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Abstract  

It is necessary to develop new technologies for energy storage and use of renewable energy to improve energy efficiency. 
Phase change materials (PCMs) are a family of energy storage materials that are among one of the most suitable materials 
for storing and effectively utilizing renewable thermal energy. PCM-based latent heat storage (LHS) is more advantageous 
than sensible energy storage because of the high storage energy density per unit volume/mass and the smaller temperature 
difference between storing and releasing heat. However, PCMs have low a thermal conductivity and a high degree of 
supercooling that are affecting their efficiency for energy storage. This review article first introduces the principle of phase 
change energy storage and the classification of phase change energy materials. Then, the improvement of storage methods 
of PCMs, and the fundamental properties that affect the application of phase change materials are discussed in detail. The 
applications of PCMs in various fields are also reviewed, including in solar energy utilization, waste heat recovery, construction, 
and civil and medical use. Finally, it summarizes the research progress of PCMs and provides an outlook for future research. 
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1. Introduction 

The continuous growth of the population and thermal comfort 

requirements have led to a progressive increase in the global 

energy consumption rate.[1-3] The greenhouse gas produced by 

the large-scale use of fossil fuels has led to the global climate’s 

deterioration. The constant increasing in greenhouse gas  

emissions into the atmosphere and the high cost of fossil fuels  

are the primary driving forces for more efficient energy use in  

all areas of human activities.[4, 5] 

The heat storage technology that can match thermal energy 

supply and demand in time or space has attracted wide  

attention from researchers and is also one of the most 

promising methods to improve the energy-saving efficiency of 

available heat sources. Thermal energy storage (TES) can be 

achieved by cooling, heating, melting, solidifying, vaporizing, 

condensing materials, and when reversing the process, energy 

can be obtained as heat. TES has various options that can be 

integrated into the energy systems comprising renewable 

energy resources such as solar, wind, geothermal, hydro, or 

even with non-renewable resources in waste heat recovery.[6] 

The thermal energy can be stored by chemical as well as 

physical methods.[1] In chemical TES, energy is stored and 

released due to reversible reactions. The chemical method of 

TES is classified as sorption storage[7,8] and thermochemical 

energy storage.[9] Thermal energy is stored in thermochemical 

heat storage through decomposition reaction and then 

recovered in a reversible chemical reaction. The thermal cycle 

includes charging, storage, and discharge.[10] Thermochemical 

energy storage has a very high storage density. However, 

various thermochemical energy storage materials are currently 

in the development stage, and there are few studies and 

applications in this area.[11]  

In physical TES, the heat transfer mechanism determines 

the storage of heat energy. Physical energy storage can be 

divided into sensible heat storage (SHS) and latent heat  
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Fig. 1 Energy relations of phase change materials in different phase states. 

 

storage (LHS). The SHS case involves storing thermal energy 

by raising the temperature of a solid or liquid by transfer of the 

heat through conduction, convection, or radiation. The 

principle is based on the material’s change of heat capacity and 

temperature during the process of charging and discharging.[12] 

The amount of heat stored in SHS depends on the quality, 

density, specific heat capacity of the storage material, and the 

temperature gradient between the initial and the final states. In 

comparison, LHS involves accumulating heat at the molecular 

level in a material leading to phase transformation.[13,14] 

The key to latent heat storage lies in the phase transition of 

phase change materials (PCMs), as shown in Fig. 1. The 

thermodynamic state of matter (i.e., solid, liquid, and gas) 

changes from one to another, with the instinct to restore the 

original condition, that is, a physical and reversible 

phenomenon.[15,16] The phase change is driven by temperature 

change, and the initial form of materials is responsive to the 

pulse of the external heat source. For example, the solid-state 

of a substance tends to absorb the necessary amount of thermal 

energy, often referred to as sensible heat, until it reaches the 

point where the thermally excited substance becomes liquid. 

This phase transition point is thermodynamically called 

melting point. The corresponding thermal energy is usually 

called latent heat, which is especially true for the enthalpy of 

melting or crystallization. The most important thing is that the 

melting enthalpy occurs at a thermodynamically constant 

temperature throughout the transformation process and further 

depends on the melting temperature, chemical configuration, 

and crystallographic arrangement of the PCM that is not 

considered.[17]  

The amount of heat stored in LHS depends upon the mass 

and melting latent heat of the PCMs. The energy storage for 

the PCMs comprises the sensible and latent heat equations as 

the temperature rise of the material leads to the phase 

transformation. The working mechanism of PCMs involves 

absorption of a considerable amount of heat energy when 

reaching the phase change temperature. This energy is then 

released during the cooling process. LHS relies on the phase 

change material to absorb or release heat because it undergoes 

a solid to solid, solid to liquid, or liquid to gas phase transition 

and vice versa. During this phase transition process, the heat 

absorbed is called the crystallization or melting latent heat, 

depending upon the material’s phase under consideration.[18] 

Among different TES types, in many cases, latent heat 

storage (LHS) is preferable because LHS has the most flexible 

operating temperature range. The advantage of using latent 

heat is that the energy storage density is about 10 times that of 

latent heat storage technology, smaller system size, 

lightweight per unit storage capacity, and higher round-trip 

efficiency.[19,20] Therefore, PCMs have been widely applied in 

building energy saving, solar power generation systems, and 

waste heat recovery, thermal management systems, and so on. 

 

2. Classification, storage, and properties of phase change 

materials 

2.1 Classification of phase change media 

According to the phase transition temperature, PCM can be 

divided into three categories: (i) low-temperature PCM – 

phase transition temperature is below 15 °C, usually used in 

air conditioning applications and food industry; (ii) the most 

popular medium temperature PCM has a phase transition  
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Fig. 2 Phase change dependent classification. (Reproduced with the permission form [17], Copyright, 2019 Elsevier Ltd.) 

