of phase 

transformation- 

1. Solid - liquid 

2. Solid – solid 

3. Liquid – gas 

Conversion from or conversion to gas phase is non-viable because of confined volume as gas takes far more space than that of solid and 

requires a high-pressure system. For solid-solid transformation, the latent heat is very small as compared to solid-liquid PCM, so this 

makes solid- liquid PCM best suited and the only type to be used in a thermal energy storage system [10]. 

On the basis of chemical nature, PCMs are categorized as Organic PCM, Inorganic PCM, and Eutectic PCM. Organic PCMs are again 

divided into two types paraffins which are petroleum derivatives and non-paraffin that include fatty acids, alcohols, esters. n-

Pentadecane, stearic acid, dodecanol, etc. are examples of organic PCM. Inorganic PCM includes salt hydrates, metal, metal compounds, 

etc.  

Melting 

• Solid PCM

when Temperature 
increases PCM 
absorbs heat

• Melting / 
Crystallization

1. PCM melts at constant 
temperature 

2. PCM solidifies at 
constant temperature

• Liquid PCM

when temperature 
falls PCM releases 
Heat

Solidification 

Fig. 1 Working Of PCM 
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Examples are sodium phosphate dodecane, sodium sulfate, etc. These are relatively reactive and have low latent heat so considered 

unsuitable for thermal energy storage. In [8] the researcher demonstrated the successful formation of silica shells on inorganic hydrated 

salt through interfacial polymerization along with the sol-gel process. Eutectic PCM are a mixture of inorganic-inorganic, organic-

organic, or organic-inorganic PCMs in a specified ratio for specific applications, they have very low latent heat than organic or inorganic 

PCMs. (Fig.2) 

4. PCM INCORPORATION 

PCM when used directly to make composite, diffusion of melted PCM to the surface starts with time, which in turn decreases efficiency, 

so to avoid this PCM is inserted in a porous matrix structure or encapsulated in a shell [10]. There are broadly 3 ways of introducing 

PCM in the support matrix. viz. direct impregnation, form stable and encapsulation which includes macroencapsulation and 

microencapsulation [20][21]. (Fig. 3) 

 

4.1 Direct Impregnation 

In this method, PCM powder or small solid particles are directly mixed in a material like concrete or polymer, considering that it does 

not interfere in the basic processes of matrix-like hydration in concrete [20][21]. Stearic acid as core and diatomite as support matrix is 

used in [22] to form a composite by direct impregnation without vacuum, which has a latent heat of 57.1 J/g and phase change 

temperature are 52.3ºC and 48.4ºC. Researchers in [23] used and compared two PCMs paraffin and capric acid and made form-stable 

PCM (FSPCM) by direct impregnation in three different matrices, expanded perlite, expanded clay and expanded fly ash. The 

comparison result of two PCM shows significant enhancement in the melting point of capric acid and no change in the case of paraffin.  

4.2 Form-stable 

Shape stabilized or form stable PCM are those where the porous structure of matrix provides space to the inside PCM to expand while 

melting which prevents melted PCM to leak out from the composite. The amount of PCM that can be incorporated in the matrix depends 

on how much melted PCM it can hold without leaking, this is determined by performing a leaking test. A few examples of matrix include 

polymeric network structure (e.g. styrene butadiene styrene, polymethyl methacrylate, etc.) expanded graphite, organophilic 

montmorillonite (OMT), etc. [24]. Leakage of PCM from the matrix can be checked by three methods, first by simple observation while 

melting PCM, second by noting the weight change before heat treatment in the oven at a temperature of melting of PCM, third by noting 

weight during multiple heating and cooling cycles. There is one quantitative method available which uses Korsmryer-Peppas equation 

[25]. An abundant amount of literature is available for forming a stable composite with various combinations of material and variat ion 

studies.  In [24] authors have incorporated paraffin (n-docosane) into expanded graphite (EG) in different mass fractions and found that 

the composite with fraction 10% wt.% of EG was the most promising form stable PCM composite. The composite having the highest 

 
Fig. 3 Ways of PCM incorporation 

Fig. 2 Classification of PCM 
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amount of expanded graphite has higher thermal conductivity and satisfying heat storage capacity. Similarly, stearic acid and EG 

composite are also in [26], paraffin with montmorillonite and EG is studied in [27]. In [28] a comparison study between bare PCM 

(paraffin) and PCM(paraffin)/HDPE form stable composite is presented which states better thermal properties in composite. A successful 

shape stabilized composite with eutectic mixture of capric acid and palmitic acid as PCM in a wood floor is reported in [29], and cetyl 

alcohol and paraffin as PCM and HDPE as support matrix is reported in[30], [31], paraffin as PCM and polymethylmethacrylate 

