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Abstract 

 The rising global energy demand is contributing significantly to environmental degradation, energy scarcity, and 

increased carbon dioxide emissions, thereby intensifying the challenge of climate change. Notably, the building sector 

accounts for approximately 40% of total energy consumption, primarily driven by a 12 and 37% increase in heating and 

air conditioning usage, respectively. In response to this pressing issue, phase change materials (PCM) have emerged as a 

promising solution due to their outstanding thermal energy storage (TES) capabilities. PCM can be classified into organic, 

inorganic, and eutectic types, with paraffin-based PCM being the most extensively studied. However, the practical 

application of paraffin-based PCM is limited by their inherently low thermal conductivity. To address this limitation, 

various enhancement techniques, including particle incorporation and encapsulation methods, have been explored to 

improve thermal performance. This review presents a comprehensive analysis of these approaches aimed at enhancing 

the thermal conductivity of PCM. Furthermore, the feasibility of incorporating PCM directly into concrete for TES 

applications is critically evaluated. The review also discusses key PCM characteristics, including thermal properties, 

physical stability, and chemical stability. By offering an in-depth examination of PCM classifications, performance 

enhancement strategies, and practical applications, this review provides valuable insights into the potential of PCM for 

advancing sustainable energy systems. 

 

Keywords: Phase change materials, Thermal energy storage, Concrete, Thermal conductivity enhancement, Thermal 

performance, Encapsulation, Materials science 

 

Introduction 

 

Energy is a crucial element in the evaluation of 

progress across various domains worldwide, such as 

technology, environmental protection, and economic 

development across the globe [1]. However, the growth 

in population and energy use has resulted in 

environmental deterioration, energy shortages, carbon 

dioxide emissions, and exacerbated climate change [2]. 

In addition, global energy use is projected to increase by 

28% between 2015 and 2040 [3]. The energy 

consumption in the construction industry is significant, 

with the sector responsible for approximately 40% of the 

overall energy usage. This is primarily due to an 

increase in heating and air conditioning usage by 12 and 

37%, respectively, in 2025 [4]. Tackling this worldwide 

challenge requires the adoption of sustainable energy 

alternatives and a reduction in air conditioning usage. 

However, the implementation of these solutions has 

been insufficient because of their instability and 
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inability to meet global energy requirements. Therefore, 

it is necessary to increase the energy efficiency of 

renewable energy storage systems [5]. Various 

techniques can be employed to store energy, including 

the mechanical, magnetic, electrochemical, and thermal 

approaches [6]. The most effective storage method for 

each type of energy depends on the efficiency. Thermal 

Energy Storage (TES) is considered a suitable 

alternative solution for reducing the energy 

consumption in buildings because it can be utilized 

directly without the need for conversion into other forms 

of energy [7]. 

 TES is a method of capturing and utilizing heat 

energy in materials when required. Heat energy can be 

stored in 2 forms: Latent or sensible. In Latent Heat 

Storage (LHS) systems, the application of latent heat 

typically involves the use of LHS materials, specifically 

Phase Change Materials (PCM). These PCM undergo 

transitions between physical states in order to store 

thermal energy at a steady temperature. PCM have 

several phase transformations, such as solid-liquid, 

solid-gas, solid-solid, liquid-solid, liquid-gas, gas-solid, 

and gas-liquid, where each phase change provides high 

efficiency at the minimum temperature change and 

greater heat storage density [8-10]. However, LHS 

utilizing sensible heat is achieved through the 

temperature increase of the material and thus has less 

potential for TES applications [11]. Processes involving 

gas-solid and gas-liquid phase transitions are 

characterized by substantial changes in volume, making 

them unsuitable for use in large-scale applications. 

Solid-solid phase change materials (PCM) typically 

have a lower latent heat compared to their solid-liquid 

counterparts, making solid-liquid PCM a relevant heat 

storage medium, in addition to exhibiting the 

characteristics of small volume change, good 

equilibrium, high density and temperature-controllable 

operation during phase change [12]. 

 PCM can be utilized in a variety of applications 

such as thermal energy storage, solar energy storage 

systems, building cooling systems, and textile heat 

recovery systems [13]. In addition, PCM are a solution 

to TES for cooling in buildings. Furthermore, to 

maximize the efficiency of PCM utilization, it is 

necessary to know the material characteristics and the 

appropriate PCM phase for TES application in 

buildings. Solid-liquid PCM is a common phase that is 

widely used, and based on the type of material, it is 

classified into organic, inorganic, and eutectic PCM 

[14]. Organic PCM are the most widely used due to the 

characteristics of organic materials that are non-toxic, 

do not require supercooling systems, and are not phase 

separated [15]. There are 2 different types of organic 

PCM: paraffinic and nonparaffinic. The commercially 

available organic heat storage PCM is paraffin due to 

has the characteristics of a carbon number range of 18 ≤ 

n ≤ 50, paraffin phase transition temperature between 40 

and 59°C, paraffin specific heat capacity of 

approximately 2,100 J/kg.K, and latent heat of 180 - 230 

kJ/kg [15,16]. However, paraffin as a PCM for TES has 

the disadvantage of low thermal conductivity (K) that 

affects longer heat absorption process. Therefore, it is 

necessary to increase the thermal conductivity of the 

PCM. 

 The thermal conductivity of PCM can be enhanced 

by adding material particles that have high thermal 

conductivity, such as carbon, metal oxides, and other 

types of materials. In addition, PCM encapsulation can 

be utilize to improve thermal conductivity, which has 

been investigated in previous studies [17-19]. A 

significantly large number of researchers have reported 

thermal enhancement achieved by dispersing 

nanoparticles in the PCM fraction. Singh et al. [20] 

conducted a study in 2022 investigation of the thermal 

energy properties and latent heat performance of 

paraffin-based PCM. Several materials with high 

thermal conductivities were added as fillers in the 

composites: SiO2, Al2O3, and MgO. Nanomaterials of 

0.1, 0.3 and 0.5% (v/v) were incorporated into paraffin 

synthesized using the homogenization method at 

temperature of 65C for 1.5 h and then sanitized at 65C 

for 2.5 h. However, these materials are not added to the 

composites. The authors proposed that the addition of 

nanomaterials with high thermal conductivity 

characteristics can significantly improve the 

thermophysical properties of PCM. Compared with pure 

paraffin, the viscosity dynamics of the MgO, Al2O3, and 

SiO2 based PCM samples increased by 80, 83.3 and 

90%, respectively. Similarly, the thermal conductivity 

increased by 10.71, 18.36 and 29.32% for MgO, Al2O3, 

and SiO2, respectively. In a separate study, Prabhu et al. 

[3] analyzed paraffin-based PCM that has been added by 

Al2O3 nanoparticles with 7.5 and 10 wt.% using the 
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magnetic stirring homogenization method at 50C for 4 

h. The author obtained the latent heat phase change of 

203.89 kJ/kg and 10% is 187.44 kJ/kg at sample of 7.5% 

PCM. Furthermore, the thermal conductivities obtained 

by 7.5 and 10% PCM showed improvement of 42 and 

57%, respectively, compared to pristine paraffin. 

 Other additions to carbon-based materials have 

also been investigated. Hu et al. [21], the addition of 

carbon nanotubes (CNT) and styrene butadiene styrene 

with the addition of 2 wt.% CNT and SBS variations of 

18, 13 and 8 wt.% into paraffin-based PCM. Mixing 

process was conducted at temperature 180°C for 3 h. 

The enthalpy during the melting (∆𝐻𝑚) phase was 

142.28, 147.63 and 157.70 kJ/kg. This shows a decrease 

compared to pristine paraffin of 200.01 kJ/kg. Thus, the 

addition of CNTs to PCM is a promising solution for 

TES applications. The authors also proposed that PCM 

composites have good morphological structures and 

mechanical properties. In a separate study, Sharshir et 

al. 2021 [22] investigated the effects of adding copper 

oxide (CuO) and cobalt oxide (Co3O4) to paraffin. PCM 

synthesis was performed by magnetic stirring at 

temperature of 60C, followed by sonication method for 

0.5 h to ensure continuous dispersion of nanoparticles in 

the paraffin. The results show that the added 

nanoparticles were evenly distributed in the paraffin 

layer. Based on differential scanning calorimetry (DSC) 

analysis, the melting enthalpy of paraffin was reduced 

by 11, 20 and 19.7% by the addition of CuO, Co3O4, and 

CuO@Co3O4, respectively. Therefore, the authors 

suggested that the treatment method of adding carbon-

based materials can overcome the drawbacks of pure 

paraffin PCM as TES. 

 He et al. [23] and He et al. [24], investigated the 

thermomagnetic properties of paraffin wax (PW)-Fe3O4 

composites. This study focused on the effects of 

different concentrations of Fe3O4 on energy storage, 

which were analyzed using both experimental and 

numerical methods. The experiments were conducted 

using a thermostat at 90 - 100C for 30 min, followed by 

sanitization at temperature of 80 - 90C for 30 min. The 

results showed that the thermal conductivity of the 

samples increased with the addition of Fe3O4:0.251, 

0.298, 0.315 and 0.331 (W/mK) for pristine PW, Fe3O4-

PW (1 wt.%), Fe3O4-PW (2 wt.%), and Fe3O4-PW (3 

wt.%), respectively. Furthermore, the latent heat values 

also decreased with the addition of Fe3O4, from 208.0, 

204.6, 200.3, and 197.8 (kJ/kg) for the pristine PW, 

Fe3O4-PW (1 wt.%), Fe3O4-PW (2 wt.%), and Fe3O4-

PW (3 wt.%) samples, respectively. These results 

suggest that the PCM is effective for storing energy. The 

utilization of encapsulation can also enhance the thermal 

performance of the PCM.  

 Al-Yasiri and Szabó [25], examined the use of 

aluminum encapsulation on PCM in concrete to assess 

its impact on thermal properties. Researchers discovered 

that PCM significantly improved the thermal 

performance of concrete at maximum outdoor 

temperatures. Furthermore, a larger encapsulation area 

increased the heat transfer in the PCM and improved the 

filling and discharging rates. Consequently, a larger 

encapsulation area led to a higher temperature and heat 

transfer reduction, as well as longer heat retention times. 

On the other hand, in the research by Tetuko et.al. [26], 

the thermal efficiency of PCM was improved by adding 

magnetite (Fe3O4) and PCM encapsulation in concrete 

with copper tubes for thermal energy storage 

application. The thermal analysis results showed that the 

addition of 50% mass of magnetite particles into 

paraffin increased the thermal conductivity value of 0.53 

(W/mC) compared to pristine paraffin of 0.32 

(W/mC). Furthermore, the authors proposed the 

temperature distribution results that PCM encapsulated 

in concrete is effective to store the thermal energy and 

stable during the heating and cooling processes. The 

copper tube as an encapsulated medium in concrete, also 

affects the stability of the PCM shape and increases the 

rate of endothermic processes. Therefore, the addition of 

particles with high thermal conductivity to the PCM, as 

well as the encapsulation method, can be novel finding 

to the application of PCM as TES. 

 Based on the current state of research, it is evident 

that existing studies lack a comprehensive evaluation 

PCM characterization, in-depth thermal analysis, and 

simulation-based assessments of PCM in TES 

applications. In response, this review synthesizes and 

integrates findings from previous research to address 

these gaps. The literature was selected based on its 

relevance to PCM fundamentals, TES implementation, 

and the identification of research limitations or 

unexplored areas. Priority was given to recent 

publications from the 2020 - 2025 period to ensure the 
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inclusion of the most current advancements. This critical 

review focuses on passive and sustainable strategies to 

reduce energy consumption in buildings by integrating 

paraffin-based PCMs encapsulated in concrete, 

alongside the incorporation of materials with enhanced 

thermal conductivity. In addition, the review presents 

detailed material characterization analyses, including 

surface morphology, thermal properties, physical and 

chemical stability, and simulation studies. It further 

explores the principles of PCM integration into concrete 

systems to improve storage efficiency, thereby 

contributing to the development of future energy-

efficient building technologies. 

 

 Phase change materials (PCM) 

 Phase Change Materials (PCM) are utilized for 

thermal storage. Figure 1 illustrates the classification of 

PCM as TES, which is distinguished by its chemical and 

physical properties [27]. In this process, the PCM 

undergoes phase transition changes between solid and 

solid, solid-liquid, gas-solid, and gas-liquid [28,29]. 

However, PCM are generally applied as thermal energy 

storage in concrete/buildings with materials that have a 

solid-liquid phase. This is because PCM that undergo 

phase transition changes between liquids and solids can 

occur isothermally (constant temperature) at the time of 

melting (heat storage) or solidification (crystallization), 

as well as in the temperature range after its application 

[28]. 

 The PCM used in the TES system undergoes a 

transformation from solid to liquid. During this process, 

the PCM absorbs thermal energy as latent heat via an 

endothermic reaction. This absorbed energy increases 

the molecular or atomic energy within the material, 

intensifying the vibrations between the atoms and 

weakening the chemical bonds as the PCM reaches its 

melting point. This results in the transition of the 

material from the solid to the liquid state. Conversely, 

when the PCM cools to its freezing temperature, it 

exothermically releases energy through a process known 

as solidification. This process regenerates chemical 

bonds and releases energy, causing the PCM to 

transition from liquid back to solid. This cycle of heat 

absorption (charging) and release (discharging) can be 

repeated multiple times, allowing the PCM to function 

as an energy storage system [17,28,30,31]. This process 

is illustrated in Figure 2 [29,32-34]. The phase change 

characteristics are described by 2 aspects: The phase 

change temperature and phase change enthalpy, which 

determine the actual application and storage capacity of 

thermal energy [35]. In addition, PCM that have phases 

other than liquid-solid can also be used in other 

alternative applications [36]. The PCM in other phases 

can also be used depending on the application and 

desired PCM property variables. The properties of PCM 

for its effective use, especially as a TES, are shown in 

Figure 3 [37-39]. 

 

 

Figure 1 Classification of PCM as thermal energy storage. 
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Figure 2 Phase change transition of solid-liquid PCM. 

 

  

Figure 3 Characteristics of suitable PCM. 

 

 The selection of PCM to be used as a thermal 

energy storage (TES) material is very important for the 

efficiency and effectiveness of its application. 

Therefore, it is necessary to consider certain important 

properties that must be studied [40]. The subsequent 

descriptions of the anticipated properties related to 

thermophysics, kinetics, chemistry, technology, and 

economics are enumerated [38,41-44]. 

 Thermal characteristics: In addition to meeting 

the required temperature range for intended use, the 

phase change material (PCM) should exhibit a 

substantial latent heat of fusion, which determines the 

amount of heat exchanged between the PCM and its 

surroundings. Moreover, PCM should possess a high 

specific heat (enhancing sensible heat storage capacity), 

superior thermal conductivity (potentially shortening 
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charging and discharging times), considerable density, 

minimal volume change during phase transition (limited 

expansion), cyclic durability, and reduced vapor 

pressure at operational and melting points. 

 Kinetic attributes: Rapid nucleation rate (to 

prevent supercooling of the liquid state) and rapid 

crystal growth rate (to ensure optimal energy recovery 

from the storage system). 

 Chemical qualities: Fully reversible cycle, 

chemical stability without significant degradation after 

multiple freeze/melt cycles, chemical compatibility with 

construction and encapsulation materials, non-corrosive 

nature, non-toxic composition, non-explosive 

properties, and non-flammability. 

 Economic factors: Cost-efficient and readily 

available for large-scale applications. 

 Environmental considerations: Minimal 

environmental impact, non-polluting throughout its 

service life, and potential for recycling. 

 

 Paraffin classification of PCM 

 Based on their structural composition, Phase 

Change Materials (PCM) are divided into 3 main 

groups: Organic, inorganic, and eutectic [45]. Organic 

PCM are the most commonly utilized, accounting for 

81% of the total usage, as illustrated in Figure 4 [46]. 

PCM in the organic category can be subdivided into 

paraffin and non-paraffin types. In addition, inorganic 

substances, including salt hydrates and metals, have 

been recognized as promising PCM for potential use. 

Eutectic materials, on the other hand, are classified into 

3 distinct groups: Organic-organic eutectics, inorganic-

inorganic eutectics, and combinations of organic and 

inorganic eutectic substances [47]. 

 

 

 

Figure 4 Research statistics of PCM usage types. 

 

 Organic PCM, particularly paraffins, are widely 

used due to their advantages, including a broad range of 

applications. Figure 5 shows the changes in the melting 

enthalpy with respect to the melting temperature for 

several common PCM. By concurrently evaluating their 

thermal capacities, each type of PCM working range 

was assessed to meet the specified criteria. Paraffin 

exhibits an enthalpy range of 100 - 230 kJ/kg with a 

broad melting temperature range of -40 120C. 

Consequently, paraffin was deemed suitable as a 

composite PCM matrix for TES applications. Table 1 

summarizes the advantages and disadvantages of each 

PCM category. 

  

 Organic PCM 

 Organic materials are generally referred to as 

natural materials or carbon-based compounds and can 

be categorized into 2 types: Paraffin and non-paraffin. 

Organic PCM are widely utilized owing to their lower 

cost compared to inorganic PCM. Additionally, organic 

PCM possess minimal latent heat, chemical stability, 

and corrosion resistance. Furthermore, organic PCM are 

repeatable use with good stability and small volume 

degradation, do not require a supercooling phase, and 

exhibit a high latent heat of fusion. Therefore, making 

the organics PCM compatible with a wide range of 

temperatures (15 - 45C) [49-51]. Organic PCM are 

compatible with various materials and can be further 

divided into 2 subcategories: Paraffin and non-paraffin 

[52]. Non-paraffin PCM include fatty acids, alcohols, 

esters, and glycols. Their thermophysical characteristics 

are similar with those of paraffinic organic PCM. The 

thermophysical properties of some organic PCM are 

listed in Table 2. 
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Figure 5 Relationship between fusion enthalpy and fusion temperature for various categories of PCM [30]. 