 

temperature between 15-90 °C and has solar energy, medical, 

textile, electronic and energy-saving applications in 

architectural design; (iii) high-temperature PCM with a phase 

transition higher than 90 °C is mainly used in industry and 

aerospace applications.[21] 

PCM can also be classified by its phase change mode:[22] 

solid-solid, solid-liquid, liquid-gas, and solid-gas phase 

change materials. Solid-solid phase change materials have the 

advantages of no liquid production, small volume change, no 

corrosion, and long service life. However, they have 

disadvantages such as low latent heat of phase change and 

high phase change temperature.[23] Liquid-gas phase change 

materials and solid-gas phase change materials have high 

latent heat of phase change. However, because they have the 

disadvantage of large volume changes, it is not commercially 

feasible for large-scale TES. Solid-liquid phase change 

materials have received widespread attention because of their 

huge latent heat of phase change and small volume change. 

However, it is easy to leak when heated. 

In the research on PCM, different kinds of materials, 

including organic and inorganic compounds and eutectic PCM, 

can be used in TES,[17] as shown in Fig. 2. Organic PCMs used 

in TES include paraffin, fatty acids, alcohols, and various 

compounds. Inorganic PCMs are further subdivided into salts, 

salt hydrates, and metals. Eutectic PCMs are designed with 

unique engineering materials with required thermophysical 

properties using a mixture of ingredients (molar fraction) at 

the eutectic point.[24,25] 

 

2.1.1 Organic PCMs 

This section introduces organic PCMs, include paraffin waxes, 

poly(ethylene glycol)s, fatty acids and fatty acid derivatives, 

and polyalcohols and polyalcohol derivatives. 

 

2.1.1.1 Paraffin waxes  

Natural paraffin (saturated hydrocarbon with molecular 

formula CnH2n+2) is a by-product produced in crude oil 

refining and has high practical application value. Paraffin has 
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a large scale, relatively low price, high fusion heat, and 

moderate TES density. It also has a high latent heat storage 

capacity in a narrow temperature range and is considered non-

toxic and ecologically harmless. These paraffin characteristics 

meet the requirements of PCM for energy storage. Thus it is a 

widely used solid-liquid PCM. However, due to the low 

thermal conductivity, a larger surface area is required, which 

reduces the heating rate during the melting and solidification 

cycle.[26,27] 

The latent heat of paraffin wax is based on molar mass, and 

their various phase transition temperatures can be flexibly 

selected for specific latent heat TES applications. They are 

economically feasible, and repeated cycles during the solid-

liquid transition will not cause phase separation. Generally, the 

longer the average length of the hydrocarbon chain, the higher 

the melting temperature and heat of fusion.[28] Besides, PCM 

characteristics can also be designed by mixing physically 

different paraffin. Himran et al.[29] first systematically studied 

paraffin’s thermophysical properties as a latent heat storage 

material. In recent years, many researchers have explored the 

paraffin wax’s thermal properties during melting and 

solidification.[17,30] Literature data show that after 1000-2000 

cycles, commercial-grade paraffin and other pure paraffin 

have stable performance and good thermal reliability. Paraffin 

waxes are safe, non-reactive, and compatible with metal 

containers because they do not promote corrosion. However, 

it should be careful when using plastic containers because the 

paraffin’s chemical similarity and affinity can cause the 

penetration and softening of specific polymers (especially 

polyolefins).[28] 

 

2.1.1.2 Poly(ethylene glycol)s (PEGs) 

PEG is OH-terminated polyethylene oxide. It is an essential 

semi-crystalline polymer with a repeating unit of -CH2-CH2-

O-. It is used in water-based coatings, textile fiber, paper 

coatings, packaging materials, and a solubilizer for drugs. TES 

involves a relatively new PEG application area used as PCM 

because it has a high heat of fusion attributed to high 

crystallinity.[31] The molecular weight is a vital issue when 

PEG is used as a TES material. The melting point of PEG is 

dependent on the molecular weight and may vary from ca. 4 

to 70 °C, with the heat of fusion in the range of 117-174 J/g. 

An increase in the molecular weight of PEG causes an increase 

in the melting temperature and the heat of phase transition. 

The molecular weight also influences the degree of 

crystallinity, ranging from 83.8% to 96.4%.[32] However, PEG 

has good melt flowability, and all of these methods have their 

limitations: the risk of deformation failure and leakage during 

the phase change in practical applications. 

Therefore, PEG is a typical organic PCM suitable for 

photo-thermal conversion and thermal energy storage. It has a 

high phase change enthalpy, an easily regulated phase change 

temperature, environmentally friendly, chemically stable, and 

so on.[33-37] 

 

2.1.1.3 Fatty acids and fatty acid derivatives 

Fatty acid is a standard PCM with many superior properties, 

including suitable melting temperature range, high heat 

capacity, complete melting, little or no supercooling during 

phase change, low vapor pressure, non-toxic, non-corrosive to 

metal containers, good thermal stability, low cost, non-

combustibility, and small volume changes.[38,39] The fatty acids 

commonly used to make PCM mainly include capric acid, 

lauric acid, myristic acid, palmitic acid, stearic acid, oleic acid. 

Researchers also discovered that two or more fatty acids could 

be mixed to form a eutectic mixture with a lower phase 

transition temperature. It was also found that fatty acid esters 

can be synthesized by esterification, and fatty acid composite 

PCM can also be prepared in different ways. These fatty acid 

derivatives enrich the applications of fatty acids. 

Phase change temperature and latent heat are two basic 

parameters of phase change materials (PCM). The phase 

transition temperature and latent heat of saturated fatty acids 

increase with carbon chain length. Also, the application of 

fatty acid as PCM is affected by other physical and thermal 

properties of fatty acids, such as density, specific heat, and 

thermal conductivity. 

Sari et al.[40,41] used expanded perlite (EP) as a support 

material and capric acid (CA) and lauric acid (LA) as PCM to 

prepare CA/EP and LA/EP composite PCM. It is found that 

LA is well compatible with EP, and EP has a maximum 

absorption rate of 55% by weight on CA and 60% by weight 

on LA. After 1000 thermal cycles, the phase transition 

temperature and phase transition enthalpy of LA/EP and 

CA/EP hardly change. 

 

2.1.1.4 Polyalcohols and polyalcohol derivatives 

Polyols are compounds with multiple hydroxyl functional 

groups. The polyol has undergone a first-order phase transition 

with zero change in Gibbs energy.[42] The volume change of 

polyols is minimal, and there is no segregation or phase 

separation; more importantly, it has high enthalpy and low-

temperature phase change. Therefore, they can be used as 

perspective phase change materials for thermal energy storage. 