(PMMA) as support matrix is demonstrated in [32], again paraffin as PCM and aluminum nitride particles as matrix is reported in [33], 

a literature reported comparison of the form-stable composite containing PCM and MEPCM [34]. In-situ preparation of copper 

nanoparticles and along with it polyester is used as support and fatty acid as PCM is studied in [35]. Form stable composite of salt 

hydrate as PCM and aluminum shavings as support matrix is studied to improve the efficiency of the photovoltaic panel in [36]. Much 

more literature describing form-stable PCM and its preparation with different core and shell combinations are available. [11][37][9][38] 

4.3 Macroencapsulation  

Macro encapsulation is used in applications like concrete composites where high amounts of PCM is required. As macro encapsulated 

PCM (MAPCM) has a large amount of PCM it stores a large amount of energy. The main advantages of MAPCM are low-cost 

production and the capability to be used as aggregates directly. There are three techniques of macro-encapsulation, viz. polymer 

encapsulation, steel ball encapsulation, impregnation into porous aggregates. MAPCM composites show lower mechanical properties 

as compared to without MAPCM, the problem of leakages and uneven heat transfer, all of these reduce the efficiency of energy storage. 

In research [39], the authors made two concrete composites one with porous structure light weight aggregates (LWA) and another with 

thermal energy storages aggregates (TESA) and found that composite with TESA has higher mechanical properties and lower water 

absorption and shrinkage. MAPCM is used for high-temperature applications such as concentrated solar power (CSP). For CSP generally 

in macroencapsulation steel based shells are used because of their ease in processibility and microencapsulation plastic shells are 

preferred. [40]. A detailed review on definition, PCM macro-encapsulation material selection, common macro-encapsulation forms, and 

PCM melting procedures within these forms, ideal system positions in building envelopes, and PCM and shell thermal performance 

enhancement is elaborated in [41]. 

4.4 Microencapsulation 

Microencapsulation of various substances is possible like medicinal drugs, fragrant oil, etc. [42]. The low thermal conductivity of PCM 

obstructs the heat transfer to reach the bulk of PCM, so in macroencapsulated PCM (MAPCM), PCM in the bulk remains solid even if 

the surface is melted due to this efficiency of PCM decreases. This problem is solved by microencapsulation. In this process, small 

particles of solid or droplets are enclosed in a coating material called shell to form PCM encapsulated microcapsule (MEPCM)[10]. It 

increases the surface to volume ratio of PCM which in turn increases the heat transfer capability. To increase heat transfer capacity 

sometimes along with encapsulating material additives like graphene, alumina, etc. are added. Few literatures reported that inside 

polyurea or melamine-formaldehyde shell a layer of graphene oxide also increases the heat transfer potential of MEPCM 

[43][44][45][46][47]. MEPCM are also mixed with some carrier fluid, resulting in a suspension which is called microencapsulated phase 

change material slurry (MPCS) [48]. 

The two main parts of MEPCM are the PCM core and the shell that is a coating on PCM, this shell material is instrumental in deciding 

various properties of microcapsules, like surface morphology, thermal properties, strength, brittleness, etc. [10]. Compatibility of the 

shell with compounding material is one of the important aspects while deciding materials for an application.  

MEPCM formed can be 5 types of morphology irregular (undefined shaped of capsule), simple (spherical capsule), multi wall (capsules 

having multiple shells), multi core (capsule having multiple core material in one shell) and matrix particle (PCM in support matrix). 

There are 4 types of microcapsules possible mononuclear (one core in one continuous shell), polynuclear (multiple cores in one 

continuous shell), matrix encapsulation (one core material in distributed matrix material) and multi film (one core in multiple layers of 

same or different shell material) [15]. 

 

4.4.1 Types of shell material 

These shell materials are also categorized into three types based on chemical nature –Organic shell, mostly includes natural or synthetic 

polymer which is capable of preventing leakage. (Fig. 4) Generally, used organic shells are Polystyrene, Melamine Formaldehyde, Urea-

Formaldehyde, Polyurea, PMMA, etc. Inorganic shells provide different properties higher thermal conductivity and mechanical 

properties as compared to the organic shell so, they are also used to overcome the limitation of organic shell materials. Example of the 

inorganic shell includes silica (SiO2), zinc oxide (ZnO), calcium carbonate (CaCO3), etc. Organic-Inorganic hybrid shells are used to 

vanquish the limitations of both used individually [10]. 
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4.4.2 Types of Technique of encapsulation 

 

PCM can be microencapsulated with various methods which are broadly classified as physical, chemical and physicochemical methods. 

(Fig. 5) 

 

PHYSICAL METHODS  

As the name suggests this category of shell formation involves methods like dehydration, drying, adhesion etc. in which particles of 

PCM are only physically coated with the shell material. Major physical methods of microencapsulation involve spray drying and solvent 

evaporation [10]. 