 

 

Table 1 Summary of advantages and disadvantages of the PCM category [14,30,47,48]. 

PCM Catagory Advantages Disadvantages 

Organic 

• Paraffin 

• Alkanes 

• Fatty Acids 

• Glycols 

• Alcohols 

• Etc 

• Have a larger temperature scale in phase change 

• Chemically inert (self-nucleating) and stable 

especially in closed containers 

• No phase separation 

• High heat of fusion 

• Does not require supercooling 

• Compatible with other materials 

• Recyclable, non-toxic, easy to handle, non-reactive, 

and rational operational costs 

• Low thermal conductivity  

• Flammable  

• Low volumetric latent heat 

storage capacity 

• More volatile 

Inorganic 

• Alkali 

• Alkali Metals 

• Halides 

• Salts 

• Etc 

• High volumetric latent heat storage capacity 

• Easily available  

• Less expensive 

• Higher thermal conductivity  

• Thermal fusion of these PCM is very high  

• Low volume change 

• These PCM are non-flammable 

• Easily modified to surfaces with different functional 

groups 

• High degree of cooling  

• Corrosive 

• Long-term stability is low 

• Brittle  

• Easy to break leading to leakage 

• Phase separation  

• Congruent melting  

• High volume change 

 

Eutectics 

• Eutectic 

hydrates 

• Eutectic 

Paraffins 

• Eutectic Salts 

• The melting point of these PCM is very sharp  

• High volumetric thermal storage density 

• Properties can be customized to fit specific needs 

• Adjustable phase change temperature high thermal 

conductivity 

• Less thermophysical property 

data available for many 

combinations  

• High cost 

• Low latent heat  

• Low heat capacity 
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Table 2 Thermal properties of organic PCM. 

Organic PCM 
Latent Heat  

Hf (kJ/kg) 

Melting Temperature 

Tm (C) 

Thermal Conductivity 

K (W/m.K) 

Density 

𝛒 (𝐤𝐠/𝐦𝟑) 
Ref. 

Acetamide 260 82 0.4 1160 [46] 

Acetic acid 192 17 0.26 1214 [53] 

Adipic acid 213 - 260 151 - 154 1.15 1360 [54] 

Palmitic acid 163 55 0.21 989 [55] 

Formic acid 150 - 250 7.8 0.3 1227 [56] 

Steara acid 199 - 203 69.2 - 69.4 0.29 940 [57] 

Erythritol 373.91 118.78 0.73 1450 [58] 

Lauric acid 178-185.92 44.03 - 49 0.22 66 [57] 

Octadecane 241 28 0.26 774 [46] 

Paraffin 142 65 0.23 760 [59] 

Paraffin RT70 260 69-71 0.2 770 [59] 

Paraffin Wax 190 44 0.21 830 [60] 

Paraffin Wax 184.48 54.32 0.15 833.6 [61] 

Urea 250 134 0.8 1320 [46] 

 

From Table 2, it is evident that organic PCM exhibit 

varying latent heat values, with paraffin demonstrating 

a range of 188 - 260 kJ/kg. Furthermore, when 

considering its application in thermal energy storage for 

concrete, paraffin also possesses a suitable melting point 

within the temperature range of 44 - 71C. 

 

 Utilization of paraffin as PCM  

 Paraffin is a compound mixture of alkanes having 

a compound formula of CnH2n+2, where n represents the 

number of carbon atoms and ranges from 1 to 17. At 

room temperature, alkanes with n values of 1 - 4 were 

gases, whereas those with n values between 5 and 17 

were liquids. Solid waxy substances form when n 

exceeds 17. The melting point of paraffin increases as 

the carbon atom count increases, and it possesses high 

latent heat. Paraffin is composed of hydrocarbons and is 

classified as a polycrystalline substance featuring 

various molecular structures, including branched linear, 

cyclic, isoalkanes, and cycloalkanes [62].    

 Table 3 presents the advantages and 

disadvantages of paraffin, and Table 4 displays the 

physical properties of paraffins based on their respective 

carbon atoms. Paraffin is considered an optimal PCM 

for energy storage owing to its broad range of melting 

temperatures. Moreover, paraffin exhibits chemical 

stability because of its lack of functional groups and free 

electrons. The comparable electronegativity values of 

carbon and hydrogen atoms coupled with their robust 

covalent bonding render paraffin unreactive with other 

substances [63]. On the other hand, the use of paraffin 

can also be adapted to the required application by 

looking at the characteristics of thermo-physical 

properties, the wide range of paraffin indicates that 

paraffin is a PCM compatible organic material used as a 

PCM composite matrix. 

 Paraffin is a PCM material that is stable and 

neutral at temperatures below 500C, and it begins to 

degrade at temperatures between 150 and 300C 

[63,67]. Paraffin is extensively utilized as a thermal 

energy storage material because of its numerous 

advantageous properties. These include a broad melting 

temperature range, non-corrosive nature, low vapor 

pressure, absence of a super-cooling phase requirement, 

high heat of fusion, and cost-effectiveness for 

commercial production. Despite these benefits, paraffin 

exhibits poor thermal conductivity, leading to prolonged 

heat absorption and incompatibility with plastic 

containers. However, various strategies can be 

implemented to enhance the performance of paraffin in 

thermal energy storage applications to address these 

limitations. 
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Table 3 Advantages and disadvantages of paraffin [1,64-66]. 

 Advantages Disadvantages 

Paraffin 

• Has a larger temperature scale in phase change 

• Medium thermal storage density 

• Chemically inert and stable especially in closed 

containers 

• Robust and stable 

• Better storage density (with respect to mass) 

• Good resemblance to metals 

• Fewer constraints in terms of safety 

• Does not require supercooling process 

• Available at rational cost/operating cost 

• Higher heat of fusion 

• Safe and non-reactive 

• Has water insoluble and water-

resistant characteristics 

• No side reactions with chemical 

reagents 

• Can produce fire easily (burning) 

• Low enthalpy of phase change 

• Smaller amount for enthalpy of phase 

change, thermal conductivity, density, 

and melting point 

• Easy to burn 

• High volume change between solid 

and liquid states 

• Has an undefined melting temperature 

 

 Table 4 Physical properties of paraffin based on carbon atoms. 

Paraffin with 

carbon atoms 

Freezing 

point 

Ts (C) 

Latent Heat 

Hf (kJ/kg) 

Density 

𝛒 (𝐤𝐠/𝐦𝟑) 

Spesific 

heat 

Thermal 

Conductivity 

K (W/m.K) 

Oil 

content 

(%) 

Ref. 

C13-C24 22 - 24 189 0.90 2.1 0.21 20 [68] 

C18 28 244 0.81 2.1 0.15 0 [69] 

C16-C28 42 - 44 189 0.91 2.1 0.21 5 [69] 

C20-C33 48 - 50 189 0.91 2.1 0.21 <0.5 [68] 

C22-C45 58 - 60 189 0.92 2.1 0.21 4 [70] 

C23-C45 62 - 64 189 0.92 2.1 0.21 <0.5 [68] 

C21-C50 66 - 68 189 0.93 2.1 0.21 3 [70] 

Researchers have extensively explored and devised novel experiments to evaluate the various organic phase transition 

types of paraffin for practical purposes. Table 5 provides an overview of past studies conducted on paraffin PCM. 

 

Table 5 Summary of paraffin utilization as PCM. 

Samples of PCM 

Melting 

temperature 

Tm (C) 

Latent heat 

Hf (kJ/kg) 

Thermal 

conductivity 

K (W/m K) 

Application Ref. 

• Paraffin Wax + 0.5 wt% 

SiO2 

• Paraffin Wax + 0.5 wt% 

MWCNT 

• Paraffin Wax + 0.5 wt% 

SiO2 + 0.5 wt% MWCNT   

• Paraffin Wax + 1 wt% SiO2 

+ 1 wt% MWCNT 

• 62.7 

• 61.5 

• 61.2 

• 60.3 

• 59.7 

 

• 189 

• 184.12 

• 180.20 

• 177.50 

• 176.83 

• 0.24 

• 0.26 

• 0.35 

• 0.40 

• 0.45 

Thermal storage [71] 

• Paraffin+2 wt% Ti 

• Paraffin+2 wt% Al 

• 50.8 

• 47.9 

• 163.55 

• 80.79 

• 1.3 

• 0.6 

Thermal management [72] 
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Samples of PCM 

Melting 

temperature 

Tm (C) 

Latent heat 

Hf (kJ/kg) 

Thermal 

conductivity 

K (W/m K) 

Application Ref. 

• Paraffin 

• Paraffin + 5 wt% Fe3O4 

• 56.64 

• 54,45 

• 203.56 

• 186.50 

• 0.92 

• 1.06 

Thermal energy storage [73] 

• Paraffin 

• Paraffin + 1 wt% Fe3O4 

• Paraffin + 2 wt% Fe3O4 

• Paraffin + 3 wt% Fe3O4 

• 48.44 

• 48.37 

• 47.35 

• 47.10 

• 208 

• 204.6 

• 200.3 

• 197.8 

• 0.251 

• 0.298 

• 0.315 

• 0.331 

Convection of regulation [74] 

• Busa nikel/paraffin berlapis 

graphene 

• 38 • 99 • 4.6 Thermal management in 

battery 

[75] 

• Paraffin/aluminum • 57 • 96.2 • 13.2 Cooling system in 

building 

[76] 

• Paraffin  

• Paraffin 0.5 wt% Fe3O4 

• Paraffin 1 wt% Fe3O4 

• Paraffin 3 wt% Fe3O4 

• 56.63 

• 55.93 

• 55.23 

• 54.70 

• 203.56 

• 202.55 

• 201.54 

• 196.75 

• 0.26 

• 0.29 

• 0.32 

• 0.36 

Effect of magnetic field 

on the melting 

performance of PCM 

materials 

[77] 

• Paraffin • 57.26 

 

• 189.24 • 0.21 Thermal energy storage [78] 

• Paraffin 

• 0.02 wt% NGPCM  

• 0.06 wt% NGPCM  

• 0.10 wt% NGPCM  

• 0.02 wt% NCPCM   

• 0.06 wt% NCPCM  

• 0.10 wt% NCPCM 

• 27.6 

• 27.61 

• 27.34 

• 27.71 

• 27.75 

• 27.57 

• 27.84 

• 188.0 

• 171.1 

• 171.7 

• 148.4 

• 170.6 

• 167.3 

• 150.8 

• 0.3 

• 0.36 

• 0.37 

• 0.34 

• 0.32 

• 0.33 

• 0.34 

Thermal energy storage [79] 

• Paraffin@copper foam 

• paraffin@nickelfoam 

• 53.3 

• 52.7 

• 132.5 

• 144.4 

• 4.9 

• 1.3 

Thermal energy storage [80] 

 

 Utilization of non-paraffin as PCM  

 Non-paraffin organic Phase Change Materials 

(PCM) comprise the most extensive group of PCM with 

a diverse range of properties. Each type of non-paraffin 

organic PCM possesses its own unique set of 

characteristics in contrast to paraffins, which exhibit 

similar properties. The chemical formula CmHnO2 was 

used to designate a particular non-paraffin PCM. Non-

paraffin organic PCM possess a high latent heat 

capacity, which distinguishes them from paraffins. 

However, like paraffins, they are generally flammable 

and exhibit lower resistance to oxidation [81]. In 

addition, non-paraffin PCM are characterized by their 

low thermal conductivities and combustion 

temperatures. These materials also possess varying 

degrees of toxicity, necessitating additional safety 

measures and increasing the handling costs. Pusphendra 

and Shailendra conducted a comprehensive study on 

organic materials and identified several esters, fatty 

acids, alcohols, and glycols as suitable candidates for 

energy storage applications [82]. The primary advantage 

of non-paraffin PCM lies in their ability to combine with 

other non-paraffin PCM, resulting in an enhanced latent 

heat fusion capacity. When mixed with other non-

paraffin PCM, these materials can maintain desirable 

properties, such as high deformation stability, resistance 

to phase separation after repeated cycling, and 

crystallization without supercooling. As a result, this 

method provides the best PCM to be used, however it 

causes significant production costs owing to the expense 

of exploring suitable combinations and concentrations 

[83-86]. Table 3 summarizes the thermal properties 
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reported in previous studies using nonparaffin PCM, 

indicating their widespread use [87]. 

Peng et al. [87] investigated the potential use of 

erythritol as a PCM. Research findings indicate that 

erythritol exhibits extensive phase transition properties, 

with a transition temperature of approximately 118C 

and latent heat of approximately 314 kJ/kg. Its high 

energy-storage density and non-corrosive nature make it 

a popular choice for medium-temperature energy-

storage applications. However, the widespread use of 

erythritol is hindered by its substantial supercooling 

requirements and relatively poor thermal conductivity 

during phase transitions. The primary factor influencing 

the latent heat and thermal conductivity of erythritol 

during phase transitions is the alteration of the hydrogen 

bonds within its structure. Modifying the quantity and 

intensity of these hydrogen bonds can potentially 

enhance the latent heat and address the issue of low 

thermal conductivity. Furthermore, Jianhui et al. 2023 

explored a single modification technique to overcome 

erythritol’s (ET) constraints as PCM [88]. The 

application of multiple modification methods to enhance 

PCM efficiency for energy storage shows great 

potential. The combined effect of multiple approaches 

surpasses traditional single-modification techniques, 

boosting thermal conductivity, minimizing 

supercooling, and offering a comprehensive answer. 

The researchers suggest using graphene oxide (GO) 

nanosheet-modified melamine foam (MF) and 

polyaniline (PANI) to develop an innovative ET-based 

PCM through blending and adsorption modification of 

porous substances. PANI functions as a nucleation site, 

expediting crystallization and decreasing supercooling 

in the PCM. 

The GO@MF foam acts as a porous framework for 

ET encapsulation and improves heat conduction, 

substantially enhancing heat storage and release rates. 

As a result, the supercooling of the 

GO@MF/PANI@ET (GMPET) composite PCM 

decreased from 91.2 for pure ET to 57.9, and its thermal 

conductivity (1.58 W/mK) was roughly triple that of 

pure ET (0.57 W/m K). After being subjected to 140 C 

for 2 h, the GMPET composite PCM displayed minimal 

ET leakage with a mass loss ratio under 0.75%. It also 

exhibited a high melting enthalpy of about 259 kJ/kg and 

an initial mass-loss temperature around 198C. The 

phase transition temperature and latent heat storage 

capacity of the GMPET PCM remained stable even after 

200 cycles. Fatty acids, another widely used non-

paraffin PCM with the formula CH3(CH2)2nCOOH, are 

recognized for their reusability, high heat of fusion, 

adjustable phase-change temperature, and lack of 

supercooling [84,89]. However, fatty acids are prone to 

instability when heated, have low thermal conductivity, 

corrosiveness, and relatively expensive [89]. 

According to Table 6, the thermal properties of fatty 

acids indicate that these materials can be utilized as 

PCM in various applications. This is also supported by 

the research conducted by Guihua Fang and Maosen 

Zhao, 2022 [91], in this study, the thermal 

characteristics of the fatty acids were investigated. 

Modified graphite (MEG) was synthesized using 

ultrasonic techniques in a myristic acid-ethanol solution, 

employing it as a heat conduction enhancer. They then 

created a fatty acid composite phase change material 

(PCM) with a superior overall thermal performance 

using MEG. Thermal conductivity measurements and 

differential scanning calorimetry revealed that the 

thermal conductivity of the composite PCM increased 

by 139.3% with the addition of 2 wt.% MEG. Notably, 

after 200 cycles of heat storage and release, the 

synthesized composites exhibited latent heat values of 

182.6 and 187.1 kJ/kg, comparable to the eutectic 

cycling of pure fatty acids. The thermal cycling, 

thermogravimetric analysis, and thermal conductivity 

changes of the PCM composite demonstrated its 

excellent dispersion and thermal cycling stability. 

Additionally, the composite exhibited high performance 

and improved energy storage efficiency. 
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Table 6 Summary of paraffin utilization as PCM [90]. 

Materials Melting Temperature (C) Latent Heat (kJ/kg) 

Acetamide 81 241 

Acetic acid 16.7 184 

Capric acid 36 152 

Eladic acid 47 218 

LA Lauric acid 43.93 178.11 

Lauric acid 49 178 

MA Myristic acid 54.28 191.27 

Methyl fumarate 102 242 

Myristic acid 58 199 

PA, palmitic acid 62.73 206.16 

Palmatic acid 55 163 

Pentadecanoic acid 52.5 178 

Polyethylene glycol 600 20–25 146 

SA stearic acid 69.62 217.62 

Stearic acid 69.4 199 

Tristearin 56 191 

  

 

 Inorganic PCM 

 Inorganic PCM are typically classified into 2 

subcategories: Salt hydrates and metals. PCM are 

readily available, economically viable, and exhibit 

unique characteristics. Unlike organic compounds, 

inorganic PCM have latent heat per mass and volume of 

more than 220 kJ/kg and a melting temperature range of 

5 - 130C [92]. Inorganic PCM are cost-effective, 

inexpensive, and nonflammable. However, suboptimal 

cooling and release processes and insufficient long-term 

stability limit their usefulness as latent heat storage 

systems. Several significant challenges hinder the 

development of these materials as PCM, including their 

limited thermal cycling durability, reactivity with 

containment materials, vulnerability to contamination, 

and toxicity of certain components. However, it is 

feasible to formulate inorganic compound mixtures that 

undergo uniform melting and solidification without 

phase separation [93]. For instance, the combination of 

Na2CO3 and NaCl not only maintains a substantial 

thermal energy capacity of 283.3 kJ/kg but also 

enhances the exceptional thermal and chemical stability 

of the material in CO2-rich environments at elevated 

temperatures of approximately 700C [94]. 