Polyols or so-called organic molecular crystals exhibit a high 

solid-solid phase change enthalpy. This behavior of polyol has 

attracted the attention of some researchers to study its 

performance as PCM for heat storage.[42-45] However, the 

thermal conductivity of organic molecular crystals is very low. 

For the application of PCM, it is necessary to enhance the 

thermal conductivity to meet the application requirements. 

 

2.1.2 Inorganic PCMs  

2.1.2.1 Salt hydrates 

Salt hydrates are an essential class of medium and low-

temperature PCM for heat storage, with the melting point 

ranges from ca. 5 ℃ to 100 ℃. The phase change process of 

salt hydrates means that hydrated salt desorbs crystal water 

and absorbs heat during heating. Inorganic salt and water 

recombine to form hydrated salt and release heat during 
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cooling. Compared with organic PCM, hydrated salt is usually 

neutral. It has a fixed melting point, higher heat of solution, 

higher energy storage density, small volume change during 

phase change, and relatively higher thermal conductivity. 

Therefore, hydrated salts have received widespread attention. 

Common hydrated salt phase change materials include alkali 

metal, alkaline earth metal halide, sulfate, phosphate, nitrate, 

acetate, carbonate hydrates, etc.[46,47]  

However, during the phase change process, almost every 

hydrated salt material will undergo supercooling and phase 

separation. Therefore, many studies have focused on 

improving the performance of hydrated salt, reducing the 

degree of supercooling and phase separation to achieve better 

application prospects.[48-50] However, the supercooling cannot 

be eliminated, and the supercooling can only be reduced as 

much as possible to make it crystallizes in the required 

temperature range in time.  

 

2.1.2.2 Molten salts 

Molten salt is generally called a molten liquid of inorganic salt 

and is a medium-to-high temperature phase change medium. 

The molten salt used as PCM mainly includes chloride, nitrate, 

carbonate, sulfate, etc. Molten salt has many advantages, such 

as: variety, low cost, low corrosion, high heat transfer, good 

liquidity, a wide range of use, and so on. However, pure molten 

salt has problems such as leakage, low thermal conductivity, 

etc., so it is usually modified to improve its performance. Both 

single molten salts and eutectic molten salts are investigated.  

To overcome the weakenss of low thermal conductivity 

and other thermal performance problems of eutectic molten 

salt, adding filler is a common and effective method. EG is a 

suitable choice as an additive. It can improve the thermal 

conductivity of PCM, prevent liquid PCM from leaking, and 

resist corrosion.[51] Graphite[52] and CuO[53] can also be used as 

additives to improve the thermal performance of high-

temperature PCM. For example, adding CuO nanoparticles 

into KNO3 and NaNO3 can improve thermal diffusivity and 

thermal conductivity.[54] 

The corrosion of molten salt used as PCM is a main 

concern for the application of PCM. Liu et al.[55] studied the 

corrosion behavior of NaClNa2CO3 (mass ratio: 40.55:59.45) 

eutectic salt on 316 stainless steel (SS316) vessels before and 

after 1000 thermal cycles. Studies have shown that the 

corrosion rate of SS316 increases almost linearly with the 

increase in the number of cycles, and the corrosion rate 

remains constant until the number of cycles is 350. 

 

2.1.2.3 Metallic and alloy PCMs 

Metals and alloys have some characteristics, including high 

thermal conductivity, high latent heat per unit volume, 

relatively low vapor pressure, low latent heat per unit mass, 

low specific heat capacity, and so on.[56] The most significant 

advantage of metal is high thermal conductivity, which leads 

to the high energy efficiency of the thermal energy storage 

system.[57] Therefore, PCM usually does not require additional 

processing to improve thermal conductivity, thereby reducing 

the cost of PCM. However, encapsulating metal PCM is very 

important due to the activity and corrosiveness of metals. 

Metal can be used as PCM, including Cu, Al, Mg, Zn, Si, etc., 

and its phase transition temperature is between 300 °C and 

1600 °C. The higher melting temperature enables metals to be 

used for higher temperature latent heat storage. In addition, 

their alloys are also good choices for PCM, such as AlSi alloys, 

CuSi alloys, MgAlZn alloys, etc., among which Si has the 

effect of controlling the volume change of PCM during phase 

transformation. 

However, metals and alloys are expensive, and the latent 

heat of metal per unit weight is relatively low, which can easily 

cause the heat storage equipment to be too heavy. They are 

reactive with other materials such as iron-based materials at 

high temperatures, so it is imperative to find suitable materials 

as containers with good compatibility with metals.[58,59] Xu et 

al.[60] used an optimized hybrid sintering method to 

manufacture shape- stable PCM, in which Al was used as PCM 

and Al2O3 was used as support material. Under proper molding 

pressure and time, composite PCM has a higher thermal 

conductivity, higher density, and no leakage. AlSi alloy as 

PCM has become one of the alloys that have been widely 

studied due to its high latent heat capacity and excellent 

thermal reliability. Nomura et al.[13] used α-Al2O3 as the shell 

and Al-25wt% Si as the PCM and prepared microencapsulated 

PCM through two methods: boehmite coating and heat-

oxidation treatment. After 300 cycles in the temperature range 

of 500 °C to 650 °C, the shell did not crack, and the phase 

transition properties remained almost constant, indicating that 

the shell had excellent durability. 

 

2.1.3 Eutectic PCMs 

Eutectic is the minimum melting composition of two or more 

components, each component will be completely melted and 

frozen, and there is no separation. Eutectic PCM is a 

combination of two or more compounds of organic, inorganic, 

or both. For thermal energy storage systems, a considerable 

amount of eutectic can be customized to almost any desired 

melting point. The main problem with these compounds is that 

the cost is twice or three times that of organic or inorganic 

compounds.[61-63] Sari et al. studied the latent heat storage 

properties of organic co-crystals of certain fatty acids and 

glycerol.[64] After 1000 thermal cycles, the synthesized fatty 

acid PCM remained good thermal stability in terms of thermal 

performance. No significant degradation was observed in the 

ester’s chemical structure, demonstrating that the synthesized 

PCM has good thermal stability in long service life. 