Spray drying  

In spray drying first, an oil-water emulsion is made by mixing PCM emulsion in shell material solution and stirring vigorously, then this 

prepared emulsion at a particular feed rate is fed to the atomizer which has an inlet for high pressure carrier gas and a nozzle through 

which emulsion is sprayed in cylinder attached with a frustum shaped drying chamber. The droplet from the atomizer comes in contact 

with hot carrier gas and moisture is evaporated leading to the formation of MEPCM. The solid droplets are collected with the help of a 

cyclone filter [49]. In [50] methyl palmitate and n-Octadecane is encapsulated in silica shell using combined sol-gel and spray drying 

method. Sol solution is made before atomization in a spray dryer. In a spray, dryer encapsulated microspheres are formed which is 

collected with the help of a cyclone separator. (Fig 6) 

Fig. 4 Types of shell material 

Fig. 5 Encapsulation Techniques 
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Solvent evaporation  

This process works on the same principle as that of spray drying, the solution of shell material is made in a volatile solvent and mixed 

with PCM emulsion to get an oil-water emulsion. This emulsion is heated to evaporate the solvent and form a shell. Microcapsules are 

obtained through filtration and drying. [49]. Butyl glycidyl ether modified 2-ethyl-4- methyl imidazole PCM encapsulation with 

polyetherimide by using solvent evaporation is described [51]. Myristic acid as PCM is encapsulated in ethyl cellulose shell by a 

combined emulsification-solvent evaporation technique and acceptable results were obtained in [52]. 

Fluidized bed  

Fluidized bed is a mechanical-physical encapsulation method, used for solid core materials even liquid absorbed in porous solid. A 

fluidized bed column is a cylindrical-conical column having an inlet for coating material (shell) spray, another for air jet to fluidized 

core (PCM) material. The core solid particles are suspended in a jet of air and then sprayed with a liquid coating medium. The capsules 

are then sent to a drying chamber where the shells of the capsules are solidified using cooling or solvent evaporation. The procedure of 

suspending, spraying, and cooling the capsules is repeated until the appropriate thickness of the capsule walls is achieved. Based on the 

position of spray in the column it is categorized in 3 types: top spray, bottom spray and tangential spray. Parameter required to be fixed 

are coating material formulation, coating material spray flow rate, pressure and temperature, fluidization time, the mass of core material 

[53]. The particle size obtained is mostly in between 50-500 microns [54][55]. In [56] this method was used to microencapsulate two 

inorganic PCM Bischofite and MgCl2.6H2O with acrylic as the shell polymer and chloroform as the solvent. Results revealed that 

efficiency in microencapsulation of 95% with good melting temperatures and enthalpy of the final microcapsules could be attained when 

employing 2 minutes of fluidization time and 2 kg/h of atomization flow 

 

CHEMICAL METHODS  

Predominantly organic shells are formed by chemical methods, as organic shell includes largely polymers implying that chemical 

methods consist of all the polymerization processes, viz., suspension, in-situ, interfacial, emulsion, mini-emulsion, Pickering emulsion, 

etc.[10]. Apart from MEPCM formed by all these methods some exceptional or modified chemical ways are also possible, like in[57] 

using PEG as an amorphous phase, a shape memory thermoplastic PU as a PCM was produced via bulk polymerization.  

 

Interfacial Polymerization  

The process is selected when two monomers are required and one is hydrophobic and another is hydrophilic. Polymerization reaction 

occurs at the interface on the oil-water emulsion with the help of the initiator. PCM is dissolved with a hydrophobic monomer forming 

Fig. 6 Spray Drying Process [50] 

Fig. 7 a) Interfacial Polymerization b) Suspension Polymerization c) Emulsion Polymerization 
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the oil phase. Here as the reaction progresses at the interface the polymer film thickens and after a time act as a barrier for further 

polymerization to occur, resulting in very less shell thickness [49]. Interfacial polymerization with TEOS as a precursor was used to 

produce the silica coated lauric acid composite. The thermal performance and encapsulation efficiency of MEPCMs were examined 

using varying emulsifier concentrations, emulsification speeds, and core-shell mass ratios in [58]. There are few more literature available 

that shows the successful use of interfacial polymerization like [59][60][61]. In[62] formation of a two layered shell with polyurethane 

inside and polyurea outside with n-octadecane as PCM by interfacial polymerization is reported. By adding Paraffin and SiO2 

microcapsules and boron nitride to polyethylene glycol based polyurethane (PUPEG), a phase change composite with a three-

dimensional structure and an excellent thermal conductive channel is reported in [63]. (Fig. 7a) 

Suspension Polymerization 

In this polymerization process PCM, monomer and initiator droplets are dispersed in a continuous aqueous phase and stirred vigorously 

to maintain the suspension. With heat, initiators are triggered and polymerization starts and propagates to form the shell. This technique 

is used when monomers and initiators both are insoluble or mildly soluble [49]. Using a shell made of a copolymer of methyl 

methacrylate and styrene, paraffin wax was microencapsulated by suspension polymerization [64]. Suspension polymerization was used 

to create microcapsules containing n-octadecane with cross-linked PMMA shells, different crosslinking agents including 1,4-butylene 

glycol diacrylate (BDDA), divinylbenzene (DVB), trimethylol propanetriacrylate (TMPTA), and pentaerythritol tetraacrylate (PETRA) 

are studied in[65]. (Fig 7b) 

