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Abstract

Phase Change Materials (PCMs) are innovative materials that absorb and release thermal energy during phase transitions, making
them ideal for thermal energy storage applications. This paper provides a comprehensive overview of PCMs, focusing on their
functioning mechanisms, classifications, and shape stabilization methods. PCMs operate by storing latent heat during melting and
releasing it upon solidification, thereby maintaining a stable temperature during phase changes. They are classified into three main
categories: organic, inorganic, and eutectic. Organic PCMs, such as paraffins and fatty acids, offer high latent heat storage but
suffer from low thermal conductivity. Inorganic PCMs, including salt hydrates and metals, provide better thermal conductivity but
face challenges like supercooling and corrosiveness. Eutectic PCMs, which are mixtures of compounds, offer customizable melting
points and enhanced thermal properties. To address leakage and improve thermal conductivity, shape stabilization methods are
employed, such as encapsulation, stabilization by porous matrix, and polymer hybridized shape stabilization. These techniques
enhance the structural integrity and thermal performance of PCMs, making them more suitable for practical applications. The paper
highlights the potential of PCMs to improve energy efficiency and outlines future research directions for optimizing their
performance in various industries.
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1. Introduction

Phase change materials (PCMs) have attracted significant interest recently for their special capacity to store
and release substantial amounts of thermal energy while undergoing phase transitions (Bora et al., 2024;
Huo et al., 2018; Sivanathan et al., 2020). This quality makes them extremely important in various uses,
from thermal control systems to energy storage options. The key concept of PCMs is their ability to store
or release latent heat during a change in physical state, such as melting or solidifying. This method allows
for effective control of temperature across different settings, improving energy efficiency and sustainability.
The foundation of phase change material is based on the fundamental laws of thermodynamics (Dutil et al.,
2011). When heat is absorbed by a PCM, it usually changes from a solid to a liquid state during a phase
transition. Throughout this transformation, the substance can take in a large quantity of heat without
experiencing a notable increase in temperature (Costa & Kenisarin, 2022; Zare & Mikkonen, 2023), all due
to the latent heat of fusion. On the other hand, as the material cools off, it gives off the heat it had stored
while turning into a solid. The process of absorbing and releasing heat in a cycle makes PCM suitable for
tasks needing precise temperature regulation.

One area with great potential for PCM application is in the field of building and construction, where they
are utilized to improve the thermal efficiency of buildings (Tripathi & Shukla, 2024). By incorporating
PCMs into construction materials like walls, ceilings, and floors, it can help regulate indoor temperature,
decreasing the reliance on heating and cooling systems (Nghana & Tariku, 2016). This doesn't just reduce
energy usage, but also adds to a more enjoyable living space. During the day, when the outside temperature
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increases, phase change materials in the construction materials soak up extra heat, stopping the inside
temperature from getting too hot. During the night, when the temperature decreases, the heat that has been
stored is slowly released, thus keeping the indoor environment warmer (Elhamy & Mokhtar, 2024).

PCMs are utilized for thermal control in electronic devices as well as in construction materials (Li et al.,
2024b; Qu et al., 2024). As electronic components gain more power, they also produce more heat, impacting
their efficiency and durability. Integrating phase change materials (PCMSs) into electronic devices improves
heat dissipation, leading to better operating conditions and longer component lifespan (Eswaramoorthy &
Bhagat, 2023). This is especially important for devices that run non-stop or in high-temperature settings.
PCMs are having a noticeable influence in the transportation industry as well. In electric vehicles (EVS),
thermal management is crucial in order to uphold battery performance and safety (Hekmat et al., 2024; Kim
et al., 2024). PCMs are utilized in battery thermal management systems to control temperature, ultimately
improving battery performance and increasing driving distance. PCMs assist in averting overheating and
thermal runaway by soaking up extra heat produced during charging and discharging processes, ultimately
avoiding potential battery failure (Li et al., 2024a).