Most inorganic eutectic crystals are made of salt hydrates, 

and a small part is metal eutectic crystals. Eutectic molten salt 

is a new material that mixes two or more molten salts and has 

the characteristics of melting and solidification without 

material separation.[65] Besides, eutectic salts are favored in 

applications due to their stable performance.[66,67] 
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Fig. 3 Working principle of the encapsulated PCMs. (Reproduced with the permission form [1], Copyright, 2018 Elsevier Ltd.) 

 

The eutectic containing organic and inorganic parts is 

called organic-inorganic composite eutectic.[68,69] Alkan et al.[70] 

studied the thermal properties of ethylene glycol distearate 

(EGDS) synthesized by the direct esterification reaction of 

ethylene glycol and SA. Compared with paraffin-based and 

fatty acid-based PCMs, EGDS has the advantages of greater 

energy storage capacity per unit mass, less odor, and less 

corrosiveness. 

 

2.2 Storage method of phase change materials 

To reduce the reactivity of PCM with the external environment, 

decrease the evaporation and diffusion rate, and make the 

processing procedures less energy demading, many research 

groups have developed noval storage methods. This section 

will discuss these methods. 

 

2.2.1 Encapsulation  

Encapsulation technology provides an opportunity to 

manufacture advanced PCMs with a larger heat transfer area, 

reduced reactivity with the external environment, and 

controlled volume changes during phase change. For these 

reasons, microencapsulated phase change materials (MEPCM) 

have attracted considerable attention for more than 20 

years.[71,72]  

Fig. 3 presents the working principle of encapsulated 

PCM.[1] The core part is a PCM, and the shell part represents 

the encapsulation material. After heating, the PCM is melted 

while the shell remains solid, as shown in Fig. 3a. The PCM 

remains constant temperature and stores a certain amount of 

thermal energy during the melting process/phase change 

process, as shown in Fig. 3b. When cooled below the melting 

point, the PCM returns to its original solid state by releasing 

the absorbed heat (Fig. 3a). 

The main parameters of the encapsulation are the thickness 

of the coating material, the encapsulation size, the thickness of 

the shell, and the geometry of the encapsulation.[73] 

In PCM encapsulation technology, according to the final 

diameter of the capsule, encapsulation can be divided into 

three types: nanoencapsulation (<1 μm); microencapsulation 

(1 μm to 1 mm); macroencapsulation (1mm to 1 cm). 

According to the encapsulation method, both organic and 

inorganic PCM can be classified into four categories: physico-

mechanical, chemical, physical, and physical-chemistry.[74,75] 

In physico-mechanical methods, the capsule wall is 

mechanically applied or condensed around the capsule core, 

and moderate-sized capsules, for example, microcapsules, are 

obtained. Capsules prepared by chemical methods are smaller 

and have more heat capacity. Physico-mechanical methods 

include spray drying, centrifugal extrusion, vibrational nozzle, 

and solvent evaporation. Chemical processes include in situ 

polymerization, interfacial polycondensation, suspension 

polymerization, and emulsion Polymerization.[76] The physical 

method retains the original chemical composition of the shell 

material formed through physical processes such as 

dehydration and adhesion. The most common physical method 

for microcapsule synthesis is electrospray. The physico-

chemical approach, including gelation and coacervation, leads 

to a solid and stable particle. There are three methods within 

this category, sol-gel, coacervation, and ionic gelation 

processes. 

 

2.2.2 Shape stabilized PCMs 

Microencapsulation of PCMs caused some problems awaiting 

solution, such as cost to encapsulate the PCM, leakage of the 

melted PCM when a capsule shell was damaged, and heat 

resistance caused by a capsule shell.  
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The shape-stable PCM (SSPCM) is a new type of wrapped 

PCM. Its primary production method is to embed a PCM into 

a frame material in a porous structure or 3D network structure, 

also known as a form-stable phase change material (FSPCM). 

The mentioned frame materials are called support materials, 

which can restrict the flow of PCM to prevent leakage. In the 

past ten years, they have attracted great interest due to their 

excellent shape retention ability even after a large number of 

thermal cycles without any encapsulation.[77,78] The shape-

stable PCM has several notable features, such as large heat 

capacity in the phase transition temperature region, suitable 

thermal conductivity, maintaining shape stability, and 

preventing leakage during the entire phase transition process. 

Proper selection of support materials can achieve higher PCM 

quality. Commonly used support materials are polymers and 

porous materials.[79]  

Polymer-based SSPCM is usually manufactured by melt 

blending and casting molding methods. Polyethylene (PE),[80] 

polypropylene (PP),[81] epoxy resin,[82] polyurethane (PU),[83] 

polyvinyl chloride (PVC),[84] polylactic acid (PLA)[85] are 

commonly used polymeric frame material. Electrospinning 

technology to manufacture PCM/polymer composite 

superfine fibers has recently become a new method for 

preparing shape-stable PCM. Polyethylene terephthalate (PET) 

and polyamide 6 are good materials for preparing PCM by 

electrospinning. Due to the good stability of composite fibers, 

fiber composite materials based on electrospinning technology 

have certain application prospects as phase change materials 

with stable shapes.[86] 

In the porous materials-based SSPCM, the PCM can be 

absorbed in the porous structure of the porous material due to 

the absorption effect, resulting in a shape-stable PCM. The 

latent heat storage capacity of porous material-based SSPCM 

depends on the mass fraction of PCM absorbed in the support 

material.[87] The higher the mass fraction of PCM in the support 

matrix, the greater the latent heat storage capacity. High 

porosity can ensure sufficient PCM adsorption and maintain 

high energy storage density. Expanded graphite, clay, metal 

foam, biomass-material, and other materials are commonly 

used support materials due to their rich pore structure.[88-91] In 

the latest research, carbon scaffold, and metal-organic 

frameworks (MOFs), have been developed as porous supports 

to hold the molten liquid PCMs.[92-94] 

The shape stability solves the PCM leakage problem. It has 

good thermal stability, reliability, low thermal conductivity, 

large latent heat, and is not flammable. Direct impregnation 

method (DIM) and vacuum adsorption method (VAM) are 

commonly used to prepare FSPCM of porous material 

microporous structure.[74] In direct impregnation, the mixing of 

PCM and support material can be done in two ways. First, the 

PCM can be heated to a molten state and then mixed with the 

support material. Secondly, PCM can be mixed with a solid 

form of support material and then heated to a molten state. In 

VAM, besides the surface tension and capillary force of the 

porous material, the environmental pressure difference also  

contributes to the adsorption of liquid PCM. 