 

 

Utilization of salt hydrate as PCM 

Salt hydrates form when anhydrous salts form 

solid crystal structures in the presence of water. Certain 

salts exist in an anhydrous state; however, upon the 

introduction of water, they absorb it at a specific molar 

ratio during ionization, resulting in general modification 

of their ionic structure [95]. Although numerous salt 

hydrates can be synthesized [92], only a limited number 

of them are thermodynamically stable and capable of 

releasing the requisite energy, rendering them suitable 

as PCM [96]. The energy released during the hydration 

process of anhydrous salts can be utilized as a 

sustainable energy source with the potential for long-

term commercialization [97]. Salt hydrates typically 

melt to form structures that contain fewer water 

molecules [98,99].    

Upon reaching their melting point, hydrate 

crystals decompose into anhydrous salts and water, or 

into lower hydrates and water. A significant challenge 

associated with numerous salt hydrates is that the 

melting process is frequently problematic because of 

insufficient water release to dissolve all solid phases 

present. This phenomenon occurs because of density 

differences, causing the lower hydrate (or anhydrous 

salt) to descend to the bottom of the container. 

Moreover, salt hydrates generally exhibit poor 
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nucleation characteristics, resulting in liquid 

supercooling before the initiation of crystallization. To 

address this issue, a nucleating agent may be introduced 

to initiate crystal formation or maintain a portion of the 

crystals in a small cold region to serve as nucleation sites 

[98,99]. He et al. [99], emphasized the importance of 

latent heat storage (LHS) using phase change materials 

(PCM) to address the discrepancy between the thermal 

energy supply and demand in buildings. Despite its 

potential, hydrated salt, a promising PCM, faces 

challenges, such as significant supercooling, phase 

separation, and poor thermal conductivity, hindering its 

progress. This study aimed to enhance Ba(OH)2⋅8H2O 

by introducing nucleating and thickening agents to 

mitigate supercooling and improve thermal properties, 

while incorporating expanded graphite (EG) to increase 

the thermal conductivity. Table 7 provides an overview 

of previous studies on the use of hydrated salts as PCM. 

 

Table 7 PCM salt hydrate summary. 

Types of PCM Supports Nucleating agent 
Tm 

(C) 

ΔHm 

(kJ/kg) 

Supercooling 

degree (C) 
Ref. 

CH3COONa⋅3H2O 
Expanded 

Graphite 
Na2HPO4⋅12H2O 57.8 218.6 7.1 [100] 

Na2CO3⋅10H2O 

Na2HPO4⋅12H2O 

Expanded 

Perlite 
- 26.81 151.73 6.3 [101] 

MgCl2⋅6H2O Modified EG TX-100 116.24 116.7 1.3 [101] 

CH3COONa⋅3H2O 
expanded 

vermiculite 
Na2B4O7⋅10H2O 57.6 270.6 - [102] 

CaCl2⋅6H2O 
Expanded 

Perlite 
SrCl2⋅6H2O 27.38 87.44 - [103] 

Na2HPO4⋅12H2O 
Cellulose 

sponge 
Paraffin 35.2 227.3 19.5 [104] 

Na2SO4⋅10H2O-

Na2HPO4⋅12H2O 
Fly ash Na2B4O7⋅10H2O 25.3 106.9 5.6 [105] 

Na2SO4⋅10H2O 

Na2CO3⋅10H2O 

expanded 

vermiculite 
Na2B4O7⋅10H2O 23.98 110.3 0.64 [106] 

 

 Table 7 presents the findings from previous 

studies utilizing salt hydrates as phase change materials 

(PCM). In one such study, Fu et al. [103], Expanded 

Perlite (EP) was employed as a supporting medium to 

encapsulate CaCl2⋅6H2O salt hydrate via vacuum 

impregnation at 88.1 kPa. The researchers examined 4 

different ratios of CaCl2⋅6H2O within the EP to 

determine the maximum PCM loading without leakage 

using a diffusion-oozing loop test. The composite 

maintained excellent shape stability and thermal cycling 

reliability with 55 wt.% CaCl2⋅6H2O content. X-ray 

diffraction (XRD) and Fourier transform infrared (FT-

IR) analyses confirmed the absence of chemical 

reactions between the components after impregnation 

and minimal latent heat loss following 1,000 melting-

freezing cycles. EP, typically produced by heating 

pearlite to 1,000 - 1,300C, expands 4 - 30 times its 

original volume, creating numerous pores that enhance 

the thermal stability and render it suitable for adsorbing 

and impregnating hydrated salt PCM. Expanded 

vermiculite (EV), which possesses a layered pore 

structure, is another porous support material that is 

frequently utilized for stable hydrated salt PCM. For 

instance, Xie et al. [106], employed a binary eutectic 

hydrated salt (EHS, Na2SO4⋅10H2ONa2CO3⋅10H2O with 

a 1:1 mass ratio, phase change temperature of 25.04C, 

and melting enthalpy of 198.6 kJ/kg) to enhance indoor 

thermal comfort. 

 Despite extensive research on salt hydrate as a 

phase-change material (PCM), its practical application 

remains a significant challenge. The primary issue is the 

absence of a suitable melting point for thermal storage 

in salt-hydrate PCM. This problem arises because n 

moles of hydration water cannot dissolve one mole of 
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salt, which results in a saturated solution at the melting 

temperature. Consequently, excess salt solids precipitate 

at the bottom of the container, becoming unavailable for 

recombination with water during solidification, which 

impedes the reverse process in the filling-discharging 

cycle. Another prevalent issue associated with salt 

hydrates is supercooling. The nucleation rate is typically 

low at fusion temperatures, necessitating the 

supercooling of the solution. This led to energy 

dissipation at significantly lower fusion temperatures. 

Furthermore, salt hydrates tend to undergo spontaneous 

nucleation with fewer water molecules during 

exothermic processes. To mitigate this issue, chemicals 

have been introduced to selectively enhance the 

solubility of lower salt hydrates compared with pure salt 

hydrates with a higher number of water moles [107]. 

 

 Utilization of metals as PCM 

 The categories of low-melting-point and eutectic 

metals have not been extensively explored for PCM 

technology, owing to significant barriers. However, 

these metals demonstrate potential in terms of volume 

given their high heat of fusion per unit volume. Their 

high thermal conductivities obviate the need for 

additional weight increasing fillers. Metal PCM, similar 

to other materials utilized for comparable purposes, can 

transfer heat from critical devices, effectively regulating 

the temperature of the device during periods of 

temporary high-power operation [108]. These materials 

can store this heat by utilizing the latent heat of fusion, 

absorbing energy from one material and releasing it to 

another as required [97]. For instance, the thermal 

conductivity of Cu is recorded as 180.4 W/mK at 

1,600C [109]. Consequently, metallic PCM may 

exhibit superior thermal properties compared to those of 

salt hydrates and organic PCM. 

 Metallic phase-change materials (PCM) are 

extensively utilized in diverse applications, including 

electric vehicle production and high-temperature 

management. Their widespread adoption is attributed to 

the inadequacy of organic PCM and salt compounds. 

Metal PCM not only address the requirement for 

enhanced thermal conductivity but also exhibit superior 

mechanical properties, with the Young’s modulus of 

aluminum reaching 70 GPa [110]. However, the primary 

limitation of metal PCM is their high cost [109,111]. 

Compared to salts, metal PCM are more expensive 

owing to the extraction process and specific 

implementation requirements [109]. Notwithstanding 

this constraint, numerous studies have been conducted 

to investigate the potential of metal PCM. Al-Jethelah et 

al. [112], investigated the utilization of metal as a phase 

change material (PCM). An experimental study was 

conducted to examine the melting process of a nano-

PCM within a metal foam enclosure under constant 

heat-flux conditions. Visualization experiments were 

performed using a bio-based nano-PCM comprising 

copper oxide (CuO) nanoparticles dispersed in coconut 

oil PCM within an open-cell metal foam. Their findings 

demonstrated that the incorporation of nanoparticles and 

metal foam enhanced both the melting rate and the 

energy storage capacity. For low-porosity (88%) porous 

media, uniform melting was observed, which was 

primarily attributed to conduction-based heat transfer. 

Conversely, high-porosity (96%) porous media 

exhibited non-uniform melting, with greater melting 

occurring at the top than at the bottom, as heat transfer 

occurred through convection at the top and conduction 

at the bottom. These results have potential applications 

in latent heat energy storage systems, thermal 

management of prismatic batteries in rechargeable 

hybrid electric vehicles, and cooling systems for 

electronics in remote locations. The addition of 

nanoparticles to the PCM resulted in a 1.2% 

enhancement in the melting process, whereas 

embedding metal foam in pure PCM led to a more 

substantial improvement of 41.2% at 1814 W/m2 and 

2160 s. The energy storage rate was accelerated by 

2.61% with the addition of nanoparticles and by 28.81% 

with the use of metal foam, compared with pure PCM, 

at 2835 W/m2 and 2,280 s, respectively. 

 Promsen et al. [113], investigated a novel 

approach to incorporate metal phase-change materials 

(mPCM) into solid oxide fuel cell (SOFC) stacks, with 

the objective of improving thermal conditions and 

enhancing SOFC operational flexibility. The study 

utilized 3-dimensional computational fluid dynamics 

modeling, employing electrochemical and 

melting/solidification solvers to simulate various 

mPCM-SOFC stack operating scenarios, including 

extreme load fluctuations, such as rapid start-ups and 

shutdowns. Researchers have evaluated pure aluminum 

and copper-silicon-manganese eutectic alloys as 

potential mPCM candidates. Their findings indicated 
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that mPCM can improve the SOFC stack temperature 

distribution and facilitate the utilization of an 

exceptionally high air utilization rate of 85%, potentially 

reducing the parasitic air blower requirements. 

Moreover, mPCM demonstrated the capacity to mitigate 

stack temperature variations during significant load 

changes. The liquefaction of the PCM was observed to 

extend the peak load operation by absorbing substantial 

heat, whereas PCM compaction contributed to 

maintaining steady-state stack temperatures. 

Furthermore, the mPCM exhibited potential as an inlet 

gas preheater, enabling direct fuel and room-

temperature air input into the stack, thereby enhancing 

cooling performance. 

 

 Eutectic PCM 

 A eutectic mixture is one that comprises soluble 

organic and inorganic compounds at a specific atomic 

ratio that solidifies and melts concurrently to form a 

crystalline mixture of components during 

crystallization. By combining 2 organic PCM, it is 

possible to create a new PCM with improved properties, 

such as latent heat and supercooling values. This would 

fall under the category of organic-organic PCM 

[114,115]. Occasionally, 2 inorganic PCM can be 

combined to create an inorganic-organic PCM, which 

frequently demonstrates superior characteristics 

compared with its individual inorganic components 

[116]. Furthermore, organic and inorganic PCM can be 

combined to form organic-inorganic PCM [117]. These 

combinations are referred to as eutectic mixtures (EMs). 

The properties, advantages, disadvantages, and 

applications of these mixtures are determined by their 

constituent materials [118]. However, these mixtures are 

meticulously engineered to enhance the positive 

attributes of the resulting PCM, thereby improving its 

usability and reliability for intended purposes. It is 

essential to recognize that, in the production of eutectics, 

combinations that offer cost-effective solutions are 

highly desirable for commercial applications. A notable 

characteristic of most eutectics is their resilience under 

repeated thermal cycling, rendering them well suited for 

use in low-temperature refrigeration systems [118]. 

 Although there has been limited research into the 

use of eutectic mixtures in TES applications in buildings 

due to the temperature range, eutectic PCM have been 

widely studied. Table 8 provides an overview of the use 

of eutectic PCM and their thermal properties 

[45,116,118].  

 

Table 8 Summarizes previous research on eutectic PCM. 

Materials Composition (wt%) Latent heat (kJ/kg) Melting temperature (C) 

Trietiloletan + air + urea 38.5 + 31.5 + 30 160 13.4 

C14H28O2 + C10H20O 34 + 66 147.7 24 

LiNO3 + NH4NO3 + NaNO3 25 + 65 + 10 80.5 80.5 

LiNO3 + NH4NO3 + KNO3 26.4 + 58.7 + 14.9 81.5 81.6 

  

 Fan et al. [119], examined the thermal properties, 

durability, and reliability of lauric acid-based binary 

eutectic mixtures, with a specific focus on their potential 

applications in improving building energy efficiency. A 

gradual cooling curve experiment confirmed the eutectic 

point of the lauric acid-based binary eutectic blend, 

revealing eutectic compositions of 4LA = 70%, 4LA = 

79%, and 4LA = 82% with corresponding melting 

temperatures of 35.10, 37.15, and 39.29C. The latent 

heat of melting was determined to be ΔHm = 166.18, 

183.07, and 189.50 kJ/kg for LA-MA, LA-PA, and LA-

SA binary eutectic PCM, respectively. Schroder’s 

formula was utilized to calculate the melting 

temperature, eutectic point, and melting enthalpy of the 

LA-MA, LA-PA, and LA-SA binary PCM, and the 

theoretical calculations demonstrated close agreement 

with the experimental results. FT-IR and XRD analyses 

indicated no chemical reactions during the preparation 

of the LA-MA, LA-PA, and LA-SA eutectic PCM, 

suggesting good compatibility between the PCM 

eutectic mixture and its components. TG and cycle tests 

demonstrated the exceptional thermal stability and 

reliability of the LA-MA eutectic PCM, LA-PA eutectic 

PCM, and LA-SA eutectic PCM below 126.51, 135.7 

and 110.08 C, respectively. The research concluded 

that lauric acid-based binary eutectic PCM exhibit 
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potential as effective insulation materials for building 

energy conservation.     

 Krishna et al. [89], investigated the synthesis of a 

fatty acid/metal ion composite PCM by incorporating 

sodium ions into lauric acid, with the objective of 

enhancing its thermophysical properties for thermal 

energy storage applications. These composites were 

formulated by introducing 0.2, 0.5, or 1 wt.% sodium 

metal into lauric acid. Compared to pure lauric acid, the 

composites exhibited increases in the enthalpy of fusion 

and phase change by 5.3, 7.9, and 10.6%, respectively. 

The composite also exhibited a slight decrease in the 

melting point as the sodium metal content increased. 

FTIR spectroscopy revealed no interaction between 

lauric acid and sodium metal, suggesting an enhanced 

composite stability. Thermogravimetric analysis 

indicated a 30% increase in the decomposition 

temperature of the composite with the addition of 

sodium metal, rendering it suitable for thermal energy 

storage applications [89]. In a separate investigation, Lu 

et al. [116], examined an alternative type of eutectic 

PCM by combining a wax-like PCM consisting of 2 

fatty acids with mesoporous carbon nanoparticles. The 

authors reported that the resulting structure exhibited 

exceptional properties, with mesoporous carbon 

nanoparticles demonstrating a high drug-loading 

efficiency of 14.2% and photothermal conversion 

efficiency of 24%. 

 

 Thermal conductivity enhancement of PCM 

 Thermal energy transmission through solid 

materials can occur through a variety of mechanisms, 

including electric carriers (such as electrons or holes), 

phonons (lattice waves), electromagnetic waves, spin 

waves, and other forms of excitation. In metallic 

materials, electric carriers are primarily responsible for 

the heat transfer, whereas lattice waves tend to be the 

dominant heat conductors in insulators. The total 

thermal conductivity (K) of a material can be expressed 

as the sum of its individual components, each 

corresponding to a distinct excitation mechanism [120], 

as shown by Eq. (1): 

 

K K =                                             (1) 

  

 The symbol represents the excitation, and the 

thermal conductivity of solid materials varies depending 

on the intensity and temperature, which are specific to 

the materials in question. These variations can be 

explained by differences in the crystal size for individual 

specimens or grain dimensions in polycrystalline 

samples, imperfections or defects in the lattice structure, 

dislocations, non-harmonic lattice forces, concentration 

of carriers, interactions between carriers, lattice 

vibrations, and the interplay between magnetic ions and 

lattice waves. Consequently, investigating thermal 

conductivity using both experimental and theoretical 

approaches present an intriguing field of research [120]. 

 A significant focus of research pertains to the 

efficacy of PCM applications, which is strongly 

correlated with the thermal conductivity as a critical 

parameter. Upon examination of the micro-mechanisms 

and material structure, the thermal conductivity of the 

phonons in the PCM was observed to be relatively low. 

Enhancing the thermal conductivity of PCM remains a 

crucial area of investigation [121,122]. The thermal 

conductivity of PCM composite materials is influenced 

by various factors, with phonon scattering being the 

primary mechanism limiting their heat conduction 

capabilities. More specifically, phonon scattering plays 

a substantial role in determining the thermal 

conductivities of PCM composite materials. The study 

of phonons provides the most fundamental 

understanding of heat conduction at a microscopic scale.   

 Furthermore, phonons play a crucial role in 

facilitating the heat transfer across materials. Research 

aimed at enhancing the thermal conductivity of 

composite materials primarily focuses on the efficient 

transmission of phonons along the microscopic axis. 

This approach is considered the most effective method 

for phonon transmission because these heat carriers can 

propagate randomly without obstacles, potentially 

achieving the desired thermal conductivity in 

composites. The transmission of phonons in composite 

materials is primarily governed by 3 factors: The 

phonon velocity, specific heat capacity, and mean free 

path. However, the thermal transfer in composite phase 

change materials (PCM) and phonon interfaces is not 

solely determined by these factors. Additional 

parameters such as temperature, atomic weight, density, 

and binding energy also influence this process.  
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Figure 6 Thermal Conductivity enhancement method on PCM.  