Emulsion Polymerization 

This method is used when the monomer is poorly or completely insoluble in the aqueous phase and an initiator is selected that is soluble 

in the aqueous phase. Monomer and PCM together form the oil phase and are dispersed in a continuous aqueous phase containing 

initiator and surfactant to aid initiation and emulsification in the process. The initiator is heat triggered and polymerization occurs which 

results in microcapsules[49]. Researchers studied microencapsulation of paraffin with calcium carbonate by emulsion method and 

compared sodium dodecyl sulfonate(SDS) and sodium dodecyl benzene sulfonate(SDBS) as an emulsifier and reached the result that 

SDBS is a better emulsifier for CaCO3 shell[66]. Preparation of n-eicosane microcapsule with melamine-formaldehyde shell by this 

method and its application in the fabric is studied in[67]. n-Octadecane and polymethylmethacrylate (PMMA) microcapsule by 

miniemulsion is demonstrated in[68]. Similarly, PMMA with titanium dioxide (TiO2) hybrid shell in formation on n-octadecane by this 

method described in [69] Formation of PMMA shell on tetradecanol PCM by emulsion polymerization is reported in [70]. 

Microencapsulation of paraffin with crosslinked polystyrene and modified nano silica by Pickering emulsion is demonstrated in[71]. 

Significantly more literature is present on microencapsulation with emulsion polymerization. [72] [73] [74] [75] [76] [77] [78]. (Fig.7c) 

In-situ Polymerization  

In-situ polymerization requires freshly prepared precursors of polymer, not the monomer. This prepolymer is mixed with the aqueous 

phase of an oil-water emulsion of PCM and surfactant, further prepolymer polymerizes to form microcapsules. This method is used 

mostly for organic shell materials like melamine-formaldehyde, urea-formaldehyde, etc. [49].  n-dodecanol as PCM is coated with 

melamine-formaldehyde shell material by this method and acceptable results were obtained [79]. Urea-formaldehyde shell modified by 

carboxymethyl cellulose (CMC) to increase crosslinking and reduce the presence of free formaldehyde in end product on paraffin as 

PCM is reported in [80] and CMC modified melamine-formaldehyde shell with paraffin core is demonstrated in [81]. Urea-formaldehyde 

shell with paraffin core is formed by this method and the effect of curing temperature on thermal properties is studied in [82]. MEPCM 

has a melamine-formaldehyde shell and n-octadecane mixed with cyclohexane as the core is synthesized and its thermal stability and 

permeability property is studied in [83]. (Fig.8) 

 

PHYSICOCHEMICAL METHODS  

 

This category involves methods that are a combination of physical and chemical processes. Majorly includes coacervation, complex 

coacervation and sol-gel method [10]. 

 

 

 

 

 

 

 

 

 

Fig. 8 In-situ Polymerization 
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Coacervation 

Coacervation involves liquid-liquid phase separation of solution of charged macromolecules, resulting in a dense polymer rich phase 

below a transparent solution. Generally, complex coacervation is used for shell formation because it gives better uniformity in size and 

more stability, the process needs two oppositely charged shell materials. One of the shell material solutions along with PCM forms 

emulsion and the second oppositely charged solution is added so that due to electrostatic attraction it forms a shell around the PCM 

droplets. Further, crosslinking, heat treatment is employed to obtain stable microcapsules[49]. In [84] authors used the coacervation 

process to microencapsulate Rubitherm RT27 (mixture of saturated hydrocarbon) in two different shell materials viz. the combination 

of agar-agar / arabic gum and then sterilized gelatin / arabic gum. PCM (Rubitherm RT27) was mixed with gelatinous compound (agar-

agar/sterilized gelatin) and arabic gum was used as the wall material as it can form film then mixed together for coacervation to take 

place. n-Octadecane as PCM is coated with melamine- formaldehyde shell and n-octadecane mixed with cyclohexane as the core is 

synthesized and its thermal stability and permeability property is studied in [83]. (Fig 9) 

Sol-Gel Process  

This process has two steps first to prepare sol solution, and second to convert sol solution to get and then dry it to get solid powder. Sol 

solution is made from precursors such as metal alkoxide and metal chlorides. To form a colloidal solution sol solution, solvent, PCM 

and emulsifier are dissolved in a continuous phase, the monomers undergo condensation polymerization reaction and form a 3-

dimensional structure called gel. This gel is then dried and cured to get microcapsules [49]. In [85] authors achieved the formation of 

silica shells on a eutectic mixture of maleic acid and palmitic acid by sol-gel method, with good thermal properties and stability. In [86] 

it is reported that forming titanium dioxide shells using this method on lauric acid is possible and can be considered for the solar energy 

storage system. A form stable composite with PCM as ternary nitrate and SiO2 and EG support matrix is also formed by this method 

[35]. (Fig 10) 

Fig. 10 Sol-Gel process [87] 

 

 

5. MATHEMATICAL SIGNIFICANCE AND PROPERTIES OF PCM AND FSPCM 

Properties and characterization results of microcapsules play an important role in deciding the application part and are altered by various 

parameters like type of PCM, type of shell material, the technique of encapsulation, etc. (Table 2) 

 

 

 

 

 

 

 

 

 

Fig. 9 Two-step coacervation 
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Table 2: Mathematical significance and Properties of PCM and FSPCM 

Properties Significance Formula/remarks 

Phase Change 

Temperature 

(PCT) (℃) and 

Latent heat of 

fusion (J/g) 

PCT and latent heat of 

PCM is important to select 

the application of the 

material.  