Clay minerals have the advantages of low price and a wide 

range of sources. They have the characteristics of high porosity, 

large surface area, and medium pore size (0.1 to 100 µm). 

They are ideal support materials for the preparation of SSPCM, 

such as diatomite,[20] kaolin,[95] montmorillonite,[96] sepiolite,[97] 

vermiculite,[98] and expanded perlite,[99] etc. 

Porous silica is a porous material with good adsorption and 

chemical stability. The three-dimensional network structure of 

porous silica can effectively prevent the leakage and flow of 

PCMs during the phase change process,[100] so the porous 

silica-based composite phase change material has ideal 

thermal properties.[101]  

Bio-based porous materials have also been widely used in 

the field of phase change energy storage in recent years, 

including wood, cotton, fruits, vegetables, and other plants.[102-

105] This type of material is porous and environmental friendly 

and has a high phase change enthalpy. Thus bio-based PCM 

materials broaden the application range of PCMs in the field 

of biomedicine. 

 

2.2.3 Foam formation 

Polyurethane (PU) foams have been widely applied for 

thermal insulation as the ultimate energy savers. Polyurethane 

(PU) foams have high mechanical and chemical stability at 

both high and low temperatures, do not contain 

chlorofluorocarbons, and are recyclable. In order to 

incorporate PCM into the polyurethane foam structure, three 

methods are generally followed. They are: (i) injecting and 

dispersing PCM directly into PU foam; (ii) trapping PCM in 

the composite structure during the synthesis of PU foam; (iii) 

chemical grafting or preventing copolymerization of PCM 

(such as PEG). Preparation of a polyurethane block copolymer 

structure composed of PCM and PU.[106,107] Sarier[108] tested the 

direct incorporation of PEG600, PEG1000, and PEG1500 and 

their mixtures into PU foams, which are commercially used as 

insulating materials. Their results show that PU foams with 

different PEG components and contents exhibit different 

thermal properties and are suitable for different application 

scenarios, such as temperature regulation in mild and hot 

environments to prevent discontinuity when the external 

temperature suddenly rises or falls.  

 

2.3 Properties of PCMs 

The various properties of materials, such as physical, thermal, 

chemical, and kinetic properties, as well as cost, wide 

availability, non-toxic, adaptability, and stability, are 

considered the critical selection parameters for PCMs in any 

particular TES application.[56] 

Among all the characteristics of PCMs, the thermophysical 

properties are regarded as game-changers. Thus it is essential 

to determine its thermophysical properties to evaluate the 

suitability of a specific PCM in a particular application and 

temperature range. The most common method used to analyze 

the thermal properties (i.e., melting point and latent melting 
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heat) of PCM is differential scanning calorimetry (DSC). In 

thermal performance, it is one of the critical requirements to 

select the PCM phase transition temperature to fall within the 

operating temperature range in a specific TES application. 

Other preferred thermal characteristics used to ensure the best 

performance of PCM include ideal latent heat, higher thermal 

conductivity, energy density, and heat capacity.[14] The values 

of latent heat and heat capacity are related to the energy that 

the PCM can store or release.[109] The higher thermal 

conductivity can ensure faster thermal energy storage and 

release in PCM.[110] Furthermore, the successful utilization of 

latent heat energy storage systems largely depends on the 

thermal reliability and stability of the PCM. Therefore, for the 

long-term performance of the latent heat storage unit, it is 

always desirable to ensure the thermal stability of the PCM. 

The essential physical properties of an ideal PCM also include 

small volume change during the phase change, low vapor 

pressure within the operating temperature range, the 

advantage of phase equilibrium, the equivalent melting of the 

constituent components, and the required density.[56] In 

addition to the technical aspects of PCM-based TES, its 

environmental and social impacts are also considered part of 

the evaluation criteria.  

 

3. Applications of PCMs 

Compared with sensible thermal storage, latent thermal 

storage based on PCM has a higher energy storage density, 

smaller system size, and lighter weight per unit of storage 

capacity. Therefore, it is widely used in solar energy utilization, 

waste heat recovery, building energy saving, thermal 

management systems, and civil and medical fields. 

 

3.1 Thermal utilization of solar energy 

PCM has high heat capacity, repeatability, and constant 

temperature characteristics in the phase change process. It has 

been widely used in thermal utilization of solar energy, such 

as solar water heating, solar photovoltaic, and solar 

lighting.[111-113] For the application of TES in concentrated solar 

power (CSP) systems, various PCMs have been studied 

including organic compounds, molten salts, and metal alloys. 

Fig. 4 shows the latent enthalpy of different types of PCM at 

different temperatures.[113] PCMs based on molten salt are 

usually cheap and have a high heat storage density, but they 

corrode containers, pipes, and valves. 

 

Fig. 4 Relationship between melting temperature and latent heat 

of PCMs. (Reproduced with the permission form [113], 

Copyright, 2016 John Wiley & Sons, Ltd.) 

 

3.1.1 Solar power generation 

The purpose of developing solar power is to reduce the burden 

of household electricity consumption and protect the 

environment by using renewable clean energy. Concentrated 

solar power (CSP) is one of the most important applications of 

solar energy. It is well known that intermittence is the defect 

of solar energy in the application, which can be solved by a 

thermal energy storage (TES) system with high-temperature 

PCM because it can store heat on sunny days, release heat on 

rainy days or night.[114] It is found that the value of overall 

energy efficiency without PCM is approximately 10%. In 

comparison, the value of overall energy efficiency reaches to 

30% after integrated with PCM, indicating that PCMs can 

improve the performance of solar power plants.[115] The CSP 

plant with a TES system is shown in Fig. 5.[114] 