 

According to the elucidation of the essential mechanism 

of thermal conductivity in materials, it can be deduced 

that the thermal conductivity of PCM can be enhanced 

through 2 primary methods, as depicted in Figure 6(a) 

incorporating substances with exceptional/elevated 

thermal conductivity and (b) the encapsulation method. 

 

 Particle addition 

 Previous research has extensively explored 

methods to enhance the low thermal conductivity of 

PCM, particularly through the incorporation of particle 

additives with high thermal conductivity. Additives 

include carbon-based materials and metal-based 

substances. Additionally, researchers have developed 

other types of materials, such as hexagonal boron and 

mesoporous silica, to address this issue. 

 

 Carbon-based materials 

 PCM that incorporate carbon-based materials, 

such as graphite expansion, carbon fibers, carbon 

nanotubes, and graphene, have been studied and 

analyzed. These materials generally have high thermal 

conductivities and low densities, making them suitable 

for use in PCM, particularly paraffin. Owing to its 

unique characteristics of corrosion resistance, softness, 

and plasticity, graphene has been added to carbon-based 

thermal conductivity. Furthermore, studies have been 

conducted to improve the thermal conductivity of PCM 

[123]. Graphene, as a multifunctional material, is highly 

effective due to its high surface area, very high thermal 

conductivity, high charge carrier mobility, and optical 

transmittance. Their suitability for applications in 

nanoelectronics, supercapacitors, sensors, and energy 

storage are demonstrated by these properties. The 2-

dimensional honeycomb lattice of carbon atoms in 

graphene allows it to function in light-to-heat 

conversion by capturing photons and storing them in the 

lattice [124-126]. 

 In contrast to previous studies, Cui et al. [127], the 

investigation examined the thermal properties of 

paraffin wax PCM enhanced with graphene. Results 

demonstrated a reduction in mass loss ratio to below 

0.34%, an enhancement in thermal conductivity to 0.33 

W/m⋅K, and a solar heat storage efficiency of 75.68%. 
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Furthermore, higher concentrations of graphite 

nanoparticles were observed to have a positive effect on 

the thermal conductivity. According to Jiang et al. 

[128], the primary factors used to evaluate the heat 

transfer improvement effect of composite phase change 

materials are the thermal conductivity, thermal 

conductivity enhancement, and thermal conductivity 

enhancement per filler volume fraction. However, the 

simultaneous modulation of all 3 parameters for PCM 

composites remains a challenge. To address this issue, 

graphite fibers were incorporated through in-plane 

bonding as a thermal conductivity enhancer for PCM. 

In-plane bonding allows graphite planes to be dispersed 

in the interface region of the PCM, thereby facilitating 

the enhancement of phonon vibrations and reducing the 

interfacial thermal resistance. The optimized PCM 

composite exhibited a high thermal conductivity of 

36.49 W/mK at 20.7 vol% carbon fiber.     

 This type of carbon-based material addition can 

also be employed with carbon nanotubes (CNTs) 

because only a small volume fraction is required to 

increase the thermal conductivity and density of the 

PCM [129,130]. In the research of Die et al. [67], the 

addition of 2 wt.% CNTs resulted in a thermal 

conductivity of 0.39 W/mK for the PW-SBS/CNT-85 

composite at 25C, which is approximately 1.5 times 

higher than that of pure Paraffin Wax. Table 9 

summarizes previous studies on the addition of carbon-

based materials to PCM. The enhancement of thermal 

conductivity of PCM by adding carbon material shows 

the value of thermal conductivity is successfully 

improved. CNT became the most stable and high 

enhancement material with the addition of 0.5, 1, 2 and 

20 wt.% of 0.35, 0.97, 0.4 and 0.2 W/m.K, respectively. 

 

Table 9 Summary of carbon-based material addition to PCM. 

Samples of PCM Carbon based additives 
Mass fraction of 

additives 

Thermal conductivity 

K (W/m.K) 
Ref. 

Paraffin Wax MWCNT 0.5 wt% 0.35 [71] 

Paraffin Wax SiO2@MWCNT 0.5 wt% 0.40 [71] 

Paraffin Wax SiO2@MWCNT 1 wt% 0.45 [71] 

Paraffin Wax Graphite Fiber 1 vol% 1.66 [131] 

Paraffin Wax CNT 2 wt% 0.39 [129] 

Paraffin Wax Graphene 0.1 wt% 0.59 [132] 

Paraffin Wax Graphene Oxide 1 wt% 0.67 [127] 

Paraffin Graphene oxide 1.7 wt% 0.9 [133] 

Paraffin Expanded Graphite-700 1 wt% 0.92 [134] 

Paraffin Expanded Graphite 30 wt% 0.51 [135] 

Paraffin Carbon Fiber - 0.51 [136] 

Paraffin Carbon Fiber 8 wt% 0.4 [137] 

Paraffin Carbon Fiber 8.3 wt% 2.04 [136] 

Paraffin Carbon Nanotube (CNT) 1 wt% 0.97 [138] 

Paraffin Carbon Nanotube (CNT) 20 wt% 0.2 [139] 

Paraffin Carbon Nanotube (CNT) 2 wt% 0.4 [140] 

 

Metal-based materials 

 Metal-based substances exhibit superior thermal 

conductivity owing to their enhanced heat transfer 

capabilities and effective mixing characteristics 

compared to the original material. Consequently, 

numerous researchers have focused on utilizing various 

metals as additives to enhance the thermal conductivity 

of PCM. Table 10 lists the thermophysical properties of 

metal-based materials. 
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Table 10 Summary of carbon-based material additions to PCM. 

Metal Based Density (Kg/m3) 
Thermal Conductivity 

K (W/m.K) 

Specific Heat 

(KJ/kg.K) 
Ref. 

Al2O3 3,890 20 - 30 0.78 [20] 

MgO 3,580 61.9 0.721 [20] 

SiO2 2,650 11.715 0.536 [20] 

Fe3O4 7,874 9.7 - [74] 

TiO2 3,900 11.8 697 [141] 

CuO 6,300 37 550.5 [141] 

Fe3O4 6,300 15 - [142] 

Al2O3 3,260 36 - [143] 

ZnO 5,600 29 514 [144] 

Zn 7,140 121 388 [145] 

  

 

Table 11 Summary of metal material addition to PCM. 

Samples of PCM Metal based additives Mass fraction of additives 
Thermal conductivity 

K (W/m.K) 
Ref. 

Paraffin SiO2 0.5 wt% 0.26 [71] 

Paraffin Al 50 wt% 1.27 [146] 

Paraffin Copper foam - 3.0 [147] 

Paraffin Ag 9.14 wt% 1.2 [147] 

Paraffin Al2O3 7.5 wt% 0.24 [148] 

Paraffin Al2O3 10 wt% 0.25 [148] 

Paraffin Fe3O4 50 wt% 0.53 [26] 

Paraffin TiO2 0.1 wt% 0.26 [149] 

Paraffin TiO2 0.5 wt% 0.33 [149] 

Paraffin TiO2 1 wt% 0.36 [149] 

Paraffin TiO2 2 wt% 0.28 [149] 

Paraffin Fe3O4 10 wt% 0.37 [150] 

Paraffin Fe3O4 20 wt% 0.40 [150] 

Paraffin ZnO 2 wt% 0.26 [151] 

Paraffin ZnO 4 wt% 0.30 [150] 

Paraffin ZnO 6 wt% 0.32 [150] 

Paraffin ZnO 10 wt% 0.35 [150] 

  

 Based on the data in Table 10, it can be concluded 

that the thermophysical properties of metals that can be 

added to PCM provide a solution to the weakness of 

thermophysical properties in PCM materials, 

particularly in organic PCM. Several studies have been 

conducted, as reported by Singh et al. [20]. In their 

investigation the authors added SiO2, Al2O3 and MgO 

nanoparticles to paraffin PCM. The authors conducted a 

thermal performance analysis and found that the 

addition of SiO2 to PCM resulted in a greater increase in 

the thermal conductivity compared to Al2O3 and MgO. 

This is attributed to the smaller particle size and low 

density of SiO2, which allows for greater interaction 

with pure paraffin and improved thermal conductivity. 

Additionally, the low density of nanoparticles allows the 

paraffin to hold more nanoparticles, resulting in an 

increased heat transfer rate and Brownian motion, 

leading to a higher filling level. The thermal 

conductivity values for 0.1 vol% addition of SiO2, 

Al2O3, and MgO particles at 50°C were 0.255, 0.225, 

and 0.215 W/mK, respectively. On the other hand, He et 

al. [74]. Added Fe3O4 magnetite particles to PCM 

paraffin wax and found that the thermal conductivity 

value increased with the addition of Fe3O4, with the 

pristine PW, Fe3O4-PW (1 wt.%), Fe3O4-PW (2 wt.%), 

and Fe3O4-PW (3 wt.%) having thermal conductivity 
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values of 0.251, 0.298, 0.315, and 0.331 W/mK, 

respectively. Furthermore, Table 11 provides a 

summary of previous research on the addition of metal 

materials to PCM. 

 According to the outcomes, it has been discovered 

that the thermal conductivity of PCM composites made 

with various metal-based materials can be improved. 

The relevant thermal conductivity data for the PCM 

composites are presented in Table 11. When metals are 

used as thermal conductivity additives, they exhibit poor 

structural stability. This issue arises because some 

metals are prone to oxidation, whereas others are 

susceptible to corrosion by acidic and alkaline 

substances. Additionally, metals with high densities can 

cause the precipitation of metal particles within the 

PCM composite [152]. 

 The thermal properties of PCM with additive 

combinations have been summarized, leading to the 

conclusion that this method results in excellent thermal 

stability and can be applied across various 

environments. To effectively utilize the technique of 

incorporating additives with high thermal conductivity, 

several investigations must be conducted: (1) Numerous 

experiments have been conducted to enhance the 

thermal conductivity of PCM, yet most employ a single 

additive. Therefore, the combination of 2 types of 

additives with mutual enhancement (such as carbon 

fiber and graphene, or metal oxide and carbon 

nanotubes) may be applicable to PCM. (2) The 

incorporation of additives may result in a reduction of 

the latent heat of PCM; thus, the mass fraction of 

additives should be adjusted to achieve an appropriate 

latent heat value while still enhancing the thermal 

conductivity of PCM composites. Some studies have 

reported that a decrease in latent heat is typical due to 

increased thermal conductivity; however, the latent heat 

must exceed 100 kJ/kg for use as thermal energy storage 

(TES). This can be addressed by ensuring the mass 

fraction of additives remains below 15 wt%. (3) The 

long-term stability of PCM can be improved by 

incorporating surfactants into PCM composites, which 

facilitates more uniform particle distribution and 

extends the life cycle of PCM. Several studies have 

proposed the use of surfactants in PCM composites. 

 Alrobei et al. [153] conducted a study aimed at 

enhancing the thermal conductivity of paraffin wax 

through the application of surfactants. The surfactants 

employed as thermal conductivity enhancers (TCE) 

included cetyltrimethyl ammonium bromide (CTAB), 

dioctyl sodium sulfosuccinate (AOT), and sodium 

dodecyl sulfate (SDS). The self-aggregation of 

surfactants into micelles serves as a conductive medium 

within the paraffin wax, thereby improving thermal 

conductivity. The highest heat transfer rate, with a peak 

temperature of 71C, was observed in the AOT micellar 

paraffin wax. The addition of SDS, CTAB, and AOT 

surfactants resulted in an increase in the highest 

temperature by 4, 8.4 and 18.33%, respectively, 

compared to pure PCM [153]. Conversely, Pantea et al. 

focused on the production of nanoemulsions with 

commercial RT42 paraffin fine droplets, stabilized 

using the anionic surfactant SDS via a sonication 

method [154]. The study investigated the impact of 

PCM nanoemulsion formulation on thermophysical and 

rheological characterization. The findings indicated a 

reduction in the supercooling rate from 12.8 to 8.6C as 

the volume fraction of PCM was varied from 10 to 45 

vol%. This reduction is attributed to the enlargement of 

the PCM droplet size from 110 to 164 nm while 

maintaining a constant PCM-to-surfactant ratio of 10:1. 

The incorporation of Fe3O4 nanoparticles as a nucleating 

agent at concentrations of 1 and 4% resulted in a 

decrease in the supercooling degree from 10.2 to 8.2C 

with the addition of 4% Fe3O4 nanoparticles. The 

samples demonstrated remarkable stability over a one-

year storage period and under dynamic conditions, 

including 50 freeze-thaw cycles. An investigation into 

the rheology and gelation mechanism, through the 

estimation of attraction and repulsion interaction forces 

among the droplets, revealed that the nanoemulsion with 

a volume fraction ≥30% transitioned from a fluid-like 

state to a viscoelastic gel due to the thinning attraction 

caused by SDS micelles in the continuous phase. These 

findings contribute to a deeper understanding of the 

factors influencing the gel formation of viscoelastic 

PCM nanoemulsions and their potential applications in 

various fields. 

 Leong et al. [155] investigated the properties of 

efficient phase change materials (PCM), emphasizing 

the necessity for both high latent heat and thermal 

conductivity. This study examined the influence of 

multi-walled carbon nanotube (MWCNT) weight 

percentage (0 - 0.08 wt%) and various surfactants, 
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including gum arabic (GA), polyvinylpyrrolidone 

(PVP), sodium doxylbenzene sulfonate (SDBS), and 

sodium dodecyl sulfate (SDS), on the thermal 

conductivity, melting temperature, latent heat of 

melting, and thermal stability of paraffin wax. The 

findings revealed that paraffin wax with 0.06 wt% 

MWCNTs, without surfactant, exhibited the highest 

thermal conductivity improvement (48%) compared to 

pure paraffin wax. Additionally, paraffin wax with 0.08 

wt% MWCNTs combined with PVP, SDBS, and SDS 

demonstrated higher thermal conductivity than samples 

with GA. Thermogravimetric analysis (TGA) indicated 

that all samples exhibited one-step decomposition 

characteristics.  

 Sheikh et al. [156] conducted an experimental 

investigation into the effects of incorporating graphite 

with various surfactants into a biobased PCM on its 

cooling performance. The graphite-based PCM 

(GraPCM) was prepared by stirring and sonicating 

graphite with surfactants such as Sodium Stearoyl 

Lactylate, SDBS, and SDS in a liquid biobased PCM. 

The experiments showed that the thermal conductivity 

of the bio-based PCM increased with graphite-SDS at a 

mass fraction of 5% graphite. A graphite ratio of 1:3 

resulted in a 240% increase to 0.748 W/m K and a 218% 

increase to 0.70 W/m K when mixed with graphite-

SDBS and surfactant at a 5% mass fraction of graphite. 

This resulted in the longest time for GraPCM-SDBS and 

GraPCM-SDS to reach the reference temperature of 43 

C, with delays of 185 and 175 s, respectively. It was 

observed that increasing the surfactant concentration 

further delayed reaching the reference temperature in 

the case of GraPCM-SDS. These results align with 

existing literature, which suggests that surfactants and 

graphite enhance the thermal conductivity of PCM. 

Several other studies have successfully reported 

improvements in the long-term stability of PCM and 

addressed the negative impacts of additive methods. For 

instance, Zaimi et al. [157] evaluated the role of Sodium 

Dodecylbenzene Sulfonate as a surfactant in enhancing 

the thermophysical properties of paraffin/graphene 

nanoplatelet PCM. Zhou et al. [158] examined the 

effects of SDBS and BS-12 on the functional groups and 

wettability of multicomponent acidified lignite. 

 

 Encapsulation 

Barrett K. Green pioneered the PCM 

encapsulation technique as early as 1940. This method 

involves encapsulating the PCM material with an 

appropriate coating substance to isolate it from its 

environment. Encapsulated phase change materials are 

categorized based on the material design area, core-shell 

phase change, and PCM shape stability [159]. Core-

phase change materials comprise PCM particles at the 

center, surrounded by a shell composed of different 

materials. Various manufacturing techniques for PCM 

encapsulation exist, including emulsion polymerization 

[160], interfacial polycondensation [161], miniemulsion 

polymerization, in situ polymerization, sol-gel [159], 

and alternative methods [162]. The classification of 

PCM encapsulation is determined by the particle size: 

(i) nano encapsulation (between 1 and 1,000 nm) 

(ii) micro encapsulation (between 0 and 1,000 μm) 

(iii) macro encapsulation (above 1 mm) 

 

 PCM encapsulation is typically categorized 

according to the type of container used, such as 

spherical, cylindrical, tubular, or cubical containers, as 

depicted in Figure 7. Additionally, encapsulation 

processes are generally classified into 3 types based on 

their formation mechanism: physical, physical-

chemical, and chemical methods, as shown in Table 12 

[163,164].
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Figure 7 PCM encapsulation classification. 
  

 

Table 12 PCM encapsulation method [165]. 

Category Category 

Physical Methods 

Suspension-based pan coating, centrifugal extrusion methods, drying through 

spray processes, nozzle vibration technology, evaporation or extraction of 

solvents, impregnation using vacuum, and bonding through electrostatic 

means. 

Chemical Methods 
Emulsion polymerization, interfacial polymerization, suspension 

polymerization, in situ polymerization,. 

Physics-Chemical Method Complex coacervation, ionic gelation, sol gel. 

 

 

 In accordance with the data presented in Table 12 

on PCM encapsulation methods, each category was 

further divided into sub-methods, as depicted in Figure 

13 [14,132].  