Can be measured by DSC 

or T-History Method[49] 

[88] 

𝐻𝑚  = (𝑇𝑚 − 𝑇𝑖) [
𝑚𝑡,𝑤𝐶𝑝,𝑠 + 𝑚𝑤𝐶𝑝,𝑤  

𝑚𝑝
×

𝐴𝑐

𝐴′
𝑐

×
𝐴2

𝐴′
2

]

− [
𝑚𝑡,𝑝

𝑚𝑝
𝐶𝑝,𝑠 +

𝐶𝑝,1 + 𝐶𝑝,𝑠

2
 ] 

Where; Ac: Convective heat transfer area of the tube (m2), Cp: 

Constant pressure specific heat (KJ/kg K), m: Mass (kg), T: 

Temperature (℃), A2 and A2' are the integrated areas between 

the curves. Subscript; m: melting point, i: inflection point, t: tube, 

w: water, l: liquid, s: solid, p: PCM. Superscript; ´: pure water 

Encapsulation 

efficiency (R) 

(wt.%) 

It gives the % of PCM 

successfully encapsulated 

in the shell [49] [10]  

𝑅 =  
𝐻𝑚(𝑀𝐸𝑃𝐶𝑀)

𝐻𝑚(𝑃𝐶𝑀)
× 100 (𝐻𝑚(𝑀𝐸𝑃𝐶𝑀) < 𝐻𝑚(𝑃𝐶𝑀)) 

𝑅 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝐸𝑃𝐶𝑀 𝑎𝑓𝑡𝑒𝑟 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑤𝑎𝑠ℎ𝑖𝑛𝑔(𝑚)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝐸𝑃𝐶𝑀 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑤𝑎𝑠ℎ𝑖𝑛𝑔 (𝑚𝑖)
× 100  

Where, the solvent should dissolve PCM completely 

PCM loading 

capacity (wt%) 

PCM loading is a 

theoretical value of the 

mass of PCM loaded inside 

the shell of a microcapsule 

PCM loading capacity

=  
𝑤𝑡. 𝑜𝑓 𝑃𝐶𝑀 (𝑊𝑃𝐶𝑀)

𝑤𝑡. 𝑜𝑓 𝑃𝐶𝑀 (𝑊𝑃𝐶𝑀) + 𝑤𝑡.  𝑜𝑓 𝑠ℎ𝑒𝑙𝑙(𝑊𝑆ℎ𝑒𝑙𝑙)
 × 100 

Energy storage 

efficiency (%) 

It is also called thermal 

capability (E). How much 

thermal energy the 

MEPCM can absorb 

/release as compared to 

pure PCM  

 

 

𝐸 =
𝐻𝑚(𝑀𝐸𝑃𝐶𝑀) + 𝐻𝑐(𝑀𝐸𝑃𝐶𝑀)

𝐻𝑚(𝑃𝐶𝑀) + 𝐻𝑐(𝑃𝐶𝑀)
× 100 

 

Leakage rate 

(LR) (wt%) 

It is the rate at which PCM 

leaks from the capsule, 

caused by breakage of the 

shell [49] 

 

𝐿𝑅 =  
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑚𝑖) − 𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑚𝑎𝑠𝑠 (𝑚𝑡)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑚𝑖)
× 100 

Particle size 

distribution 

It measures the size of the particle through scattered laser beams passing through the sample. 

The smaller the particle size, the larger is the surface is sans higher is the heat transfer 

efficiency. [49] 

Surface 

morphology 

By using a scanning electron microscope (SEM), optical microscope (OM), or transmission 

electron microscope (TEM), their shape, deformity, agglomeration, shell thickness, the 

diameter of the capsule can be observed. [49] 

 

6. APPLICATION OF MEPCM 

6.1 In MEPCM Slurry  

Main application of MEPCM is thermal energy storage, heat transfer and temperature control. Practically, for cold energy storage and 

temperature maintenance, the MEPCM slurry is used successfully at Narita airport in Tokyo. Some scientists used MEPCM slurry in a 

cold ceiling system and proved that MEPCM slurry helped in a reduction in flow rate and maintaining a constant temperature conducted 

a successful 4-months experiment. MEPCM is also used for improving the thermal performance of the fabric. [48].  There are five types 

of latent thermal fluid described in [89]. MEPCM slurry is used as a single-pass heat exchanger fluid. Stefan number, the volumetric 

concentration of microcapsule, phase change temperature and capsule diameter plays important role in increasing heat transfer of 

MEPCM. [90] [17]. In [91] MEPCM slurry preparation method is reviewed and suggested its application in increasing solar panel 

efficiency and transport efficiency of the ground source heat pump. 