 
Fig. 5 CSP plant with a TES system. (Reproduced with the permission form [114], Copyright, 2018 Elsevier Ltd.) 
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Zhao et al.[116] developed a high-temperature latent heat 

storage system for solar power generation. MgCl2 with a 

melting temperature of 714°C was used as PCM, and graphite 

foam was used as an additive to improve thermal conductivity 

and energy efficiency. The simulation results show that the 

thermal conductivity of the graphite foam system is high. The 

graphite foam increases the system’s return energy efficiency 

from 68% to 97%, reduces the number of heat transfer fluid 

pipes by eight times, and dramatically reduces the cost. Heat 

pipes and heat sink fins can also improve the heat transfer and 

energy efficiency of the CSP’s potential thermal energy 

storage.[117] Besides, the system can be further optimized by 

using a cascaded PCM system.[118]  

 

3.1.2 Solar water heating system 

Solar water heating system is one of the most popular solar 

thermal systems. A single solar water heater can reduce ca. 50 

tons of carbon dioxide emissions within 20 years. However, 

traditional solar water heating systems have problems such as 

poor solar energy collection, large heat loss at night, and low 

efficiency in cold climates, limiting the application of solar 

water heating systems.[119] Therefore, the combination of PCM 

with large heat storage capacity and solar water heating system 

is a feasible and effective method to improve the performance 

of solar water heating systems. This method can not only 

enhance the efficiency of solar water heating system, but also 

has the advantages of low water temperature fluctuation.[120,121] 

At present, there are three leading technologies for 

integrating PCM into solar water heating systems: integrating 

PCM into water storage containers, integrating PCM into solar 

collectors, and integrating PCM units into solar water heating 

loops.[122] Varol et al.[123] prepared a solar collector with PCM 

(Na2CO3·10H2O) to obtain hot water from solar energy in cold 

weather. The experimental results confirm that PCM is very 

beneficial for improving the heat collection efficiency and 

useful energy of solar collectors. The helpful energy of solar 

collectors without PCM increases until noon and then begins 

to decrease, while solar collectors with PCM can absorb a 

large amount of usable energy during the day to heat water 

after sunset. Kılıçkap et al.[124] used calcium chloride 

hexahydrate as a PCM combined with a hot water collector. 

Their test results show that collectors with PCM are more 

efficient in different seasons and can provide hot water at an 

appropriate temperature of 1-1.5h at night. 

 

3.2 Waste heat recovery  

Due to global warming and environmental issues, the demand 

for energy-saving technologies has increased, directly leading 

to the enormous interest in studying heat recovery systems. 

The waste heat recovery system not only saves energy, but also 

reduces heat loss instead of generating heat.[125] The heat 

recovery rate in the exhaust gas reaches 60-95%, which makes 

the energy efficiency of the building significantly 

improved.[126] 

Moreover, industrial production emits a large amount of 

waste heat, mostly the metal and mineral processing industries 

that generate high-temperature waste heat, which have better 

reuse potential.[127] Industrial heat recovery and reuse are 

essential to reduce carbon dioxide emissions and energy 

consumption. Due to the technical and financial difficulties of 

traditional heat recovery methods and the time and geographic 

mismatch between heat release and heat demand, these can be 

solved by PCM-based latent heat storage system. A typical 

heat recovery system for building and industrial waste heat is 

shown in Fig. 6.[128,129] Heat recovery devices can also be used 

for passive ventilation and mechanical ventilation.[130] 

Magro et al.[131] proposed a steam generator integrated with 

high-temperature PCM to recover waste heat from the steel 

industry. The simulation results show that the steam generator 

and turbine size is reduced by ca. 41% compared with the 

traditional design, and the power generation is increased by 

22%. Therefore, PCM has a stabilizing effect on the steam 

parameters at the turbine inlet, thereby improving the overall 

efficiency. Nomura et al.[132] introduced the practicality of 

thermal energy storage systems with PCM. The function of 

thermal energy storage is to recover waste heat with a  

 
Fig. 6 Schematic diagram of on-site and off-site reuse of industrial waste heat (a) and a typical building heat recovery system (b). 

(Reproduced with the permission form [128, 129], Copyright, 2016 and 2012 Elsevier Ltd.) 
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temperature higher than 300 °C from the steel plant and then 

send it to the chemical plant. The results show that the heat 

storage density of the latent heat storage system using NaOH 

as PCM is 2.76 times that of the sensible heat storage system. 

Besides, energy requirements, energy losses, and CO2 

emissions are much lower than traditional systems, 

demonstrating the potential and feasibility of latent heat stored 

in the heat recovery in the industry. 

Currently, the thermal energy recovery system based on 

PCMs has been widely regarded as one of the most promising 

methods to reduce fuel consumption. Because of its potential 

in harvesting wasted energy and reducing greenhouse gas 

emission, it should attract worldwide attention.  

 

3.3 Building energy conservation 

The increasing demand for thermal comfort in buildings has 

led to a corresponding increase in building energy 

consumption.[133] Due to the cost of fossil fuels and 

environmental concerns, TES using PCM for heating and 

cooling buildings is becoming more and more popular. In 

extremely cold or extremely hot regions, electricity 

consumption varies significantly during the day and night, 

partly because of the changing demand for heating or cooling 

in the home. Therefore, improving the thermal insulation and 

energy efficiency of buildings is necessary to reduce the 

energy consumption of buildings. PCM can minimize 

demanded changes, so researchers have launched extensive 

research.[134,135] 

PCM is mainly used in the field of building energy 

conservation by integrating PCM into buildings to increase the 

thermal inertia of buildings with the same mass.[49,136] Recently, 

most researchers have been committed to embedding PCM 

into concrete and gypsum board commonly used in buildings 

to enhance the thermal and sound insulation performance of 

walls.[137,138] In buildings, PCM can be integrated into 

envelopes, such as walls, roofs, and floors.[139-141] Fu et al.[142] 

prepared expanded perlite (EP) / CaCl2·6H2O composites, in 

which EP can adsorb 55 wt% CaCl2·6H2O. The composite 

PCM is then embedded into bricks to form PCM bricks and 

compared with commercial foam insulation bricks. The results 

show that PCM brick has two advantages, one is to reduce the 

maximum temperature of the room, and the other is to delay 

the temperature rise. 

Among all the building envelope surfaces in the equatorial 

region, the roof bears the most considerable solar heat load. 