In addition to these uses, PCMs are also being incorporated into textiles and apparel (El Majd et al., 2023;
Gu et al., 2024). By integrating PCMs into textiles, it is possible to design clothing that enhances thermal
comfort by absorbing, retaining, and releasing heat based on the wearer's body temperature and the ambient
conditions. This new technology is especially handy for outdoor clothing and sports gear, where keeping
the right temperature is vital for comfort and peak performance. PCMs are highly versatile and crucial
components in energy storage systems within the renewable energy sector. Solar energy, for example, is
naturally not constant, as the amount of energy generated changes depending on the weather and time of
day. PCMs have the ability to retain extra heat produced during times of high sunlight and then release it at
a later time, helping to balance out the discrepancy between energy supply and demand and boosting the
effectiveness of solar energy systems. Likewise, PCMs in wind energy applications can save energy when
there is a lot of wind and then release it when the wind is calm.

Although PCMs have many benefits and uses, there are also obstacles that must be overcome in order to
fully utilize their potential. The cost of PCMs is often higher than that of traditional materials, posing a
significant challenge. Finding affordable ways to produce and uncovering low-cost PCM formulations are
essential research areas. Moreover, it is important to guarantee the long-term stability and durability of
PCMs, particularly in situations where there are frequent changes in temperature. Another crucial factor to
take into account is the environmental effects of PCMs. Even though a lot of PCMs come from natural
sources like paraffin and fatty acids, the environmental effects of their widespread use must be thoroughly
assessed. Ongoing research is being conducted on biodegradable and environmentally friendly PCMs in
order to reduce any potential adverse impacts on the environment (Okogeri & Stathopoulos, 2021).
However, to effectively harness their potential, stabilization methods are necessary to address issues related
to leakage, thermal conductivity, and long-term stability. Several innovative techniques have been
developed to enhance the performance and durability of PCMs, ensuring their suitability for various
applications. The primary stabilization methods include encapsulation, shape-stabilization, and composite
formation.

To sum up, phase change materials are an innovative technology that could transform multiple industries
through improved thermal management and energy efficiency. Their capacity to hold and release significant
guantities of heat energy while transitioning between phases allows for a variety of uses in fields such as
construction, electronics, transportation, and renewable energy. As research progresses and new challenges
are addressed, PCMs are positioned to be vital in building a more sustainable and efficient future. Therefore,
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in this article, efforts are made to sum up the different categories of PCM and their stabilization procedures
for their applications in diversified fields.

2. Functioning Mechanism of PCMs

Phase Change Materials (PCMs) function by absorbing and releasing thermal energy as they undergo phase
transitions, particularly during melting and freezing. As the surrounding temperature increases, a phase
change material takes in heat until it reaches its melting threshold. At this point, the phase change material
changes from a solid to a liquid form, taking in a large amount of hidden heat without a significant rise in
temperature. This absorption mechanism enables PCMs to function as heat reserves, keeping the
temperature steady even when the surrounding conditions get hotter. This ability makes them very efficient

in tasks that need thermal control.
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Figure 1. Solid-liquid PCMs function based on their working principle (Chen et al., 2020).

On the other hand, if the surrounding temperature drops, the PCM will activate and release heat as it turns
from a liquid to a solid. In this stage of transition, the PCM gives off the stored heat it had initially taken
in, once more ensuring a consistent temperature. The ability to absorb extra heat and release stored heat
makes PCMs very useful in controlling temperature changes. This temperature control is especially useful
in areas like construction materials, where PCMs can aid in lowering heating and cooling requirements, and
in electronics, where they prevent excessive heat. Figure 1 shows the schematic representation of working
principle of a solid-liquid PCM.

Despite their advantages, the use of PCMs does come with challenges. The cost of high-performance PCMs
can be significant, and there are technical issues such as phase separation and supercooling that need to be
addressed to ensure material stability and performance. Additionally, material compatibility and long-term
durability are critical factors that must be considered in PCM applications. Furthermore, the direct usage of
PCMs can pose risks of leakage and contamination, which can deteriorate the properties of the materials in
their applications. Leakage can lead to the degradation of surrounding materials and contamination of the
system, reducing the efficiency and lifespan of the PCM-integrated solution. Nevertheless, the unique
thermal properties of PCMs provide a versatile and efficient solution for thermal energy management,
offering significant benefits in energy efficiency and temperature regulation across various industries.
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3. Categories of PCMs

Phase Change Materials (PCMs) are classified according to their chemical makeup and the distinct
properties of their phase changes. Organic PCMs, inorganic PCMs, and eutectic PCMs are the main
categories (Bora & Joshi, 2023) of phase change materials (Figure 2). Each category comes with its specific
characteristics, advantages, and constraints.