6.2 In Textiles 

MEPCM can be incorporated in various fiber and fabrics by methods like coating, lamination and spinning. These MEPCM integrated 

fibers and fabrics can be used in making thermoregulated clothing like vest coats [16] [49] [10] [67]. The effect of MEPCM application 

methods such as printing, coating, and padding on the thermal characteristics and air permeability of modified polyester knit ted fabric 

was investigated in [92]. Similar polyester fabric coating with MEPCM containing paraffin as PCM and polyamide as the shell is 

described in [93]. MEPCM with paraffin as PCM polystyrene as shell material is modified with graphene oxide and coated on fabric to 

impart thermoregulation property [94]. MEPCM, which had the properties of thermal energy storage, photothermal conversion, UV 

shielding, and superhydrophobicity, was especially well suited for intelligent textiles. A one-step interfacial polymerization was used to 

create microcapsules with an n-eicosane core and a CuO-doped polyurea shell with a hierarchical structure [95]. MEPCM is used to 

store solar energy. MEPCM is added to the solar heat collector plate surrounding the heat pipes of the domestic water heater to use the 

same amount of solar energy for a longer time [96]. 

6.3 In Buildings   

In buildings to regulate temperatures and to help in reducing the energy demand of the structure, MEPCM can be incorporated in 

concrete, floorings by just physical mixing while compounding all other ingredients. Wallboards, sandwich panels, the body of electrical 

equipment like air conditioning, ventilation systems, small hot water systems can also incorporate MEPCM while forming.[49] [10]. In 

[97] researchers demonstrated preparation techniques and investigated heat transfer characteristics of shape-stabilized composite by 

using silica as support material for highway pavements.  
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6.4 In Film, Coatings and Foam 

MEPCM is mixed in the paints to make heat-insulating coating, [98] the authors used MEPCM (RT31, Rubitherm corporation as PCM 

and melamine as shell) having melting point = 27-31℃ latent heat = 80 kJ/Kg and mixed it in the acrylic emulsion to make paint and 

found that this paint has potential heat storage property. Similarly, in [99] MEPCM having n-tetracosane as PCM and melamine 

formaldehyde as the shell was prepared and successfully incorporated in epoxy primer and polyurethane top coat system. MEPCM with 

n-Octadecane as PCM and melamine formaldehyde as the shell is prepared and incorporated in polyvinyl chloride(PVC) plastisol along 

with TiO2 to block UV radiation, then plastisol solution is cast as a film to make a thermally insulating film [100].  Foams are used for 

insulation in various applications, like vehicle interiors, medical products, cool containers, etc. integrating MEPCMs in foams improves 

its efficiency of insulation [10] [49]. 

7. PCM/POLYOLEFIN COMPOSITE 

Polyethylene (PE) is the most commonly used polymer to make a blend with paraffin wax due to its properties like availability, cheapness 

and easy processes ability, but when solution blending is required, polypropylene (PP) is preferred as it is soluble in common solvents. 

Mostly paraffin is used with polyolefin. According to a study, paraffin has the lowest miscibility in HDPE as compared to LDPE or 

LLDPE [101] [102]. There are various methods of making polyolefin/PCM composite like solution casting, solvent-assisted melting 

infiltration, physical melt mixing, and high-speed mixing etc. like [103] describes melt blending method which uses twin screw extruder 

and paraffin as PCM, LDPE as support matrix and multi-walled carbon nanotubes as thermal conductivity enhancer. Similarly, many 

other literature presenting usage of different material and methods of blending are studied and briefly introduced below according to 

application of composite material.  

In [104] solvent-assisted melting infiltration method is used to make a lamellar form-stable composite with erythritol as PCM and HDPE 

as support matrix and states that melting temperature zone of HDPE corresponds with erythritol, and contribute additional transition 

enthalpy, giving high composite PCM melting enthalpy of 308.52 J/g. It is considered in [105] that recycled spent separator of lead-acid 

battery as silica nanoparticles can be used in making a form stable composite of ternary eutectic mixture (lauric acid, palmitic acid and 

paraffin) and HDPE which can be further used for building thermal management. 

FSPCM with paraffin as PCM and polypropylene as support is used by solution casting method resulted in good latent heat thermal 

energy storage material. 70/30 w/w% of paraffin/PP gave best form stability. Differential scanning calorimeter (DSC) analysis stipulates 

that this FSPCM material is suitable to be used in solar space heating applications, shell and tube PCM heat exchangers [106]. 