Solar energy heat from the roof accounts for a large amount of 

the building heat load.[143] Therefore, the purpose of integrating 

PCM into the roof structure is to absorb the incoming energy 

through the melting process before the roof reaches the indoor 

space and reduce the heat absorption during peak energy 

demand via using higher melting latent heat, thereby 

improving indoor heat comfortable conditions and reduce 

cooling energy requirements. [144] PCM can also be embedded 

in the roof,[145] or it can be made into a multilayer structure with 

the roof.[146] Some scholars have also introduced a scheme of 

combining the roof with a solar energy system,[147] as well as 

photovoltaic roof technology [148] to improve the suitability and 

the energy performance of buildings. PCM concrete is made 

and used in floors,[149] where heat energy is stored in a mixture 

of concrete and PCM through indoor air and released at night. 

The purpose is to reduce the demand for heat energy for 

conventional heating in the house. It is reported that the 

application of PCM in concrete floor reduces the maximum 

floor temperature by 16 ± 2% and increases the minimum 

temperature by 7 ± 3%. 

Moreover, PCM can also be used for building equipment 

optimization. PCM integrated into building equipment can 

improve indoor thermal comfort by adjusting air temperature 

and improve the energy efficiency of air cooling, heating, and 

ventilation systems.[150,151] 

However, special design considerations are necessary to 

promote the effectiveness of PCM, especially in the 

ventilation of the building. After melting/freezing cycles, 

some organic PCM (such as fatty acids) will cause a pungent 

smell. Besides, special safety measures should be considered 

when incorporating PCM into buildings because organic 

materials may catch fire under favorable conditions.[152] 

 

3.4 Thermal management system 

3.4.1 Electronics heat sinks 

Technological advances in electronic devices have enhanced 

functions and reduced dimensions, and increased power 

density of packages. Therefore, thermal management is 

becoming increasingly crucial for the successful design of 

electronic devices such as cellular phones, notebook 

computers, tablet computers, and digital cameras. PCM-based 

heat sinks can keep the temperature of electronic equipment 

below a critical level to improve electronic equipment 

functionality.[153,154]  

Yin et al.[155] prepared rapid thermal response composite 

PCM by incorporating paraffin wax into expanded graphite 

and applied it to the electronic equipment radiator. It is found 

that the prepared PCM can effectively improve the 

performance of resisting high heat flux impact and Ensure 

higher reliability and operational stability. As a result, the 

apparent heat transfer coefficient of the experimental heat sink 

with PCM is three times higher than that of the heat sink 

without PCM. Krishna et al.[156] added Al2O3 to trichloroethane 

to prepare nano-enhanced PCM and observed that the heat 

pipe's temperature dropped by more than 25%, while the  

energy provided to the heat pipe was reduced by 30%. 

The thermal management system of electronic equipment 

integrated with PCM can reduce the power consumption of the 

radiator, the size of the cooling system, and the temperature of 

the system, which is very promising in improving the heat 

dissipation of electronic equipment. However, the main 

obstacle is the leakage of PCM in the surrounding medium, 

which is a safety issue. Therefore, it is necessary to focus on 

the shape stability of the PCM and the prevention of leakage. 
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3.4.2 Battery thermal management system 

In recent years, the demand for high-energy-density lithium-

ion batteries (LIB) used in portable electronic devices, battery-

powered tools, and electric vehicles has proliferated. The main 

obstacles in using these batteries are safety, cost associated 

with cycle and calendar life, and performance. These are 

related to the thermal effects of the battery. The heat 

dissipation rate of the battery pack must be fast enough so that 

the battery pack never reaches the thermal runaway 

temperature. On the other hand, the more significant power 

requirements and increased energy density of lithium-ion 

battery packs result in higher operating temperatures. Most 

commercial LIB chemicals tend to degrade or age at 

temperatures of 60 °C or above, which will result in rapid loss 

of content in subsequent charge/discharge cycles and a 

decrease in total power output. In order to solve these 

problems, a large amount of research has been conducted on 

active and passive thermal management systems of batteries 

for many applications that use LIB. The thermal management 

system relies on the transfer of heat from the surface of the 

battery to inhibit the rise in core temperature and prevent 

material degradation. PCM is often used to alleviate the 

considerable temperature rise during the discharge and 

charging process, thereby alleviating the performance 

degradation during the battery life and improving the safety of 

the battery system.[157] 

Babapoor et al.[158] added carbon fiber to PCM to enhance 

its heat transfer potential. The maximum temperature increase 

in the battery simulator can be reduced by up to 45%. Besides, 

carbon fiber will affect the temperature distribution in the 

battery. PCM composites containing a higher percentage of 

carbon fibers have a more uniform temperature distribution. 

The PCM developed by Zhong et al.[159] can control the 

maximum temperature below 45 °C and limit the temperature 

difference within 5 °C. Furthermore, the heat sinks arranged 

on both sides of the module can effectively dissipate the heat 

stored in the PCM, thereby preventing thermal saturation of 

the PCM. The PCM cooling/resistance wire preheating 

coupling system can prevent the temperature from becoming 

too high and quickly preheat the battery at low temperatures. 

When an internal short circuit occurs, a single battery or 

even a failure may trigger the battery thermal runaway, 

resulting in a local temperature rise to 180 °C.[160] In sharp 

contrast, by using PCM-based cooling, the temperature of the 

module remains within the normal operating range, and 

thermal runaway does not occur. The high thermal 

conductivity of PCM plays an essential factor in achieving 

uniform temperature distribution to improve the consistency 

of battery performance.[161] Pan et al.[162] prepared copper 

fiber/paraffin composite phase change material (CPCM) based 

on solid-state sintering technology. The results show that the 

copper fiber/paraffin CPCM can effectively improve the heat 

transfer performance and temperature uniformity of the 

battery within 2 °C. Appropriately increasing the content of 

copper fiber is beneficial to obtain high heat transfer 

performance of the material. It is predicted that a copper fiber 

sintered skeleton with a porosity of 90% can provide the best 

performance composite material. 

The PCM can effectively manage the temperature of the 

lithium-ion battery pack. At present, passive thermal 

management can be performed on batteries for stationary 

applications. For portable batteries, the device's safety, size, 

and relative weight are the most critical limiting factors and 

require further research. 