Phase change materials

Alkanes Metals & alloys — Organic- Organic
Fatty acids Salt hydrates — Inorganic- Inorganic

Fatty alcohols —> Inorganic- Organic
Polyesters

Figure 2. Categorization of phase change materials.

The poor thermal conductivity of non-metal PCMs is a major disadvantage that impacts their efficiency in
thermal energy storage (TES) systems (Zhang et al., 2016). This restriction impedes the effective movement
of heat in these materials, diminishing their efficiency in situations that need quick thermal exchange.
Therefore, it is important to increase the thermal conductivity of PCMs to enhance their overall
effectiveness. Dealing with this problem is crucial not just for saving energy but also for staying financially
viable, as enhanced heat transfer can result in lower energy expenses and better system efficiency.

Organic PCMs, like paraffins and fatty acids, are commonly utilized because of their advantageous
characteristics like high latent heat storage, chemical stability, and non-corrosive nature (Mandal et al.,
2022c¢). Yet, their intrinsic poor thermal conductivity restricts their use in high-performance TES systems
(Singh et al., 2018). Researchers are investigating different approaches to improve the heat transfer
efficiency of organic PCMs. Investigations are being conducted on methods like adding high thermal
conductivity additives (like metal particles, carbon-based materials), utilizing porous supporting structures,
or creating composite materials (Xu et al., 2022). These methods intend to establish routes for better heat
conduction in the PCM, enhancing their thermal performance and increasing their practical usability.

Unlike organic PCMs, inorganic PCMs such as salt hydrates, salts, metals, and alloys typically show higher

levels of thermal conductivity (Man et al., 2023). Of these, salt hydrates are especially known for being
appropriate for storing thermal energy. Salt hydrates have many benefits: they can store a significant
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amount of energy during phase transitions due to their high phase change enthalpy, experience minimal
structural stress as a result of low volume change, and have high energy storage density and thermal
conductivity (Hua et al., 2022). Furthermore, salt hydrates are both fireproof and more cost-effective than
organic PCMs, making them a desirable choice for extensive thermal energy solutions (Dixit et al., 2022).

However, salt hydrates also pose various difficulties despite their advantages. The corrosive nature of these
substances can cause metal deterioration and system breakdown if not adequately controlled (Farrell et al.,
2006; Graham et al., 2016). Salt hydrates also experience supercooling, decomposition, and phase
separation (Liu et al., 2024; Tang et al., 2011). Supercooling has the potential to slow down the freezing
process, which in turn decreases the effectiveness of energy release. Decomposition and phase separation
may impact the consistency and reliability of the PCM throughout several thermal cycles, resulting in
decreased thermal efficiency (Xie et al., 2019). Moreover, salt hydrates have a tendency to separate into
phases and lack thermal stability, making them challenging to use in extended applications.

Overall, inorganic PCMs have extra disadvantages when compared to organic PCMs. They have a slight
toxicity and may exhibit inconsistent melting and dehydration when subjected to thermal cycling.
Inconsistent melting happens when the PCM doesn't melt evenly, resulting in unequal heat distribution and
lower effectiveness. Dehydration can alter the characteristics of the material, making it more challenging
to be used in multiple thermal cycles. These problems require thoughtful analysis and solutions like
corrosion inhibitors, encapsulation methods, and composite formulations to enhance stability and
performance.