Another application is flame retarding agent - a eutectic mixture of solid and liquid paraffin as PCM and PP as support matrix along 

with triazine char forming agent and ammonium polyphosphate is used to make flame retarded FSPCM. This material has a lower phase 

change temperature of 24.8℃ and a higher enthalpy of 126.8 kJ/Kg [107]. Similarly, [108] and [109] demonstrated a successful halogen 

free flame retardant FSPCM composite using HDPE, paraffin, EG and additives. Also, HDPE-EVA alloy with organophilic 

montmorillonite (OMT) and paraffin as PCM resulting in phase change nanocomposite material (PCNM) are prepared by using extrusion 

to be used as a flame retardant shape stabilized PCNM [110]. 

PP yarns are used in various applications like carpets, rope industry, etc., Similarly, MEPCM enhanced PP hybrid yarns can also be used 

as the results obtained in [111] are suitable. MEPCM and PP are compounded in different compositions by melt compounding and melt-

spun by piston-type melt spinning device. The filament has higher surface roughness as the concentration of microcapsule in composition 

increases. Filaments obtained with 20 wt.% microcapsules resulted in enough fiber strength to be used in hybrid yarns [112].  According 

[113] while melt spinning multifilament yarn consisting MEPCM increasing L/D ratio and reducing the spread of holes on spinneret die 

helps in uniform extrusion of fiber. As the amount of MEPCM increases in yarn, the speed of the extruder and temperature should be 

increased. [114] proposed that the feed material for spinning requires proper mixing with the help of the Brabender kneading system 

and chopping unit. First, the ingredients are sent to the kneading chamber where due to shear force agglomerates of MEPCM broke and 

are mixed properly in PP melt. To get a proper blend of MEPCM and polymer process of extruding has a vital effect on the efficiency 

of the material. [115] made a sheath-core composite fiber consisting of MEPCM, the core is made up of PE chips having 10-60% of 

MEPCM and sheath is made up of PP chips. To make the final composition MEPCM were mixed gradually and then compared with 

samples with MEPCM mixed at once which suggested that sample with gradual mixing of MEPCM is more efficient. 

The proper combination of PCM core and support matrix can enable us to use it as thermally conductive material, which can be further, 

used for applications like battery thermal management (BTM). [116] tried a BTM in which a composite material consisting of expanded 

graphite (EG), LDPE and paraffin are combined with low fins to get increased surface heat transfer. PCM is mixed with expanded 

graphite in 1:9 EG: PCM to make FSPCM them LDPE is added to it in 7:3 ratios. LDPE is used for framework and PCM leakage 

prevention. PCM composite (LDPE/EG/PCM with low fins) battery module gave good heat dissipation performance better mechanical 

properties, excellent cooling effect. In [117] [118] [119] a thermally conductive flexible form-stable phase change composite is shown 

by using different paraffin in each as PCM and olefin block copolymer as shape stabilizer and expandable graphite (EG) for enhancing 

thermal conductivity. The composite formed has a good physicochemical property with significant flexibility and provides good thermal 

management by reducing working temperature of commercial battery.  

These composite can also be used for some special applications by adding some additives in composites like electromagnetic interference 

(EMI) shielding or super wetting application. Later is shown in [120] by developing an FSPCM with PP aerogel as support matrix and 

paraffin as PCM. Because of the highly porous nature of aerogel PCM loading of 1060 wt. % is possible and gives a high range of latent 

heat from 141.1 kJ/kg to 159.5 kJ/kg with good thermal stability. In [121] authors achieved EMI shielding and thermal management 

together in a shape-stable PCM composite of paraffin wax/polypropylene/ferroferric oxide/carbon nanotubes which is made through 

spot-vacuum impregnation of polypropylene/ferroferric oxide/carbon nanotubes blend in melted paraffin wax. In this ferroferric oxide 

and carbon nanotubes collectively results in EMI shielding. 

Polypropylene film containing MEPCM (silica-based shell and inorganic salt hydrate as PCM) for textile coating is also a possible 

application. Characterization and analysis data confirm that the effect of PCM is good in film and coating events after washing of coated 

textiles [122].  

To get a proper blend of MEPCM and polymer process of extruding has a vital effect on the efficiency of the material [123]. [124] made 

melamine-formaldehyde microcapsule with paraffin wax as core material by in-situ polymerization. This MEPCM was mixed with high-

density polyethylene (HDPE) by two methods, in the first method, dry HDPE powder with microcapsule was hot-pressed and in the 

second method, both were melted, then blended, and hot pressed. MEPCM gavexs plasticizing effect to the polymer with lowered 
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mechanical and thermal properties. In [125] paraffin wax is utilized as PCM and added to HDPE and mixed it using a twin-screw 

extruder, then palletized those strands and use for injection molding components. 

In [126] wood plastic composite containing MEPCM in which dodecanal as PCM and melamine formaldehyde modified by polyethylene 

glycol as shell material is fabricated. Wood flour, HDPE and MEPCM were mixed and then extruded, then extruded pallets are hot-

pressed to make a composite. When characterized and tested this wood-plastic composite it was found that it has good enough 

mechanical properties and excellent thermal properties to be used as latent heat thermal energy storage (LHTES). In [127] a wood-

plastic-nanoencapsulated PCM composite is made with pine wood floor, HDPE, maleated PE and nano encapsulated PCM 

(PS/GO/Paraffin) which is studied by employing two dynamic simulators for their thermal performance which further resulted in 

successful material for floor cooling system in building thermal management. 