 

 Nano encapsulation 

 A relatively recent technique for PCM 

encapsulation is nano-encapsulation, which seeks to 

address issues such as leakage protection, improved 

thermal physical strength, enhanced heat transfer, 

increased reliability, and stable charging and 

discharging cycles. Nano-encapsulation is a coating 

technology that involves nanoparticles, referred to as the 

core or active material, coated with a secondary material 

known as the matrix or shell to create nanocapsules. The 

core contains the active ingredient, whereas the shell 

protects the core from the environment. This shield can 

be temporary or permanent, and the core is typically 

released through diffusion or in response to triggers such 

as pH or shear, allowing for timely and directed 

movement to the intended site. Extensive research 

efforts have explored the application of nano-

encapsulation in phase change materials (PCM) to 

enhance their thermophysical characteristics and 

durability. In one such investigation, Marske et al. 

[166], investigated shape-stabilized phase change 

materials (ss-PCM) using the sol-gel method and 

demonstrated their capacity to store thermal energy at 

levels up to 5 times higher than that of conventional 

composite PCM. Recent investigations have focused on 

developing ss-PCM with enhanced mechanical stability 

through a porogen-assisted sol-gel process. The 

researchers examined the Effects of sodium dodecyl 

sulfate (SDS) and poly (vinyl alcohol) (PVA) porogens 

on the properties of in situ formed ss-PCM. During 

gelation, silica frameworks were constructed around the 

PCM droplets coated with SDS in an oil-in-water 

emulsion. Irrespective of the quantity of porogen 

utilized in the synthesis, all the ss-PCM exhibited high 

shape stability (~100%), exceptional long-term 

performance (>2,000 thermal cycles), and strong 

chemical stability. Increasing the PVA content resulted 



Trends Sci. 2025; 22(9): 10308   23 of 57 

in the separation of the emulsion into large hydrophilic 

and small hydrophobic regions, expanding the silica 

macropore width in the ss-PCM from 1,007 to 8,801 nm 

due to silica fragmentation during drying. This 

fragmentation reduced the compressive strength (1.2 

MPa) and thermal conductivity (0.37 W/mK) of ss-PCM 

by 50 and 17% (10C), respectively. Conversely, 

insufficient SDS failed to stabilize all the PCM droplets 

in the emulsion, resulting in partial silica phase 

fragmentation. Excessive SDS concentrations decreased 

the emulsion viscosity and stability, causing silica 

macropores to collapse during drying. This collapse 

diminished the compressive strength (10.2 MPa) and 

thermal conductivity (0.37 W/mK) of the ss-PCM by 

63% and 25% (10C), respectively. 

 

 Micro encapsulation 

 Microcapsules are produced by coating phase 

change materials (PCM) with film-forming materials to 

create particles on the micron or nano scale. The 

methods for creating microcapsules can be divided into 

3 categories based on their synthesis mechanism: 

Physical, chemical, and physico-chemical. A significant 

amount of research has been conducted on the 

microencapsulation of PCM, as shown in Table 14. 

 

Table 13 PCM nano encapsulation summary. 

Core Shell Method 

Melting 

temperature 

Tm (C) 

Latent heat 

Hf (kJ/kg) 
Ref. 

Paraffin 
Magnetic 

Nanoparticles 
Interfacial Polymerization 55.85 87.40 [167] 

Paraffin PMMA-SiO2 Interfacial Polymerization 26.80 69.90 [168] 

Paraffin PS-co-EA Emulsion Polymerization 42.39 49.03 [169] 

Paraffin St-co-MMA 
Miniemulsion 

polymerization 
61.50 140.30 [170] 

Paraffin PS Sol-Gel 27.10 110.05 [171] 

Paraffin 

Wax 
Gelatin/Acacia Spary Drying 60 145 [172] 

Paraffin 

Wax 
Gelatin/Acacia Coacervation 60 213 [172] 

Paraffin 

Wax 
SiO2 Sol-Gel 27.1 110.1 [173] 

 

 

Table 14 PCM micro encapsulation summary. 

Core Shell Method 
Melting temperature 

Tm (C) 

Latent heat 

Hf (kJ/kg) 
Ref. 

Paraffin MF/GO In-situ Polymerization 44.2 202.8 [18] 

Paraffin MF/Graphene In-situ Polymerization 82.8 108.9 [174] 

Paraffin 
Methy 

methacrylate 
Emulsion Polymerization 21.5 136.9 [175] 

Paraffin CaCO3 Self-assembly 47.5 115.2 [176] 

Paraffin Polyurea Interfacial Polymerization 27.5 92.5 [177] 

 

 Complementing the results presented in Table 14, 

Do et al. [16], investigated microencapsulation methods 

that utilize interfacial polycondensation reactions. Their 

objective was to prevent PCM liquid leakage at 

temperatures exceeding the melting point, and to 

develop a novel PCM with enhanced thermal 
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conductivity and energy storage capacity. In this study, 

stable phase-change microcapsules comprising a silica 

shell and Fe3O4 were combined with n-eicosane. Cu 

metal nanoparticles were incorporated into the outer 

wall of the capsule to enhance thermal conductivity for 

efficient heat transfer. This study demonstrated that n-

eicosane-Fe3O4@SiO2@Cu microcapsules exhibited 

exceptional heat transfer properties owing to their high 

thermal conductivity and effective thermal energy 

storage release performance by inhibiting supercooling. 

These microcapsules achieved an encapsulation 

efficiency of 61.48%, an energy storage efficiency of 

61.47%, and a thermal storage capacity of 99.99%. 

Furthermore, multiple cycles of differential scanning 

calorimetry demonstrated outstanding thermal 

reliability and shape stability even during repeated 

melting and cooling processes. This indicates that the 

Fe3O4@SiO2@Cu n-eicosane microcapsules have 

potential as PCM suitable for industrial applications.    

 Khan et al. [178], emphasized the critical 

importance of microencapsulation in preventing phase 

change materials (PCM) from escaping into their 

surrounding environment. The optimal microcapsules 

should facilitate the storage and release of latent heat 

from the PCM without inducing any physicochemical 

alterations in the core (PCM) or shell material 

(polymer). The properties of the shell material 

determine the characteristics of the PCM capsules, 

including heat transfer efficiency, thermal conductivity, 

water dispersibility, and durability. The investigators in 

this study employed a random copolymer, poly(methyl 

methacrylate-co-2-hydroxyethyl methacrylate) 

(poly(MMA-co-HEMA)), with an optimal ratio of 75/25 

(methyl methacrylate (MMA)/2-hydroxyethyl 

methacrylate (HEMA)) as the encapsulating shell for 

Paraffin Wax (PCM). Microcapsules approximately 5 

μm in diameter, with a shell thickness of approximately 

0.8 μm, were synthesized using the emulsion solvent 

evaporation technique, achieving a high encapsulation 

efficiency (~92.34%) and thermal storage capability 

(99.85%). The water-absorbable PHEMA (poly(2-

hydroxyethyl methacrylate)) shell not only exhibited 

excellent water dispersibility but also demonstrated an 

increase in thermal conductivity from 0.1 to 0.49 

W/(mK) at 25°C when wet compared to its dry state. 

The capsules exhibited good longevity and maintained 

their thermal properties and water dispersibility even 

after 500 heating/cooling cycles. To assess the 

practicality of this water-dispersible microencapsulated 

PCM, it was incorporated into natural rubber latex in 

various proportions, resulting in rubber composites with 

exceptional thermoregulatory properties and enhanced 

mechanical strengths. 

 

 Macro encapsulation  

 Macroencapsulation of PCM enhance heat transfer 

rates by increasing surface area and thermal 

conductivity. This process is typically applied to PCM 

in thermal building systems. Macroencapsulation 

prevents direct contact between PCM and building 

materials or the surrounding environment, thereby 

ensuring PCM stability. The macroencapsulation 

process involves encapsulating the PCM in a shell 

material larger than 5 mm in size, with the shape of the 

encapsulated shell varying (tube, cylinder, bag, cube, 

etc.). This design allows for the easy incorporation of 

macro-encapsulated PCM into building envelopes of 

diverse dimensions and shapes. The different container 

types used for the macro-encapsulated PCM are 

illustrated in Figure 11. The geometry of a container 

depends on the dimensions of the parent building 

material to be incorporated. Ideally, the container should 

be made of metallic or plastic. If high heat transfer is a 

priority, a metal container is preferred [179]. 

 Qudama and Marta [25], conducted an experiment 

to evaluate the thermal efficiency of concrete bricks 

containing PCM. They produced 4 concrete bricks, with 

3 incorporating macroencapsulated PCM and one 

serving as a control. The thermal performances of the 

bricks were assessed under high-temperature conditions. 

This study investigated the effect of PCM encapsulation 

on the thermal properties of bricks while maintaining a 

constant PCM quantity. The bricks featured 3 distinct 

PCM capsule configurations: a single large capsule 

(Brick-B, 4×4×10 cm3), 2 capsules (Brick-C,4×4×5 

cm3), and 5 capsules (Brick-D, 4×4×2 cm3). The 

researchers calculated the peak temperature reduction 

(PTR), conductive heat transfer reduction (HTRc), and 

delay time (TD) by comparing the inner and outer 

surface temperatures of the PCM-infused bricks to the 

reference brick. The findings indicate that incorporating 

PCM into concrete bricks significantly enhances their 

thermal performance, even at extreme outdoor 

temperatures. Notably, Brick-D exhibited the most 



Trends Sci. 2025; 22(9): 10308   25 of 57 

favorable thermal characteristics, with PTR, HTRc, and 

TD improvements of 156.5, 61 and 133%, respectively, 

compared to the control brick under maximum outdoor 

temperature conditions.    

 Andrzejczyk et al. [186] examined the variation in 

macro patterns of PCM encapsulation in concrete, as 

illustrated in Figure 8(a). Their findings demonstrated 

that Cuboid_2 blocks containing 1.5 kg PCM required 

approximately 1 h longer to fully melt compared to 

Cuboid_1 blocks with 1 kg PCM. This discrepancy was 

attributed to the larger PCM mass, which required more 

energy for melting. Moreover, increasing the PCM 

content results in lower maximum block temperatures. 

Concrete blocks without PCM reached 67.8°C, while 

those with 1 kg and 1.5 kg PCM attained 47.2 and 

30.8C, respectively. The study concluded that the PCM 

mass should be optimized for local conditions to achieve 

maximum effectiveness because excess PCM may not 

fully melt.   

 

 

Figure 8 Schematic of Variation of PCM Macroencapsulation Method in Concrete, (a) reprinted with permission from 

Elsevier [180], (b) reprinted with permission from Elsevier [181]. 

 

 Figure 8 illustrates various macroencapsulation 

techniques employed in phase change material (PCM) 

for thermal energy storage applications in concrete. The 

widespread utilization of macroencapsulation methods 

has been demonstrated in previous research. For 

instance,  

 On other hand, Gao et al, 2020 [182], investigated 

the heat-related characteristics of PCM-filled hollow 

bricks, as illustrated Figure 8(b). The researchers 

selected a standard hollow brick with 20 cavities and 

considered 5 locations for PCM placement utilizing a 

20% filling ratio. To simulate real-world applications, a 

typical wall was constructed. All wall components were 

assumed to be uniform and isotropic with constant 

physical properties. The study documented the thermal 

properties of the wall material, and the PCM employed 

had a phase-change temperature range of 18 - 23C. 

According to Vérez et al. [183], the utilization of latent 

heat energy storage can significantly enhance the energy 

system efficiency owing to its superior energy density 

compared to sensible heat storage methods. The 

researchers emphasized that the design of the storage 

material encapsulation is a critical factor that 

substantially influences the heat transfer during the 

charging and discharging processes of the storage 

system. Consequently, they determined that macro-

encapsulation represents a widely adopted and 

efficacious approach in thermal energy storage (TES) 

systems, primarily because of its manufacturing 

feasibility and cost-effectiveness. 

 

 PCM application 

 PCM can be used in various applications, such as 

thermal storage, thermal management of electronic 

equipment, heat pipes, batteries, construction, building 

cooling, solar energy, and solar stills. Table 16 is a 

summary of previous research on PCM applications. 
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Table 15 Summary of PCM applications. 

PCM Type Method PCM application Ref. 

Paraffin-copper foam Experimentation and Simulation Thermal energy storage [184] 

Paraffin/beeswax/plaster Experimentation Applications in buildings [185] 

biodegradable PCM Experimentation and Numerical Battery [186] 

Paraffin and oil Experimentation Energy storage in solar stills [187] 

Composite PCM foam Experimentation Heat pipe-assisted thermal and thermoelectric storage [188] 

Paraffin and nanoparticles Numerical simulation Heat pipe solar system [189] 
  

 

 

 

 

 Thermal energy storage (TES) 

 Energy storage systems employ 4 primary 

methodologies: mechanical, electrical, thermochemical, 

and thermal. Thermal energy storage is frequently 

utilized in buildings, as shown in Table 16. This 

methodology involves the storage of excess thermal 

energy in materials for subsequent use in heating and 

cooling applications [190]. Thermal energy storage 

(TES) enhances the thermal energy efficiency by 

reconciling the discrepancies between energy 

consumption and production in terms of timing, 

temperature, location, and power [190]. The TES 

process comprises of 3 phases: Charging, storage, and 

discharging. Charging occurs when an external energy 

source is available, whereas discharging transpires when 

the source is unavailable. These 3 phases constitute a 

repeating cycle, and the efficiency of each phase is 

determined by the thermophysical properties of the 

storage medium. Recently, researchers have 

demonstrated a significant interest in the 

implementation of TES in buildings. In this context, 

TES enhances energy efficiency by increasing 

renewable energy utilization and decreasing energy 

consumption for heating and cooling [191]. 

 

Table 16 Differences in Thermal Storage Techniques [90,192]. 

TES Principle Advantages Materials Applications 

Sensible Heat 

Storage 

Increase or decrease the 

temperature of the 

storage material 

Low cost, 

Easy operation 

Water, stone, 

concrete, liquid 

metal, etc. 

Solar energy storage 

and 

Building structure 

Latent Heat Storage 
Solid-liquid phase 

transition 

High energy storage density, 

High latent heat, Maintains 

nearly constant temperature 

Paraffin, salt 

hydrates, 

metals, etc. 

Thermal energy 

storage, Solar power 

engineering, 

Heat pumps, 

Thermal control 

Industrial waste heat 

Thermochemical 

Reaction Storage 

Reversible chemical 

reactions 

Highest energy storage density, 

Negligible heat loss 

Ammonia, 

hydrates, metal 

hydrides, etc. 

There is no app 

currently 

 

 Latent heat 

 The constant phase transition of a material from 

one physical state to another above its melting point 

characterizes the latent-heat-storage method. The 

quantity of heat stored is contingent upon the material’s 

storage mass (kg) and enthalpy or heat of fusion (kJ/kg). 

Latent heat storage can utilize various phase changes, 

including solid-solid, solid-gas, liquid-gas, and solid-

liquid changes. However, solid-liquid phase change has 

been extensively investigated for latent heat storage 

owing to its minimal volume change and cost-

effectiveness. Latent heat storage using phase change 

materials (PCM) offers a higher energy storage density 

(350 MJ/m3) compared to sensible heat storage, 

rendering it a promising approach for enhancing 

building energy efficiency [193]. 
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 Thermochemical systems use the energy absorbed 

and released during the breaking and reforming of 

molecular bonds in fully reversible chemical reactions. 

The capacity to provide high energy storage density and 

store heat at a constant temperature corresponding to the 

phase transition temperature of the PCM makes latent 

heat thermal energy storage advantageous. 

Consequently, any latent heat energy storage system 

requires a PCM with a melting point in the appropriate 

temperature range, a suitable heat exchange surface, an 

adequate container, and compatibility with the PCM. 

Latent heat storage (LHS) operates based on the 

principle of thermal absorption or release during the 

phase change of the storage material, whether from solid 

to liquid, liquid to gas, or vice versa. The storage 

capacity of an LHS system employing a PCM medium 

is determined using the following Eqs. (2) and (3): 
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i m

TT

p m m p
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Q mC dT ma h mC dT= +  +                                        (2)  

1( ) ( )sp m i m m p f mQ m C T T a h C T T = − +  + −         (3) 

where the mass of the material (m) is expressed in 

kilograms (kg), the temperature (T) is measured in 

kelvin (K), the specific heat capacity (Cp) is given in 

(kJ/kgK), the melting fraction of PCM (am), and the 

enthalpy of fusion (Δhm) [194]. 

 

 Sensible heat storage     

 Thermal energy storage (TES) in buildings 

predominantly uses sensible heat storage (SHS) as the 

primary methodology. This approach involves 

fluctuations in the temperature of the storage material 

over time, facilitating heat storage and release. The 

energy storage capacity is influenced by multiple 

factors, including mass (kg) and specific heat (J/kg.K), 

and temperature differential (C) of the storage material. 

Additional properties affecting the SHS capacity include 

operational temperature, thermal conductivity, stability, 

vapor pressure, compatibility, and cost [195]. During 

SHS, the system stores thermal energy by increasing the 

temperature of the material in an endothermic process 

and releases it during an exothermic process without any 

phase transition. Construction materials, such as cement 

mortar, concrete, limestone, wood, stone, planks, and 

ceramic tiles, are frequently employed for sensible heat 

storage. The quantity of heat stored in the SHS was 

calculated using the heat capacity of the medium, 

temperature change, and quantity of storage material, as 

represented by a specific equation [194], as shown in 

Eqs. (4) and (5): 
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Concrete thermal energy storage system 

Energy use continues to increase, resulting in an 

energy crisis and environmental problems, with the 

building sector being one of the largest contributors to 

energy use. Various strategies have been carried out by 

many researchers to reduce energy consumption 

[196,197]. The active and passive use of PCM in 

buildings ensures that the indoor temperature is as low 

as possible, thereby reducing the amount of energy 

required owing to the alternative use of air conditioners 

[198]. In Figure 9, which shows previous research 

related to the use of PCM in concrete, there are various 

variations of PCM encapsulation techniques in concrete.  