Eutectic phase change materials provide a different option for storing thermal energy. These substances are
combinations of two or more compounds that melt and freeze at the same temperature, improving the
thermal characteristics of the mixture (Sun et al., 2023). Eutectic PCMs are customizable to achieve precise
melting points, allowing for versatility in various applications (Singh et al., 2021). The specific compounds
utilized in the mixture determine the primary benefits of eutectic PCMs. Through the meticulous selection
and blending of various materials, one can develop eutectic PCMs that have enhanced thermal conductivity,
latent heat storage, and stability. This versatility and effectiveness of eutectic PCMs make them suitable for
different TES uses. In theory, Equation (1) is used to create the eutectic mixture (Singh et al., 2021; Yang
et al., 2020):

— A (T = Ta) + RTy In(X4) + Gy, oz = 0
A

o @
—E(Tm - TB) + RTm ln(XB) + GB, ex — O

where, component A and component B's respective enthalpies are denoted by Ha and Hg. The melt
temperatures of component A, component B, and the mixture are denoted by Ta, Ts, and Trm (K). The mole
percentages of components A and B are represented by Xa and Xg. The excess enthalpy of the constituents
is denoted by Ga,ex and Gg, ex. R stands for the universal gas constant.

Although non-metal phase change materials have restrictions because of their low thermal conductivity,
current research and development efforts are working to overcome these obstacles. Improving the heat
efficiency of organic PCMs and addressing the challenges of inorganic PCMs, like salt hydrates, are
essential for the progression of thermal energy storage technologies. Eutectic PCMs offer a hopeful option
due to their customizable characteristics. By making these efforts, PCMs have the potential to be more
effective and financially feasible for various uses, leading to better energy control and environmental
sustainability.
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4. PCM Stabilization and Approaches

PCMs are receiving considerable interest due to their capacity to store and release substantial thermal
energy when undergoing phase transitions. Nevertheless, utilizing PCMs directly can pose difficulties
because of problems like leakage, changes in volume, and chemical instability. Researchers have come up
with different methods to stabilize PCMs, which are referred to as "shape-stable PCMs" (SSPCMs), in order
to tackle these difficulties. Stabilization techniques play a vital role to enhance the efficiency and longevity
of phase change materials. Encapsulation, shape-stabilization, composite formation, and chemical
modification provide distinct benefits, tackling particular issues related to PCMs. As advancements in
research and development progress, these stabilization methods will allow for a wider and more effective
utilization of PCMs in diverse applications, leading to enhanced energy efficiency and sustainability.

4.1 Encapsulation

Encapsulation is a very efficient technique employed for protecting and maintaining the stability of PCMs.
This method requires encasing PCM droplets in shell materials, that could be either organic or inorganic.
Encapsulation uses physical, chemical, and physio-chemical methods to create encapsulated PCMs,
allowing for better manipulation of their characteristics and behavior. There are two primary forms of
encapsulation: microencapsulation and macroencapsulation.

4.1.1 Physical Encapsulation Methods

Different coating and spray-drying techniques can be used for physical encapsulation methods. These
techniques form a barrier around the PCM, stopping any leaks and conserving the PCM's structure when it
undergoes phase changes. One way to enhance the thermal stability of PCM is by utilizing
microencapsulation methods, which involve coating PCM droplets with a polymer shell to prevent leaks.
Figure 3 represents the overall process of spray drying techniques.
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Figure 3. PCM synthesis by spray drying method (Huang et al., 2023).

4.1.2 Chemical Encapsulation Methods

Chemical procedures, such as in-situ polymerization and solvent extraction, lead to the creation of a durable
shell surrounding the PCM. These methods improve the strength and dependability of shape-stabilized
PCMs. The process of in-situ polymerization involves dispersing the PCM in a solution of monomer and
then polymerizing it to form a strong polymer shell that fully encloses the PCM. A scheme of in-situ
polymerization is represented in Figure 4.
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Figure 4. Encapsulation by in-situ polymerization (Alias et al., 2021).

4.1.3 Physio-Chemical Encapsulation Methods

Moreover, PCMs have also been encapsulated using physiochemical methods like the sol-gel method. The
sol-gel process merges the benefits of physical and chemical encapsulation, providing a strong technique
for producing shape-stabilized PCMs. The PCM is mixed with a sol-gel precursor solution in this technique,
which is then transformed into a gel to create a durable, porous silica coating around the PCM.
Encapsulation of silica on lauric acid via sol-gel technique is illustrated in Figure 5.
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Figure 5. Synthesis of SiO encapsulated lauric acid via sol-gel synthesis (Ishak et al., 2021).