 

3.5 Applications in the civil fields 

3.5.1 Domestic hot water systems 

In most residential and commercial applications, such as 

bathing, laundry, and cleaning equipment, the required hot 

water temperature is about 50 °C to 60 °C, and this range is 

considered ideal for PCM melting. Using PCM as the storage 

tank material can control the maximum temperature of the 

stored hot water and increase its heat storage capacity.[163]  

Cabeza et al.[164] studied a layered hot water storage tank 

containing a PCM module composed of several cylinders. A 

granular PCM-graphite composite material is used as PCM. 

The experimental results show that immersing the PCM 

module in a domestic hot water tank can provide a longer hot 

water time even without an external energy supply. Nkwetta et 

al.[165] numerically analyzed the performance of domestic hot 

water tanks combined with PCM. It is found that as the amount 

of PCM increases, the stored energy increases. Studies have 

also shown that sodium acetate trihydrate with 10% graphite 

has higher storage potential and lower charging time. 

 

3.5.2 Thermal regulating textiles 

In recent years, there has been more research on applying 

phase change materials to textiles and clothing. When the 

ambient temperature or the temperature of the human body 

rises, the PCM incorporated into the textile tends to absorb 

heat and undergo a phase change, eventually storing latent heat. 

Once the ambient temperature or human body temperature 

begins to drop, the heat stored in the PCM fibers will be 

released. The heat storage and temperature regulation 

characteristics of PCM are very suitable for industrial 

applications in the textile field, such as sportswear and 

protective clothing.[166-168] 

For apparel applications, a suitable PCM is a PCM with a 

phase change in the temperature range of 18 to 35 °C. Paraffin 

waxes, especially n-eicosane and n-hexadecane, are most 

preferred for textiles due to their high latent heat, phase 

transition temperature interval, and chemical inertness, non-

toxic, non-corrosive, and non-hygroscopic.[169] Besides, some 

eutectic PCMs[170] have also been designed for application in 

textiles. Iqbal et al.[171] reported the development of 

temperature-regulating fiber blended with microencapsulated 

PCM and found that the latent heat of polypropylene fiber 

blended with PCM was 9.2 J/g. This fiber can be used as smart 

textiles in curtains, high-altitude clothing, furniture, and car 

interiors. Zhao et al.[172] prepared microencapsulated PCM 
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with n-octadecane as the core and natural silk fibroin as the 

shell. It is reported that its latent heat is 88 J/g, which indicates 

that the new material is a promising choice for temperature 

regulating textiles. 

 

3.6 Application in the medical field 

PCM is also considered a promising material for different 

biomedical applications that require thermal protection, such 

as special bandages or dressings for burn wounds. Various 

PCMs used in the biomedicine field have been reported, such 

as microencapsulated PCMs used for thermal protection of 

tissues around tumors during cryosurgery and transportation 

and drug storage.[173,174] Temperature-regulated textiles can 

keep the skin temperature within the desired range, making it 

useful as a bandage and for burn and heat/cool therapy.[175] 

Mondieig et al.[176] described application examples of 

molecular alloys for thermal protection of biomedical products 

during transportation or storage, especially the thermal 

protection of blood elements. Lv et al.[177] proposed that the 

healthy tissue surrounding cancer tumors can be thermally 

protected using microcapsule PCM during cryosurgery. These 

PCMs with massive latent heat and low thermal conductivity 

can absorb energy through latent heat, thereby protecting 

healthy tissues. Theoretical results prove that the proposed 

method can destroy cancer cells to the greatest extent within 

limited space while minimizing the freezing damage of 

surrounding healthy tissues. In another biomedical research, 

Wang[178] introduced an innovative thermal biosensing 

technology that uses phase-change nanoparticles 

functionalized with RNA aptamers as thermal probes for 

susceptible and selective detection of thrombin.[178] 

 

3.7 Other fields 

PCM an also be applied in food field, such as storing, 

processing, and packaging food.[179] The research of Lu[180] 

shows that integrating supermarket display cabinets with PCM 

can cool food evenly. Johnston et al.[181] reported that 

nanostructured calcium silicate PCM is a candidate material to 

provide heat buffering for food packaging. 

PCM can also be used in thermal management of 

automobile engines, for example, to control internal 

combustion engine emissions and passive temperature 

management of electric vehicles[182] Gumus et al.[183] prepard a 

TES device based on Na2SO4·10H2O as PCM for preheating 

internal combustion engines and observed a 17.4 °C increase 

in engine temperature in less than 10 minutes. Javani et al.[184] 

developed a latent heat TES system based on a mixture of 

nanoparticles and PCM for passive thermal management of 

electric vehicles. By adding carbon nanotubes to the PCM, the 

thermal characteristics of the storage medium are improved, 

thereby reducing the number of copper tubes in the TES device. 

 

4. Conclusions and outlook 

The latent heat storage system has apparent advantages over 

sensible heat storage, including smaller mass and volume, 

higher storage density, and lower energy loss to the 

surrounding environment, thus making PCMs viable in 

various application fields. The widely used phase change 

media are organic materials, inorganic materials, and eutectic 

materials. The organic PCMs with a high phase change heat 

capacity, chemical stability, non-corrosive, and reproducible 

thermal behavior after extensive thermal cycling are 

promising low-temperature phase change material. Inorganic 

PCMs have a higher energy density, thermal conductivity, and 

higher melting temperature but are more corrosive and exhibit 

a supercooling. Researchers are currently focusing on the 

form-stable organic composite PCMs.  

High-efficiency PCMs are increasingly being applied in 

various areas, such as solar energy utilization, waste heat 

recovery, building energy conservation, thermal management 

systems, textiles, and medicine. Although the current latent 

heat TES based on PCM is one of the most promising 

applications in many fields, there are still tremendous work 

that need to be done. For example, encapsulation technology 

and nanomaterial additives should be developed to increase 

the specific heat and thermal conductivity of PCM, thereby 

enhancing the heat transfer performance of PCM. Add 

nucleating agent and thickener to reduce the degree of 

subcooling. The research of novel advanced PCM materials, 

especially environmentally friendly PCMs for energy storage, 

requires an in-depth investigation of the interaction 

mechanism between nanomaterials, support materials, and 

phase change media. Furthermore, it is necessary to 

continuously study how PCM meets the emerging 

requirements in different application fields. 
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