PCM composite can also be used for thermal storage walls also known as TROMBE walls. These walls are equator-facing walls in an 

edifice made to absorb direct incident sunlight. [128] investigated this application and made a shape stabilized PCM with paraffin and 

LDPE as support matrix and achieved a remarkable amount of energy saving. [129] ported that PCM composite with paraffin as PCM 

and HDPE as support matrix can be added to expanded graphite to reduce the cost of microencapsulation and achieve high heat transfer 

properties.  

7.1 Application of PCM/polyolefin composite 

A summary of few literatures in above section covering all applications is tabulated in Table 3. 

Table 3: Application of PCM/polyolefin composite 

Sr. 

No. 

Ref. 

No. 

PCM Material Support / Shell Olefin Method Application 

1 [106] Paraffin PP (FSPCM) PP Solution Casting Solar space heating 

application and in shell 

and tube heat 

exchanger 

2 [107] Eutectic 

mixture of solid 

and liquid 

paraffin 

PP (FSPCM) PP Physical melt 

mixing 

Flame retardant 

material 

 

 

 

3 [108] 

[109] 

Paraffin HDPE and EG 

(FSPCM) 

HDPE High-speed mixing 

then extrusion 

Flame retardant 

material 

4 [110] Paraffin HDPE-EVA and 

OMT (FSPCM) 

HDPE High-speed mixing 

then extrusion 

Flame retardant 

material 

5 [112] 

[111] 

MPCM43D 

(commercial) 

paraffin 

M-F shell PP Melt compounding 

and Melt spinning 

Yarn 

 

 

6 [113] MPCM28D 

(commercial)  

n-octadecane 

M-F shell PP Multifilament melt 

spinning 

Multifilament yarns 

7 [114] Paraffin M-F shell PP Mixed in 

Barbender mixer 

then extruded in a 

single screw 

extruder 

Fibers 

8 [115] n-Octadecane M-F shell Core 

HDPE 

Sheath 

PP 

HDPE and 

MEPCM by 

Extrusion, PP by 

Melt Spinning 

 

Sheath core Fiber 

9 [116] 

[117] 

Paraffin LDPE + EG 

(FSPCM) 

LDPE Paraffin/EG + 

LDPE mix in a 

low-speed mixer 

Battery Thermal 

Management 

10 [120] Paraffin PP (FSPCM) PP Different 

Operational 

Technique 

Super Wetting 

application 

11 [121] Paraffin PP/CNT/Ferroferric 

oxide (FSPCM) 

PP Spot-vacuum 

impregnation  

EMI Shielding in 

integrated circuit 

12 [122] Salt Hydrate Silica shell PP A film by 

Extrusion and 

Immersion coating 

Textile coating  

13 [123] 

[116]  

Paraffin M-F shell HDPE Mixing and 

Compression 

molding 

Compression-molded 

products 

 

14 [125] Paraffin HDPE (FSPCM) HDPE Extrusion Injection molding 

Components 

15 [126] Dodecanol M-F shell modified 

by PEG 

HDPE 

and 

Extrusion  Molding component 
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Wood 

flour 

16 [127] Paraffin PS/GO shell HDPE 

and 

maleated 

PE 

Mixing and then 

hot pressing 

Floor cooling system 

16 [128] Paraffin LDPE (FSPCM) LDPE Extrusion TROMBE Wall 

17 [129] Paraffin HDPE + EG 

(FSPCM) 

HDPE Melt mixing TROMBE Wall 

 

8. CONCLUSION: 

In this paper, the need for thermal energy storage and the use of PCM for it is explored. PCM stores energy in the form of its internal 

energy and quantity equal to the energy required to change its phase. Organic, inorganic, and eutectic materials are the three types of 

PCM. It can be used directly for the limited application so it is incorporated in some enclosing cavities in three ways direct impregnation, 

form stabilization and encapsulation. Mainly two ways are predominantly used by scientists. Encapsulation has mainly two types: 

macroencapsulation and microencapsulation. Microencapsulation is mostly used because it overcomes some of the limitations of 

macroencapsulation. There are three types of shell materials (organic, inorganic and organic-inorganic) that can be used for 

encapsulation and three major categories for encapsulation techniques that are physical, chemical and physicochemical. The optimal 

microencapsulation technique is determined mostly by the specifications of PCM microcapsules, which include core/shell materials, 

microcapsule size, shell thickness, mechanical behaviors, and thermal properties. Factors required to be considered while making 

MEPCM and polymer composite are mentioned. Mathematical significance and Properties of PCM and FSPCM are also tabulated 

above. PCM has varied applications among which MEPCM slurry, solar equipment, textiles, buildings, foam, paints, thermal insulating 

films are described here. It also includes description about PCM/polyolefin composites and its application.  
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