However, selecting appropriate shell constituents for PCM encapsulation is crucial, as certain
characteristics are needed to guarantee efficient encapsulation. The material for encapsulation needs to
create a uniform and thin layer that is stable and compatible at a chemical level with the PCM core.
Additionally, it needs to show non-reactivity with the PCM and have the ability to dissolve in aqueous
solutions or solvents while being prepared (McCord & Baniasadi, 2024). Moreover, the shell material
should exhibit favorable coating characteristics, such as durability, pliability, and reliability (Giro-Paloma
et al., 2016; Gui et al., 2021). A wide variety of materials, including both inorganic and organic types, are
used to encase PCMs, providing different benefits based on the particular application.
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Organic shell materials, like polymers such as poly (methyl methacrylate), polystyrene, and melamine-
formaldehyde, offer excellent encapsulation abilities and flexibility while remaining compatible with the
PCM. However, ceramic inorganic shell materials can provide improved thermal stability and durability,
especially crucial for high-temperature PCMs. The appropriate choice of PCM, shell material,
encapsulation method, and size vary based on the specific needs of the application. Thoroughly analyzing
these factors is essential for creating efficient and dependable PCM-based systems for different thermal
energy storage and management purposes.

4.2 Shape Stabilization using Porous Matrix

The significant use of porous materials in different fields, especially in energy conversion and storage, is
due to their extraordinary qualities like extensive surface area and superior pore volume. Porous materials
are very well-suited for energy-related uses such as energy storage, catalysis, and thermal management due
to these characteristics.
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Figure 6. Surface functionalities of porous biochar (Mandal et al., 2023b).

Pore confinement has been identified as an efficient method to prevent leakage of phase change materials
(PCMs) when they are in their molten state, among various other approaches. This technique takes
advantage of the physical characteristics viz. surface functions, capillary actions, and space confinement
effects those impact on the physical characteristics of the fluid and preventing PCM leakage in phase change
procedures (Mandal et al., 2023a; Mandal et al., 2022a). The surface functionalities of the porous biochar
matrix have been illustrated in Figure 6. The porous framework, containing a complex system of
interconnected pores, offers a large surface area for efficient interactions between PCM and the matrix. The
interaction of capillary forces, surface tension, and wettability properties in the porous structure aids in
containing the PCM within the pores, even when it is in a liquid state. The pore restriction impact can
greatly enhance the thermal resilience and dependability of PCM-powered energy storage setups, rendering
them better suited for real-world use.
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Moreover, the hierarchical porous arrangement, featuring pores of varying sizes, can provide added benefits
for heat transfer, thermal regulation, and energy storage capabilities. The presence of macro-, meso-, and
micro-pores can work together to improve the efficiency and versatility of porous materials in energy
applications.

In general, the porous matrix shape stabilization of phase change materials (PCMs) is commonly carried
out using the vacuum impregnation method. This technigue involves the impregnation of the porous matrix
with the PCM under vacuum conditions, allowing the PCM to penetrate and fill the porous structure
effectively. This results in a more stable and reliable shape-stabilized PCM composite, which can be further
incorporated into various energy storage and thermal management applications.
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Figure 7. Schematic of porous biochar shape stabilized PCM synthesis by vacuum impregnation (Mandal et al.,
2022b).