 Vicente and Silva [199], 3 comparable samples 

were investigated: 2 incorporating macroencapsulated 

PCM, one featuring an insulating XPS layer, and the 

other with a standard brick wall. The wall specimens 

were constructed using horizontally fired clay bricks 

(30×20×15 cm3) with metal steel macrocapsule inserts 

(30×17×2.8 cm3 format and 0.75 mm thickness) 

containing organic PCM (paraffin). Figure 9(a) shows 

the structure and composition of the wall specimens. 

This study utilized these materials as they reflect the 

prevalent construction of external sheathing walls in 

Southern Europe, which typically employ horizontal 

hollow clay bricks or blocks with external insulation. 

 Iqbal et al. [115], effects of PCM on heat transfer, 

thermal comfort, and energy efficiency in buildings. 

They developed insulated concrete hollow blocks 

(CHBs) and cellings (CILs) as PCM covers with mortar 

to reduce the costs. As depicted in Figure 9(b), the 

CHBs measured 40×20×12 cm3 and were comprised of 

2 hollow rectangular blocks (16×7×17 cm3). PCM was 

incorporated into the hollow sections of the CHBs. Eight 

CHBs were produced using cement mortar and varying 

PCM percentages (0, 50 and 75%) of the sand volume. 

Additionally, 3 CHB specimens were created to evaluate 
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the impact of substituting PU and PCM for a specific 

sand volume (100% PU + 0% PCM, 50% PU + 50% 

PCM, and 25% PU + 75% PCM) with PCM ratios of 0, 

50 and 75% of the PU volume. All mixtures were 

maintained at a water/cement ratio of 0.5. The 8th CHB 

specimen contained a pure PCM. The preparation of 

(PCM+NS) and (PCM+PU) mixtures were prepared in 

a laboratory at room temperature. The process involved 

dry mixing of sand, aggregates, pumice, and PCM for 3 

min, followed by the addition of cement and mixing for 

2 min. Subsequently, 60% cold water was introduced 

into the dry mixture and mixed for 3 min to ensure the 

stability of the PCM powder. Finally, the remaining cold 

water was added and mixed for 4 - 5 min. 

 Saxena et al. [203], depicts modified bricks with 

single and double slots, as shown in Figure 9(c). These 

bricks feature galvanised steel encapsulation with and 

without fins, with outer dimensions of 22.5×12×10 cm3. 

The slots have dimensions of 1.7 cm (thickness) and 16 

cm (length), and ASTM A525 (galvanized) steel, 0.4 

mm thick, with dimensions of 15.5×9×1.5 cm3, is used 

for PCM encapsulation. On the other hand, Zhang and 

Deng [200]. Conducted PCM experiments in concrete, 

as shown in Figure 9(d). The figure shows 3 types of 

experimental hollow blocks (Block a, Block b, and 

Block c) containing “Capric Acid” PCM. The hollow 

blocks were supplemented with PCM. Compared with 

Laaouatni et al. [201]. Presented commercial hollow 

concrete blocks with dimensions of length × height × 

width: 50×20×9.5 cm3) (as shown in Figure 9(e), the 

blocks used in the experiments had different 

dimensions. The concrete block consisted of 3 

parallelepiped cavities, and PVC tubes with a diameter 

of 2 cm and thickness of 1 mm were used. The PCM was 

introduced directly into the cavity in the liquid state (at 

a temperature higher than the solid gel temperature). 

The PCM used was a mixture of paraffin and styrene-

type polymers. Figure 9(f) represents the study 

conducted by Tetuko et al. [26], where they 

experimented with creating concrete using a mix of 

lightweight aggregate, cement, sand, and water (in a 

ratio of 2:1:1.5:0.7). The resulting concrete had 

dimensions of 50×50×50 mm3. The researchers installed 

copper tubes (measuring 12.7 mm in diameter and 50 

mm in length) in the concrete in various arrangements, 

including 4 square, 4 cross and 6 rectangular formations. 

The concrete was then cured for 28 days at room 

temperature. Subsequently, the researchers filled the 

copper tubes with several types of PCM, including 

paraffin-magnetite, paraffin, and PEG composites. 

 

 

Figure 9 Thermal Energy Storage in Concrete, (a) reprinted with permission from Elsevier [199], (b) reprinted with 

permission from Elsevier [202], (c) reprinted with permission from Elsevier [203], (d) reprinted with permission from 

Elsevier [200], (e) reprinted with permission from Elsevier [201], (f) reprinted with permission from Elsevier [26]. 
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The incorporation of PCM into concrete 

formulations has been shown to enhance the mechanical 

strength of materials. This enhancement is attributed to 

the high additive density of PCM and the influence of 

encapsulating materials, such as copper and aluminum, 

within the concrete matrix. Several studies have 

investigated the mechanical properties of concrete 

containing PCM. For instance, Florez et al. [204] 

reported the impact of mix content on the mechanical 

properties of concrete, noting that a maximum 

compressive strength of 60 MPa was achieved with 

composites containing 10 wt% magnetite, representing 

a 50% increase in the compressive strength of 

conventional concrete. However, at magnetite 

concentrations exceeding 20 wt.%, a notable reduction 

in compressive strength was observed, likely due to van 

der Waals forces leading to particle agglomeration. 

Conversely, Chang et al. [205] highlighted the 

application of microcapsule PCM in construction and 

demonstrated their integration into concrete mixes, 

wallboards, cement mortars, gypsum plasters, sandwich 

panels, and floor slabs to address the cooling, heating, 

and energy requirements of buildings [206]. The 

incorporation of microcapsules into concrete has been 

shown to enhance the fire resistance, thermal insulation, 

and acoustic properties of the walls. Kazanci et al. [207] 

utilized polystyrene-coated paraffin to synthesize flame-

retardant microcapsule PCM, which were then 

incorporated into concrete blocks and evaluated using 

standard testing methods. The cast model, with a 

thickness of 12.5 mm, was subjected to a single flame 

source, and no dripping or flaming was observed, 

achieving the safety level “d0” as per the test standard 

“EN 1350-1”. Aguayo et al. [208] demonstrated that the 

addition of microcapsule PCM to concrete significantly 

improves its overall mechanical resistance and stiffness. 

 Hu et al. [209] reported that the addition of 2 wt% 

carbon nanotubes (CNTs) resulted in an increase in 

mechanical strength by 1.47 MPa. To enhance the 

utilization of steel slag solid waste and achieve 

objectives related to pollution reduction, carbon 

reduction, and synergistic efficiency, this study prepared 

a paraffin/SSMPC composite phase-change material 

(CPCM) using a spontaneous infiltration method, with 

paraffin serving as the phase change material (PCM). 

The achieved mechanical strength ranged from 0.53 to 

4.22 MPa. Afgan et al. [210] demonstrated that concrete 

developed with 100% macro-encapsulated aggregates 

exhibited a compressive strength exceeding 15 MPa and 

has the potential to conserve energy by reducing the 

internal temperature by 6.4C, while maintaining 

stability under high temperature fluctuations within a 

narrow range (22 - 30.2C). Shen et al. [211] reported 

that the 7-day strength of high-strength concrete (HSC) 

increased to 8.6 MPa with the addition of multi-walled 

carbon nanotubes (MWCNT) to 30 wt% modified 

CMPCM, meeting standard requirements. Based on 

these research findings, the use of PCM and PCM 

encapsulation techniques has been confirmed to enhance 

the mechanical strength and durability of concrete. 

 

PCM analysis 

PCM analysis can be conducted through various 

measurements and characterizations, which are intended 

to evaluate the effectiveness of using PCM as a thermal 

energy storage medium, particularly in the context of 

concrete and buildings. The analysis techniques for 

PCM are classified into 4 distinct categories based on 

their nature and purpose: thermal properties, physical 

stability, chemical stability, and numerical/simulation. 

 

 Characterization of thermal properties 

 The characterization and measurement analysis of 

PCM based on thermal properties can be achieved by 

measuring various parameters such as thermal 

conductivity, thermal distribution, Differential 

Scanning Calorimetry (DSC), and Thermogravimetric 

Analysis (TGA). These measurements are critical for 

assessing the stability and efficiency of PCM as thermal 

energy storage media. 

 

 Analysis of thermal conductivity PCM 

 The thermal conductivity of the PCM is a crucial 

factor to understand, as it determines the mobility and 

phase change of the medium due to thermal agitation. 

Numerous studies have been conducted to measure the 

thermal conductivities of PCM, as illustrated in Figure 

10. 

 According to He et al. [23]. As shown in Figure 

10(a), the addition of Fe3O4 nanoparticles to paraffin for 

thermal energy storage PCM resulted in an increase in 

thermal conductivity by adding Fe3O4 of 1, 2 and 3 wt.% 
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respectively to paraffin. The results obtained were 

0.298, 0.315 and 0.331 W/mK, respectively, which were 

higher than the pristine paraffin value of 0.251 W/mK. 

When compared to the research of Singh et al. [20]. In 

which SiO2, Al2O3, and MgO each by 0.1 vol% to 

paraffin, the addition of SiO2 resulted in a significant 

increase in the thermal conductivity compared to Al2O3 

and MgO, as shown in Figure 10(b). 

 Cao et al. [212]. Demonstrated an increase in 

thermal conductivity of PCM with the addition of CNTs, 

as shown in Figure 10(c). The thermal conductivity of 

the PCM without CNTs has the lowest value of 0.1816 

W/mK, and on the other hand, by adding CNTs, the 

thermal conductivity increased to a maximum of 0.3075 

W/mK, which was 1.7 times higher than that before. 

Laghari et al. [213]. Showed the thermal conductivity of 

paraffin wax (PW), PW/TiO2, and 

PW/TiO2Grcomposites. The results indicated that the 

PCM values for the PW, PW/TiO2-0.1, PW/TiO2-0.5, 

PW/TiO2-1.0 and PW/TiO2-2.0 composites were 

0.1958, 0.3247, 0.3632, 0.4304 and 0.3655 W/m.K, 

respectively. All samples displayed higher thermal 

conductivity values than pristine PW. This is because 

the thermal conductivity of TiO2 was significantly 

higher than that of PW. Thus, the thermal conductivity 

of the composite increased as the mass ratio of TiO2 

nanoparticles increased. SDBS was added as a 

surfactant to enhance the thermal conductivity of the 

composite. thermal conductivity plays a crucial role in 

the enhancement of energy storage. However, it should 

be noted that the addition of TiO2 at 2% decreased the 

thermal conductivity of PW/TiO2-2.0, as shown in 

Figure 10(d). This suggests that the sample is unstable 

owing to the agglomeration of nanoparticles, which 

changes the measurement region of composition and 

properties, and results in significantly lower thermal 

conductivity near the base PCM. 

 

 

Figure 10 Thermal Conductivity Characterization Results, (a) PCM Paraffin-Fe3O4, reprinted with permission from 

Elsevier [23], (b) PCM Paraffin-SiO2, Al2O3, MgO reprinted with permission from Elsevier [20], (c) PCM Paraffin Wax-

CNT reprinted with permission from John Wiley and Sons [212], (d) PCM Paraffin-TiO2 reprinted with permission from 

Elsevier [213]. 

 

 Analysis of thermal distribution PCM 

 PCM for thermal energy storage in concrete 

require thermal distribution analysis to determine their 

ability to absorb and release thermal energy. Therefore, 

it is necessary to understand the experimental 

techniques for thermal distribution measurements. 

Several studies have been conducted using different 

experimental variations, as shown in Figure 11. 
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 A study by Al-Yasiri and Szabó [4], investigated 

the thermal distribution of bricks incorporating phase 

change material (PCM). The researchers utilized bricks 

measuring 23×12×7 cm3, with one serving as a control 

(A) and 7 others containing PCM capsules of various 

shapes and sizes (labeled B through H). The test 

chamber was constructed using an 80 mm thick high-

density cork and covered with fiberglass for enhanced 

insulation. Each brick was placed in a separate 

compartment with thermocouples on both sides to 

monitor temperature differences throughout the 

experiment. To prevent air leakage and ensure that heat 

transfer occurred solely through the bricks, they were 

sealed with high-quality insulation foam during the 

installation. The experiment was conducted over 4 

consecutive hot days in September, from 6:00 am on 

16.09.2020 to 6:00 am on 20.09.2020. September is 

typically one of the hottest months in Iraq, along with 

July and August, and is characterized by peak solar 

radiation and ambient temperature levels. In addition, 

Qudama and Marta [25], conducted an additional 

investigation. They utilized an Arduino multichannel-

based data logger (Mega 2560 type) for thermal 

distribution tests, employing T-type thermocouples to 

measure the temperatures of the exterior and interior 

surfaces of the bricks. Each brick was instrumented with 

2 thermocouples, one on the outer surface and the other 

on the center of the inner surface. The inner sensors were 

inserted through small apertures in the cork frame and 

insulation blanket, which were subsequently sealed with 

foam to prevent air infiltration. The outer sensor 

readings were averaged to determine the outer brick 

surface temperature (To), whereas the inner sensors 

provided individual measurements for each brick (Ti). 

The data logger was programmed to record temperature 

fluctuations at 10-min intervals, continuously storing 

measurements throughout the diurnal cycle. 

Furthermore, solar radiation (SR) was manually 

measured at 30-min intervals during daylight hours 

using a solar meter. 

 

 

Figure 11 Experimental Thermal Distribution Testing of PCM Concrete, (a) reprinted with permission from Elsevier 

[26], (b) reprinted with permission from Elsevier [202]. 

 

 

Tetuko et al. [26], conducted an experimental 

investigation that deviated from previous research 

findings. They examined the temperature distribution in 

concrete containing Phase Change Materials (PCM) 

using thermocouples and data loggers. The experiment 

involved positioning a heater on the concrete surface 

connected to an AC power supply to generate a 

temperature of 80°C. Rockwool was used as thermal 

insulation to minimize heat loss. Figure 14(c) illustrates 

the experimental setup, including the configuration of 

concrete and copper tube formations filled with various 

PCM composites: paraffin-magnetite, paraffin, and 

PEG. Therefore, thermal distribution experiments were 

conducted by Heniegal et al. [202], using electric 

heaters, as depicted in Figure 11(b). The experimental 

apparatus incorporated a heating system with a thermal 

electric heater, enabling heat control on the bottom 

surface of a 5 mm thick copper plate. This configuration 
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ensured heat transfer perpendicular to the specimen. The 

test cycle persisted for 24 h, with the initial thermal 

stress established to determine the appropriate heating 

power, not exceeding 70C on the heated surface after 

approximately 6 h. Subsequently, the heating source 

was deactivated, and the equipment was cooled in 

ambient laboratory air at 24 ± 1.5°C. To minimize heat 

loss, the test device was enclosed in a 50 mm thick 

insulating thermoplastic and wooden enclosure. 

Temperature measurements were obtained using 9 K-

type thermocouples, featuring 0.5 mm diameter welds 

and 1 s response times. These thermocouples were 

connected to a data acquisition system equipped with an 

Arduino Mega 2526 microcontroller, which was 

interfaced with a CPU to record the temperatures at the 

9 points. Measurements were recorded every 0.5 s on a 

memory card using the Arduino Mega 2526. The 

acceptable error margin for experimental accuracy was 

±1.5C (±2.15%). The K value of the copper plate was 

subsequently utilized to calculate the heat-transfer rate 

and K value of the specimen. 

 

 

Figure 12 PCM Thermal Distribution (a) PCM Paraffin-Fe3O4, reprinted with permission from Elsevier [26], (b) PCM 

Paraffin-SiO2, Al2O3, MgO, reprinted with permission from Elsevier [20], (c) PCM Paraffin Wax-CNT, reprinted with 

permission from Elsevier [21] (d) PCM Paraffin-TiO2, reprinted with permission from Elsevier [214].  

 

Figure 12 illustrates the results of the thermal 

distribution analysis conducted on the PCM, as reported 

by Tetuko et al. [26]. The investigation examined the 

temperature variations over time in concrete containing 

encapsulated PCM, specifically paraffin-magnetite, 

paraffin, and polyethylene glycol composites, as 

depicted in Figure 12(a). This study used 4 square and 

4 cross concrete designs. The graph shows the duration 

required for the PCM to accumulate heat during the 

warming phase and subsequently release it during the 

cooling phase. The temperature initially increased until 

it reached a steady state at various levels, contingent on 

the type of PCM. Subsequently, the heater was 

deactivated, causing the temperature to decrease until it 

matched ambient conditions. During the heating 

process, heat is transferred from the heater to the 

concrete and copper tubes via conduction, and is 

classified as sensible heat owing to the temperature 

change. Conversely, PCM undergoes a phase transition 

from solid to liquid (melting) without temperature 

alteration and is categorized as latent heat. In the cooling 

phase, following heater deactivation, the PCM begins to 

release latent heat, thereby initiating another phase 

change (solidification). The sample responses differed 

based on the capacity of the PCM to store and release 

heat. The heat storage ability is influenced by the heat 

capacitance and thermal conductivity. The low thermal 

conductivity of the PCM can result in high thermal 
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resistance, impeding heat penetration and the initiation 

of the melting process.   