The schematic in Figure 7 represents the synthesis of biochar-based shape-stabilized PCM using the
vacuum impregnation method. In this process, the porous matrix is first prepared, and then the PCM is
impregnated into the porous structure under vacuum conditions. This allows the PCM to be effectively
confined within the porous network, preventing leakage during phase changes. The selection of the porous
material for this purpose is crucial and depends on the specific application requirements. Different porous
materials, such as biochar (Mandal et al., 2023a; Mandal et al., 2022a), Diatomaceous earth (Ishak et al.,
2023), Vermiculite (Karaipekli & Sari, 2009), Kaolin (Memon et al., 2013), Gypsum (Sar1 & Biger, 2012),
Perlite (Sar1 & Biger, 2012), porous alumina (Zhao et al., 2021), expanded graphite (Zhang & Fang, 2006),
metal foams (Aramesh & Shabani, 2022), mesoporous silica (Li et al., 2021), carbon nanotubes (Cao et al.,
2019), etc. have been explored for PCM shape stabilization. The choice of the porous matrix depends on
factors such as the desired thermal properties, compatibility with the PCM, and the specific application
requirements.

4.3 Polymer Hybridized Shape Stabilization

The hybridization of PCMs is dependent on the harmonious relationship and attraction amongst the PCM
and the matrices (polymers), which is accomplished by a combination of blending and adsorption
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techniques. By utilizing the PCM's compatibility with the polymer, it is feasible to attain form stabilization
by capitalizing on advantageous intermolecular interactions. This compatibility between molecules ensures
that PCM is evenly distributed in the polymer matrix, which is important for storing thermal energy
effectively (McCord & Baniasadi, 2024).

The suitability and connection between PCM and polymers are mainly determined by the following factors:

(i) Miscibility: Molecular level miscibility between PCM and polymer is important. High miscibility
enables strong interactions between PCM and polymer, helping to form stable complexes.

(if) Chemical Compatibility: Similarity in chemical structure and polar properties between PCM and
polymer is required. This allows intermolecular forces (van der Waals forces, hydrogen bonds, etc.) to
form, creating a stable interface.

(iii) Thermal stability: The thermal stabilities of the PCM and the polymer must be similar. This ensures
stability against volume changes that occur during the phase change process.

(iv) Mechanical properties: The mechanical properties (strength, flexibility, etc.) of PCM and polymer must
be well balanced. This ensures the mechanical stability of the complex.

This new approach offers several advantages in comparison to traditional encapsulation methods. The
hybridization method simplifies the need for complicated encapsulation processes by mixing the PCM
directly with the polymeric matrix, which is a more cost-effective and straightforward approach to
stabilizing PCM. Additionally, this approach increases the thermal conductivity of the PCM/polymer blend,
improving its overall thermal energy storage capacity. A method for creating polymer-based PCM
composite is detailed in Figure 8.
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Figure 8. Fabrication procedure of ultra flexible polymer-based phase change composites (Jing et al., 2023).

5. Summary and Future Scope

Phase Change Materials (PCMs) are a major breakthrough in thermal energy storage technology, offering
a dependable and effective way to keep temperatures consistent in different applications. These substances
are known for their capacity to absorb and release latent heat during phase changes, providing significant
advantages in energy efficiency, peak load management, and thermal control. Even though they have
benefits, PCMs encounter obstacles like poor heat conduction in organic materials and problems like
supercooling and corrosivity in inorganic choices. Utilizing shape stabilization methods and composite
materials has proven effective in tackling these challenges, improving both the structural integrity and
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thermal efficiency of PCMs. In general, the ongoing progress and enhancement of PCMs could have a
considerable influence on various industries, such as construction and electronics, by enhancing energy
efficiency and sustainability.

Future PCM advancements will aim to address existing constraints and increase their usage in various
industries. Improving heat transfer rates without decreasing storage capacity is a key focus of research,
achieved by enhancing thermal conductivity using nanomaterials and advanced composites. Additional
progress in encapsulation methods is necessary to avoid leaks and deterioration, guaranteeing durability
and effectiveness in the long run. Lowering production costs, particularly for high-performance inorganic
PCMs, is another crucial aspect that will increase the availability of these materials for widespread use.
Furthermore, the environmental effects of PCMs can be reduced by researching sustainable and
biodegradable substances, in line with worldwide initiatives for environmentally-friendly energy options.
In conclusion, incorporating PCMs into intelligent energy systems and employing advanced modeling and
simulation methods will allow for more accurate thermal management control and optimization. By
focusing on these areas, PCM technology can have a crucial impact on upcoming energy plans, advocating
for a greener and more efficient global environment.
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