 A study by Singh et al. [20], examined the thermal 

characteristics of pure paraffin under various inlet 

conditions, including the temperature and volume flow 

rate. The research demonstrated that the melting 

duration of paraffin is significantly influenced by the 

temperature, as illustrated in Figure 12(b). The 

investigators utilized inlet temperatures of 48, 53 and 

58°C, along with heat transfer fluid (HTF) flow rates of 

1, 3, and 5 LMP. The findings revealed that the melting 

temperature of paraffin increases linearly up to 40°C 

with rapid sensible heat storage owing to its low specific 

heat capacity. As melting progressed, the temperature of 

the paraffin gradually increased, indicating a latent heat 

transfer. During this phase, the temperature increased 

from 41 to 44°C, with paraffin transitioning from solid 

to mushy solid and finally to liquid. The subsequent 

rapid temperature increase was attributed to the sensible 

heat. Melting occurred more rapidly at the top of the heat 

exchanger than at the bottom because conduction 

initially dominated the heat transfer. However, natural 

convection became the primary heat transfer mechanism 

when paraffin reached the mushy phase, causing it to 

rise and accumulate at the top of the heat exchanger 

owing to its decreased density. Increasing the HTF 

temperature accelerated the paraffin-filling rate, while 

increasing the HTF flow had a minimal impact on the 

filling rate because of the small cylinder size of the heat 

exchanger. The study found that increasing the inlet 

temperature from 48 to 53°C increased the melting rate 

by 76.1%, while a further increase from 53 to 58°C 

resulted in an 85.5% increase. They concluded that the 

HTF inlet temperature significantly affected the thermal 

performance of the base paraffin.   

 Hu et al. [21], investigated the temperature-time 

curves during heating and cooling of PW-SBS/CNT-85 

and PW-SBS-85 samples, as illustrated in Figure 12(c). 

Two temperature plateaus are observed, corresponding 

to PW melting and crystal transitions. The flexible phase 

change composites containing CNTs exhibited an 

accelerated heating rate and a prolonged melting process 

as the ambient temperature increased. PW-SBS/CNT-85 

reached 48°C in 135 s, followed by a gradual increase to 

56°C at 320 s. The phase transition plateau persisted for 

approximately 185 s, which is 1.5 times longer than that 

of PW-SBS-85. This phenomenon can be partially 

attributed to the presence of highly thermally conductive 

CNTs in the composite matrix, which enhanced the 

overall thermal conductivity and phase-change 

performance. 

Su et al. [214], presented the time-temperature 

relationship curves for pure paraffin and 

paraffin@TiO2/Ag microcapsules in Figure 12(d). Both 

samples demonstrated a rapid temperature increase to 

approximately 48C upon light exposure, with 

paraffin@TiO2/Ag microcapsules exhibiting a faster 

heating rate owing to their higher thermal 

conductivities. At 48 °C, both samples displayed a slow 

temperature increase for a certain period, indicating that 

paraffin@TiO2/Ag exhibited a latent thermal effect 

similar to that of paraffin. After 700 s of light exposure 

under identical conditions, the final temperature of the 

paraffin@TiO2/Ag microcapsules exceeded that of the 

paraffin. These findings demonstrate the superior 

temperature regulation and photothermal conversion 

capabilities of paraffin@TiO2/Ag microcapsules. TiO2 

is frequently employed in architectural coating materials 

because of its versatility, particularly its exceptional 

photocatalytic properties. Therefore, based on some 

explanations of previous research, it can be concluded 

that the PCM encapsulation method with concrete media 

has a wide enough variation, from the results of the 

concrete damal thermal energy storage test as shown in 

Figure 12. PCM is able to absorb heat and release heat. 

 

 Analysis of differential scanning calorimetry 

(DSC)  

 DSC characterisation was conducted to assess the 

heat-flow performance of the PCM. This involves 

examining the phase changes within the PCM, 

specifically during endothermic and exothermic 

processes, as well as determining the peak temperature 

of the melting and solidification process, the latent heat 

value required, and the glassy-rubbery transition 

temperature of the PCM material. 

 Extensive research has been conducted on the 

DSC characterization of PCM, with studies such as 

those by Lu et al. [73]. being frequently cited. Figure 

13(a) illustrates the DSC curves for pure paraffin, 

paraffin/nano-Fe3O4, and PCM composite stability 

cycles during melting and solidification. The composite 

PCM exhibited 2 distinct phase-change peaks in its 

melting and solidification curves. The initial, less 
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prominent peak represents the solid-solid phase change 

of the composite PCM with a lower latent heat, whereas 

the subsequent, more pronounced peak corresponds to 

the liquid-solid phase change with a higher latent heat. 

The DSC curves for both pure paraffin and the 

composite PCM demonstrated minimal differences after 

200 cycles, with any slight variations potentially 

attributable to experimental and crucible errors. 

Furthermore, Figure 13 indicates that as the percentage 

of F Fe3O4 by weight increases, the required latent heat 

decreases. This observation suggests that incorporating 

a higher proportion of Fe3O4 into the PCM enhances the 

phase-change mobility by reducing the energy required 

for the process. 

 Hu et al. [21], conducted a study that revealed the 

melting temperature (Tm) of pure PW to be 61.55C, 

with a melting enthalpy (ΔHm) of 200.01 kJ/kg. They 

also determined the crystallization temperature (Tc) of 

pristine PW to be 51.72C, with a freezing enthalpy 

(ΔHc) of 192.88 kJ/kg, as shown in Figure 13(b). 

Differential scanning calorimetry (DSC) curves for PW-

SBS composites and PW-SBS/CNT composites with 

various PW concentrations exhibit 2 transitions similar 

to those of pure PW, indicating that the PW 

crystallization process remains unaltered. This suggests 

that no chemical reactions occurred during the 

incorporation of PW into the 3-dimensional SBS/CNT 

network. In the DSC images, as PW loading decreased, 

the melting and crystallization peak positions shifted to 

higher and lower temperatures, respectively. This 

phenomenon can be attributed to the crystallization 

mechanism of the charged PW within the SBS/CNT 

network, where narrower peaks indicate higher 

crystalline compound purity. It is noteworthy that the 

peak appears broad and low owing to the extended 

melting range and wider peak of the polymer material, 

resulting in a more expansive peak overall. 
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Figure 13 DSC Characterization Results (a) reprinted with permission from Elsevier [73], (b) reprinted with permission 

from Elsevier [21], (c) reprinted with permission from Elsevier [215]. 
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Figure 14 Paraffin-Fe3O4 latent heat test results, reprinted with permission from Elsevier [73]. 

 

 Ji et al. [215], examined the Differential Scanning 

Calorimetry (DSC) curves of paraffin, TiO2@paraffin, 

and GO/TiO2@paraffin microcapsule phase transition 

materials. Figure 13(c) demonstrates that the thermal 

characteristics of these substances, including the phase 

transition temperature during melting and 

crystallization, latent heat, and encapsulation efficiency 

(R and E) of microencapsulated Phase Change Materials 

(PCM), are critical factors in determining their 

application and efficacy. Encapsulation rate (R) and 

efficiency (E) are 2 key technical indicators that 

quantify the effectiveness of the shell material in 

encapsulating the PCM core and its potential heat 

storage/release efficiency. The investigation revealed 

that the TiO2@paraffin and GO/TiO2@paraffin 

microcapsules predominantly retained the thermal 

behavior of paraffin during melting and crystallization. 

The DSC curves exhibited 2 distinct 

exothermic/endothermic peaks, which can be attributed 

to the solid-liquid phase transition heat 

absorption/release of straight-chain alkanes and a minor 

portion of branched alkanes or monocyclic 

cycloalkanes. The primary mechanism for PCM 

materials is the solid-liquid phase transition behavior of 

paraffin. Table 17 indicates that paraffin’s melting and 

crystallization temperatures are 51.53 and 43.24°C, 

respectively, with corresponding phase change 

enthalpies of 196.16 and 190.25 kJ/kg. 

GO/TiO2@paraffin microcapsules exhibit a phase 

transition temperature comparable to that of paraffin, 

thus preserving the physical properties of paraffin. The 

phase change enthalpies for melting and crystallization 

are 159.62 and 156.35 kJ/kg, respectively, with an 

encapsulation rate of 81.37%, ensuring the practical 

applicability of these phase-transition heat-storage 

material microcapsules. For the GO/TiO2@paraffin 

microcapsules, while the phase transition temperature 

remained close to that of paraffin, both the melting and 

crystallization enthalpies were reduced to varying 

degrees. The phase change enthalpy rates for the 

GO/TiO2@paraffin microcapsules can be enhanced to 

78.32, 81.95 and 75.69% with the addition of 1, 2 and 

3% GO, respectively. 
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Table 17 DSC Characterization results of GO/TiO2@paraffin [215]. 

Sample Tm (C) Tc (C) ∆𝑯𝒎 (kJ/kg) ∆𝑯𝒄 (kJ/kg) 

Paraffin 51.53 43.24 196.16 190.25 

TiO2@paraffin 50.97 43.54 159.62 156.35 

1%GO/TiO2@paraffin 51.06 42.68 153.66 149.76 

2%GO/TiO2@paraffin 51.30 41.91 160.75 146.86 

3%GO/TiO2@paraffin 51.70 41.52 148.46 145.32 

 

 Analysis of thermogravimetric analysis (TGA) 

 Thermogravimetric analysis (TGA), a widely 

employed technique in mass thermal decomposition 

studies, allows the investigation of substance pyrolysis 

under diverse heating conditions and rates. As a method 

of thermal analysis, TGA enables the simultaneous 

measurement of temperature, time, and sample mass in 

a controlled environment [216]. The measurement of the 

sample weight change resulting from the thermal 

treatment forms the basis of these measurements. TGA 

allows the determination of the temperature at which the 

PCM material decomposes through the measurement of 

volatiles or decomposition-related weight loss, which is 

crucial for assessing the compatibility of the PCM 

material [216]. The outcome of the TGA research on 

PCM is illustrated in Figure 15. 

 Almousa et al. [217], conducted research on the 

addition of nanoparticles to paraffin wax (PW) with 

varying concentrations: 0.5% (PW1-CNT), 0.75% (PW-

2CNT), and 1% (PW-3CNT) mass units. The study 

utilized Thermogravimetric analysis (TGA) was 

performed using a Discovery SDT 650 thermobalance 

from TA Instruments with an alumina crucible under 

nitrogen flow (100 mL/min) and a heating rate of 10 

C/min. TGA results revealed a significant mass 

reduction due to paraffin degradation, while also 

demonstrating paraffin impregnation and the high 

thermal stability of carbon nanotubes (CNT). The 

observed mass loss curve confirmed the effective 

dispersion of CNT within paraffin wax. CNT exhibit 

resistance to thermal degradation during the 

decomposition of paraffin wax nanocomposites. The 

introduction of CNT particles resulted in a gradual shift 

in the thermal decomposition of the Paraffin Wax 

nanocomposites towards slightly higher temperatures as 

the CNT concentration increased. Nevertheless, all 

nanocomposites underwent rapid degradation at 

approximately 210C owing to PW breakdown, with 

each composite experiencing varying degrees of weight 

loss upon CNT addition. 

 Tian et al. [218], conducted thermogravimetric 

analysis (TGA) to investigate the thermal stability of n-

eicosan@Fe3O4/CaCO3 composite microcapsules, 

utilizing pure n-eicosan as a control. Figure 15(a) 

illustrates the resulting TGA thermogram. The analysis 

revealed that pure n-eicosan exhibited a characteristic 

single-step thermal degradation process between 130 

and 265°C, resulting in no residual char owing to 

complete thermal evaporation. Similarly, all the 

microcapsule samples demonstrated one-step 

degradation. Upon heating to 500°C, microcapsules 

prepared with 0.0, 5.0, 10.0, 15.0, 20.0 and 25.0 mL of 

Fe3O4 suspension produced char residues of 52.1, 55.0, 

50.3, 48.2, 47.2 and 49.4 wt.%, respectively. These 

residues, comprising a non-degradable CaCO3 shell 

material and Fe3O4/CaCO3 composite shell material, 

appear to correlate with the phase change enthalpy. The 

composite microcapsules exhibited a slight increase in 

the characteristic temperature at the maximum mass loss 

rate (Tmax), which was associated with the rapid 

evaporation of n-eicosan upon reaching a specific 

temperature. While pure n-eicosan demonstrated a 

Tmax of 245.3C, the composite microcapsules 

produced with 0.0, 5.0, 10.0, 15.0, 20.0 and 25.0 mL of 

Fe3O4 suspension exhibited Tmax values of 250.9, 

253.6, 250.8, 252.3, 255.5 and 259.4C, respectively. 

The observed increase in Tmax can be attributed to the 

presence of CaCO3 or Fe3O4/CaCO3 shells. 
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Figure 15 TGA Characterization Results (a) reprinted with permission from Elsevier [218], (b) reprinted with permission 

from Elsevier [212], (c) reprinted with permission from Elsevier [215].  

 

 According to Cao et al. [212], the 

Thermogravimetric Analysis (TGA) curve results for 

paraffin wax (PW) and composite phase-change 

material (CPCM) exhibited 2 distinct degradation 

phases. The initial degradation stage occurred between 

200 and 360°C, which was attributed to PW’s thermal 

decomposition of PW, as illustrated in Figure 15(b). 

The subsequent degradation phase transpired between 

460 and 510°C, resulting from the thermal 

decomposition of ultra high molecular weight 

polyethylene (UHMWPE). The CPCM only 

experienced mass loss at temperatures exceeding 200°C, 

demonstrating its superior thermal stability within its 

operational temperature range.   

 Ji et al. [215], investigated the thermal stability of 

TiO2@paraffin microcapsules combined with GO. They 

examined the impact of high thermal conductivity on the 

thermal stability of PCM microcapsules using TGA, as 

illustrated in Figure 15(c). This study demonstrated that 

paraffin underwent a single-step decomposition, with its 

peak decomposition rate occurring at 260.2°C and a 

mass loss of 99.38% at 400°C post-decomposition. In 

contrast, the TiO2@paraffin microcapsules underwent a 

2-stage decomposition process. The 1st stage’s 

maximum decomposition rate was observed at 173.6°C, 

while the 2nd stage peaked at 289.2°C. Compared with 

pure paraffin, the TiO2@paraffin microcapsules 

exhibited a 29°C increase in the temperature of the 

maximum decomposition rate and a mass loss of 

74.92% at 400°C post-decomposition. This indicates 

that the TiO2 shell enhances the decomposition 

temperature of paraffin and the operating temperature of 

the microcapsules. GO-modified microcapsules 

exhibited characteristics similar to those of 

TiO2@paraffin microcapsules. The 2nd-stage 

decomposition rates for the GO/TiO2@paraffin 

microcapsules with 1, 2, and 3% GO loadings were 

comparable, occurring at 289.1, 284.9 and 286.8C, 

respectively. These temperatures represent increases of 

28.9, 24.7 and 26.6C compared to pure paraffin. The 

mass losses after decomposition at 400 C were 71.76, 

74.60 and 73.12%, respectively. This suggests that 

while the TiO2 shell and GO remained intact after 

heating, paraffin was almost entirely degraded. The 

higher maximum degradation temperature of the 

microcapsule samples compared to pure paraffin 

indicates that the TiO2 shell modified with GO enhances 

the thermal stability by inhibiting the thermal 

degradation of the encapsulated paraffin. Moreover, as 

the GO content in the microcapsules increased, the 

residual carbon in the TiO2 shell also increased at the 

conclusion of the measurement.   

  

Characterization of physical stability 

One of the indicators to determine the ability of a 

PCM is to examine its physical stability, for which 

Scanning Electron Microscopy (SEM) and X-Ray 

Diffraction (XRD) characterisation can be carried out. 

 

 Analysis of scanning electron microscopy (SEM) 

 SEM can be used to obtain information regarding 

the visual appearance of the morphology and particle 

size of a specimen. Therefore, it is important to apply 

this analysis to PCM to determine their physical 

stability. Many previous studies have been conducted 

related to the SEM analysis of PCM, as presented in 
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Figure 19. SEM Characterization Results (a) 

Paraffin/SBS-CNT, (b) Paraffin-Fe3O4, (c) 

GO/TiO2@Paraffin. 

 Hu et al. [21]. Investigated the synthetic route of 

the flexible phase-change composite material with a 

cross-linking network (PW-SBS/CNT) is shown in 

Figure 16(a). The SBS flexible polymer matrix was 

combined with PW, followed by the incorporation of 

CNT to establish a durable and pliable 3-dimensional 

structure. The π-bond configuration of SBS and CNT 

facilitates the creation of a cross-linked network through 

the addition of chemical cross-linking agents. Sulfur, a 

commonly used cross-linking agent for SBS, was 

introduced into the mixture to facilitate the construction 

of a 3-dimensional network. Functioning as a bridge, 

sulfur connects the SBS molecules and links CNT with 

SBS. The extensive π-bond structure of CNT and the 

unsaturated nature of SBS provide numerous active sites 

for these connecting bridges. This chemical cross-

linking process, which establishes chemical bonds 

between carbon nanotubes and the SBS matrix, 

enhances the interface contact between the matrix and 

PW while reducing the interfacial resistance of CNT, 

thereby improving CNT dispersion uniformity. This 

effectively addresses the issue of uneven CNT 

distribution and allows CNT to fully contribute to the 

toughness and heat conduction. Compared to 

conventional SBS networks, our SBS/CNT-reinforced 

network enhanced the PW encapsulation efficiency and 

significantly improved the heat storage performance of 

the composite phase change. Notably, the π–π 

interactions between CNT and SBS also play a crucial 

role in constructing flexible 3D toughened networks. 

The uniform distribution of PW within the CNT and the 

flexible SBS network contributed to the high PW 

encapsulation rate and elevated latent heat value of the 

composite material. Furthermore, as the PW ratio 

increased, the fibrous network structure at the fracture 

surface of the composite decreased, consistent with the 

mechanical strength observations of PW-SBS/CNT. 

 He et al. [23], revealed that the SEM 

characterization images of solid CTAB, PW, and phase-

change nanocomposites in Figure 16(b) demonstrate a 

granular distribution of the CTAB surfactant. The PW 

microstructure exhibited an irregular block-like overlap, 

whereas the Fe3O4 nanoparticles were uniformly 

distributed throughout the PW. Notably, the 

nanoparticles were homogeneously embedded within 

the PW inner layer, which positively influenced the 

thermal performance. Ji et al. [215], examined the 

surface morphology and microstructure of 

microcapsules, as shown in Figure 16(c). The 

micrographs clearly illustrate that the 

GO/TiO2@paraffin microcapsules possess a compact 

core-shell structure with uniform spherical particles, 

averaging 2 - 4 μm in size, and featuring a smooth shell 

surface. This structure effectively prevents molten 

paraffin leakage during the phase transitions and can 

withstand the volume changes caused by these 

transitions. Notably, an inorganic TiO2 shell can 

significantly enhance the low thermal conductivity of 

paraffin. Upon the addition of varying proportions of 

GO, the nanosheets were incorporated onto the surface 

of the microcapsules. TiO2 flakes produced during 

hydrolysis and condensation were adsorbed onto the 

surface of the microcapsules, leading to aggregation of 

the microspheres. The self-assembled GO nanosheets on 

the microcapsules exhibited a transparent ultrathin 

layered structure with visible wrinkles and ripples. This 

ultrathin flake structure may enhance the 

thermodynamic stability of the 2-dimensional GO 

nanosheets. SEM images reveal that the core-shell 

microstructure of GO/TiO2@paraffin microcapsules has 

a thickness of approximately 0.2 μm. Although the wall 

thickness of the microcapsules with different 

components varied slightly, the overall shell thickness 

remained uniform. The higher GO content in the 

microcapsules corresponds to a thicker TiO2 shell, with 

increases of up to 50 nm. The core-shell structure is 

evident, with the darker TiO2 shell encapsulating the 

lighter-colored paraffin core. The regular geometry 

observed represents a small portion of the 

unencapsulated paraffin crystal, confirming the typical 

core-shell structure of the synthesized microcapsules. 

The microcapsules appeared as spherical particles with 

diameters ranging from to 2 - 4 μm. 

 

 Analysis of X-ray diffraction (XRD) 

 X-Ray Diffraction (XRD) is a technique employed 

to elucidate the atomic and molecular arrangements of 

crystals by scattering X-rays in various directions. The 

primary purpose of XRD is to identify and examine 

material phases, whether in powder or solid form, in 

inorganic samples that are polycrystalline or 
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amorphous. XRD can be used for both qualitative and 

quantitative assessment. Quantitative analysis yielded 

data in the form of 2 diffractograms, showing peak 

intensity and lattice constant magnitude. Qualitative 

analysis provides phase analysis information, including 

phase type identification, phase composition 

percentages, crystallite dimensions, and orientation. 

  

 

 

 

 

Figure 16 SEM Characterization Results (a) Paraffin/SBS-CNT, reprinted with permission from Elsevier [21], (b) 

Paraffin-Fe3O4, reprinted with permission from Elsevier [23], (c) GO/TiO2@Paraffin, reprinted with permission from 

Elsevier [215]. 
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Figure 17 XRD Characterization Results (a) reprinted with permission from Elsevier [215], (b) reprinted with permission 

from Elsevier [23,73], (c) reprinted with permission from John Wiley and Sons [212]. 

 

 XRD characterization is crucial for PCM 

composites. Numerous previous studies have conducted 

XRD analysis, as shown in Figure 17. Ji et al. [215], 

characterized the phase and crystal structures of 

paraffin, TiO2@paraffin, and GO/TiO2@paraffin 

microcapsules using XRD spectra, as depicted in Figure 

17(a). The XRD curve exhibited 2 prominent diffraction 

peaks at 21.48 and 23.86, corresponding to the (110) 

and (200) planes, respectively, indicating that the 

microcapsules maintained the peak absorption of 

paraffin. A single non-typical absorption peak of TiO2 

appears at approximately 25.52°, demonstrating 

amorphous properties, whereas a small peak at 

approximately 21.76° represents a characteristic GO 

peak. The absorption peaks of GO/Microcapsule 

TiO2@paraffin aligned with those of paraffin, 

suggesting that the GO-modified microcapsule sample 

retained the main features of paraffin. The primary 

absorption peaks of the modified microcapsules 

decreased slightly with increasing GO content. The 

absence of a sharp GO absorption peak in the XRD 

spectrum may be attributed to its low content, which 

makes it difficult to clearly observe. From a structural 

perspective, the XRD images demonstrated that TiO2, 

paraffin, and GO were mechanically mixed without any 

new substances being synthesized during 

microencapsulation and self-assembly. 
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 In a separate study by Lu et al. [73], XRD was 

employed to characterize the crystal structures of the 

pristine paraffin, nano-Fe3O4, and PCM composites, and 

the results are shown in Figure 17(b). The diffraction 

peaks of the composite PCM align well with those of 

pristine paraffin and nano-Fe3O4, indicating that the 

composite PCM preparation is a physical process 

without the formation of new substances. Additionally, 

the Scherrer equation was used to estimate the average 

nano-Fe3O4 particle size at 26.53 nm. He et al. [23] 

presented X-ray diffraction results in Figure 17(b). The 

diffraction peaks resulting from the Fe3O4 addition 

correspond to those of PW and Fe3O4, with no peak 

shifts observed. The emergence of new peaks confirms 

that only physical interactions occur between PW and 

Fe3O4. 

 Cao et al. [212], presented X-ray diffraction 

(XRD) patterns for paraffin wax (PW), a porous matrix, 

and a composite phase change material (CPCM), as 

illustrated in Figure 17(c). The patterns demonstrate 

that PW, porous matrix, and CPCM exhibit 2 distinct 

reflection peaks at 2θ = 21.3° and 23.7°, which are 

indicative of the orthonormal crystal structures in the 

(110) and (200) base planes of ultra-high molecular 

weight polyethylene (UHMWPE) and PW.12,35 The 

CPCM and porous matrix exhibit broader diffraction 

peaks than PW. This phenomenon can be attributed to 2 

factors: Firstly, carbon nanotubes (CNT) function as 

effective nucleation sites, facilitating UHMWPE 

crystallization 36 and the combined crystallization of 

PW with UHMWPE in CPCM.37 Secondly, CNTs 

influence crystallization through the formation of “C 

H...π” bonding interactions with PW.38 The peaks of 

both PW and CPCM are more pronounced than those of 

the porous matrix, due to PW’s higher crystalline 

content compared to UHMWPE and its more organized 

structure. In a related study, He et al. [23] examined the 

XRD patterns of PW, styrene-butadiene-styrene (SBS), 

CNT, and their composites. Their findings indicated that 

PW exhibited 2 strong, sharp diffraction peaks at 21.3° 

and 23.6°. SBS displayed a broad peak at 19.6°, 

corresponding to its polycrystalline structure. The CNT 

exhibited diffraction peaks at 25.8° and 43.2°, 

originating from the (002) and (100) lattice planes, 

respectively. In the PW-SBS/CNT composite material, 

all the individual component peaks were present without 

significant positional shifts, although their intensities 

were notably reduced. This observation suggests that the 

compounding process does not alter the properties of 

each component. As anticipated, the sample containing 

90 wt.% PW exhibited the highest diffraction peak 

because the peak intensity was largely dependent on the 

PW content. The 3 samples demonstrated similar 

diffraction peaks with varying intensities, indicating that 

composites with different PW loadings maintained the 

same chemical structure, and increased PW loading did 

not affect the integration of the SBS/CNT and PW 

flexible networks. 

  

 Characterization of chemical stability 

 Another analysis of PCM can be done by 

measuring chemical stability to determine the 

performance of PCM materials in order to obtain 

optimum data in the form of Fourier Transform Infrared 

Spectroscopy (FTIR) characterisation. 

 

 Analysis of Fourier transform infrared 

spectroscopy (FTIR) 

 FTIR was performed to analyse and measure the 

absorbed IR and to identify the surface molecular 

composition, structural and geometric isomers, 

orientation in polymers and solutions, and measurement 

of impurities. Therefore, this characterisation is 

important for PCM analysis. Figure 18 summarises 

previous research on the FTIR characterisation results. 

George et al. [219], performed FTIR analysis on PW. 

The FTIR spectra for each cycle are shown in Figure 18 

(a). A comparison between the initial and 3,000th 

thermal cycles of the PW is plotted. From the FTIR 

analysis, it is clear that the peak at 1,740 cm–1 started to 

appear at 500 cycles and above. In the case of sample, 

the peak at 1,740 cm–1 starts to appear at 1,000 cycles. 

This can be attributed to the scorching of the sample due 

to prolonged heating and freezing cycles and the 

formation of C=C or the presence of impurities. In 

contrast, Ting [220], performed FTIR analysis of Fe3O4 

which shows the FTIR spectrum of iron oxide displays 

a strong characteristic peak in the low frequency region 

(1,000 - 500 cm–1). This occurs due to the presence of a 

metal-oxygen framework (Fe-O bond in the Fe3O4 

crystal lattice). This finding is consistent with the 

spectrum of magnetite (Fe3O4) (band between 570 and 

580 cm–1), and the characteristic Fe-O band at 580 cm–1 

as indicative of Fe3O4. 
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 Hu et al. [21], reported FTIR findings for Paraffin 

Wax (PW) and CNT materials. The absorbance peaks 

around 2,921, 2,847 and 721 cm–1 were attributed to the 

asymmetric stretching vibration-CH2, symmetric 

stretching vibration-CH2, and vibrational vibration-CH2, 

respectively. The 1,470 cm–1 peak in the PW spectrum 

corresponds to the -CH2 bond. The composite exhibited 

peaks from SBS, PW, and CNT, confirming the 

successful combination without altering PW’s chemical 

structure of PW. Moreover, the consistent infrared peaks 

of PW indicated its structural stability within the 

composite, as shown in Figure 18(b). Ji et al. [215], 

findings are presented in Figure 18(c) show the FTIR 

spectra of the composite materials prepared from the TiO 

paraffin and GO/TiO2@ paraffin microcapsules. The 

peak at 2,957 cm–1 can be attributed to C\\H stretching 

vibrations in methyl paraffin, while the 2 strong 

absorption peaks at 2,917 and 2,849 cm–1 are attributed to 

alkyl C\\H pull sub vibrations of methylene. 

 

 

Figure 18 FTIR Characterization Results (a) PW, reprinted with permission from Elsevier [219], (b) PW-CNT/SBS, 

reprinted with permission from Elsevier [21] (c) GO/TiO2@paraffin, reprinted with permission from Elsevier [215], (d) 

CaCO3/Fe3O4@n-docosane, reprinted with permission from Elsevier [221]. 

 

 

 The FTIR spectra depicted in Figure 18(c)  reveal 

several significant peaks. The vibrations at 1,631, 1,466 

and 1,352 cm–1 correspond to -CH3 and -CH2 

deformations, respectively, while those at 728 and 720 

cm–1 represent in-plane methylene vibrations. 

Amorphous TiO2 exhibited primary stretching 

absorptions at 3,137 and 459 cm–1. Both the regular and 

modified microcapsules displayed these major peaks, 

indicating the presence of TiO2. The broad band near 

3,410 cm–1 in the far-infrared region and the absorption 

around 1,602 cm–1 in the near-infrared region were 

attributed to -OH stretching vibrations in H2O, which is 

the hydrolysis condensation precursor of TBT. TiO2 

formation occurred via precursor condensation. These 

peaks confirmed the presence of TiO2 in the 

microcapsules and aligned with the theoretical reaction 

characteristics. The GO-modified microcapsules 

primarily exhibited overlapping paraffin and TiO2 
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absorption peaks, maintaining peak consistency. This 

suggests that the microcapsule composite material 

comprised paraffin, TiO2, and GO, with no additional 

impurities detected. Increasing graphene oxide content 

did not significantly alter the main absorption peaks of 

the modified microcapsules, indicating the high stability 

of the microencapsulation process. The absorption 

peaks at 1,400 and 1,123 cm–1 likely resulted from C=O 

stretching vibrations in formamide. From a structural 

perspective, the FTIR results demonstrated that TiO2, 

paraffin, and GO were mechanically mixed without the 

formation of any new compounds [215]. 

 Liu et al. [221], evaluated the chemical structure 

and morphology stability of CaCO3/Fe3O4@n-docosane 

microcapsules after 500 thermal cycles using FTIR 

spectroscopy. The resulting spectra, presented in Figure 

18(d), reveal nearly identical thermal degradation 

profiles before and after cycling. This consistency 

indicated that the chemical structure of the 

microcapsules remained unchanged throughout the 

thermal cycling experiment. These findings demonstrate 

that the developed CaCO3/Fe3O4@n-docosane 

microcapsules possess excellent phase change reliability 

and thermal cycling stability, rendering them suitable 

for practical solar photothermal energy storage 

applications. 

 

Conclusions 

 Phase change materials (PCM) have been widely 

explored for thermal energy storage (TES), particularly 

in building applications through their integration with 

concrete. This is primarily due to their ability to absorb 

and release significant amounts of thermal energy 

within a specific phase-change temperature range, thus 

contributing to thermal load management, indoor 

temperature stabilization, and reduction of peak energy 

demand in buildings. This review presents a 

comprehensive analysis encompassing PCM 

classifications, strategies for enhancing thermal 

conductivity, TES applications, and detailed material 

characterizations including thermal properties, physical 

stability, and chemical stability. The key findings of this 

review are summarized as follows:  

 Classification of PCM: PCM are broadly 

categorized into 3 types based on their chemical 

composition: organic, inorganic, and eutectic. 

According to Scopus-indexed data, organic PCM 

dominate the market, comprising approximately 81% of 

usage, while inorganic and eutectic PCM account for 15 

and 14%, respectively. PCM performance is typically 

evaluated based on 5 key criteria: physical, kinetic, 

chemical, economic, and environmental properties. 

 Organic PCM: Organic PCM are subdivided into 

paraffin-based and non-paraffin-based types. Paraffin-

based PCM exhibit a latent heat range of 142 - 374 

kJ/kg, a thermal conductivity between 0.2 - 0.8 W/m.K, 

and a melting temperature range of 7.8 - 154 C. In 

contrast, non-paraffin organic PCM possess a latent heat 

range of 146 - 242 kJ/kg and a melting temperature 

range of 16.7 - 102 C. The variation in thermophysical 

properties between the two is attributed to differences in 

atomic bonding structures.  

 Paraffin-based PCM Performance: Several studies 

indicate that paraffin-based PCM meet the required 

thermophysical parameters for TES applications, with 

latent heat values ranging from 132 - 189 kJ/kg, melting 

temperatures between 27 - 59 C, and thermal 

conductivity ranging from 0.29 - 4.9 W/m.K.  

 Inorganic and Eutectic PCM: Inorganic PCM are 

primarily classified into salt hydrate- and metal-based 

types. Salt hydrate-based PCM have latent heat values 

ranging from 87 - 227 kJ/kg, melting points between 25 

- 116 C, and supercooling degrees of approximately 

0.64 - 19.5 C. Metal-based inorganic PCM are 

characterized by superior thermal conductivity and high 

latent heat. Eutectic PCM, composed of a combination 

of organic and inorganic compounds, offer latent heat 

values between 80.5 - 160 kJ/kg and melting 

temperatures ranging from 13.4 - 81.6 C.  

 Thermal Conductivity Enhancement Techniques: 

Efficient TES requires high thermal conductivity due to 

the necessity for rapid heat transfer during the phase 

transition process. Enhancement strategies include the 

incorporation of high-thermal-conductivity additives 

(e.g., carbon-based or metal-based particles) and 

encapsulation techniques. 

 Additive-Based Enhancements: Carbon-based 

materials such as multi-walled carbon nanotubes 

(MWCNT), carbon nanotubes (CNT), graphene oxide 

(GO), expanded graphite (EG), and carbon fiber have 

been used to increase PCM thermal conductivity, 

achieving values from 0.2 to 2.04 W/m·K. Similarly, 

metal-based additives including Al2O3, MgO, Fe3O4, 
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TiO2, ZnO, CuO, and SiO2 have demonstrated 

enhancements within the range of 0.26 - 3 W/m·K. 

 Encapsulation Methods: Encapsulation techniques 

isolate PCM from surrounding environments, 

improving stability and preventing leakage. These 

techniques are categorized based on particle size: nano-

encapsulation (1 - 1,000 nm), microencapsulation (up to 

1,000 μm), and macro-encapsulation (greater than 

1 mm). 

 Encapsulation Performance: Nano and 

microencapsulation can be achieved via polymerization, 

coacervation, and sol-gel methods. Latent heat values 

for nano-encapsulated PCM range from 49.03 - 

145 kJ/kg, whereas microencapsulated PCM exhibit 

ranges of 92.5 - 202.8 kJ/kg. 

 Macro-Encapsulation Applications: Macro-

encapsulation is particularly relevant for large-scale 

building and concrete applications, offering structural 

compatibility and improved durability by preventing 

direct interaction between PCM and construction 

materials. 

 TES Integration in Building Systems: Thermal 

energy in buildings can be stored using mechanical, 

electrical, thermochemical, or thermal approaches. 

Among these, thermal energy storage is commonly 

implemented through sensible heat, latent heat (via 

PCM), and thermochemical storage mechanisms. 
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