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Abstract—Phase change materials have a wide range of
possible uses, including thermal energy storage and
temperature adjustment. This research classifies PCMs into
three distinct types: organic, inorganic, and eutectic. It also
details their usage, side effects, and advantages. Researchers
examine PCMs' latent heat, thermal conductivity, density, and
melting point, among other thermophysical characteristics, with
a focus on ways to enhance them, such as by including metal
foams for enhanced heat transmission. Furthermore, macro,
micro, and nano encapsulation methods are presented as the
main techniques to make the PHM migration impossible, raise
the PHM stability, and make the integration into the real-world
system easier. The combination of numerical modeling
advancements, phase transition monitoring, and experimental
methods has demonstrated that PCMs could be widely applied
in the insulation of buildings, thermal energy storage, and even
the cooling of high-tech equipment. This review has indicated
the need for future research directed toward the scalability,
durability, and smart integration of PCMs to be able to exploit
their full potential in being part of the sustainable energy
solutions.

Keywords—Thermal Conductivity, Phase Change Materials
(PCMs), Thermal Energy Storage, Renewable Energy Systems,
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I. INTRODUCTION

Renewable energy sources have been becoming more
popular since the 1980s, and a lot of different groups have
backed this trend [1]. The huge investment in renewable
energy technology is driven by a number of factors, not the
least of which is the depletion of traditional fuel sources.
Polycrystalline solar cells with efficiency levels in the area of
47% [2], a figure that was thought to be impossible a decade
ago, and wind turbine blades reinforced with polyester or
epoxy are two more remarkable advancements.

A rise in the need for urbanized structures is a natural
consequence of urbanization, which is characterized by its
relentless expansion. But the building industry's energy use is
a big societal problem now, limiting society's capacity to be
sustainable [3]. Heating, ventilation, lighting, hot water
supply, and home appliance use account for the vast majority
of a building's total energy use, as do heat conduction [4],
convection, and radiation [5].

As a result of supply and demand being intermittent and
discontinuous, thermal energy management can be
challenging and lead to low utilization efficiency [6]. In the
last several decades, phase transition materials have found
useful applications in thermal management [7]. Reversible
phase transitions allow PCMs to store a great deal of heat in a
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compact volume, while conventional heat storage
technologies lose the heat as latent heat. Because of PCMs,
thermal management techniques have progressed into a
reliable method of capturing thermal energy; these methods
are renowned for their simplicity, ease of operation, and high
energy storage density.

PCM a substance that can change its physical state (from
liquid to solid, for example) and store thermal energy by
absorbing or releasing huge quantities of latent heat [5].
Materials with this property may absorb, store, or release heat
without altering their temperature in response to changes in
their surrounding environment [8]. In the 1970s, this type of
material was initially found and put to good use.

A. Structure of the Study

The paper is organized is as follows: The properties of
phase transition materials, such as organic, inorganic, and
eutectic techniques, are discussed in Section II. Next, Section
IIT details the thermophysical properties of the PCMs in metal
foam, density and thermal conductivity and stability. Further,
Section IV explains Encapsulation strategies in PCMs,
including microencapsulation, microencapsulation and
nanoencapsulation. Section V reviews the existing literature
on thermal regulation in PCMs. Finally, Section VI concludes
the review and gives future directions.

II. CHARACTERISTICS OF PHASE CHANGE MATERIALS

PCMs and latent heat storage are two methods that
materials might put the energy that they gain or lose as they
change phases to use [9]. The main concept behind phase-shift
energy storage is that energy can be taken in and then released.
The melting point is an important limit for how much heat
something can absorb or give off. The process of charging and
draining is almost isothermal, which means that the
temperature doesn't change much. This means that less heat is
lost and the store medium's volume grows. Show the PCM
categorization in Fig. 1.

Fig. 1. PCM Classification
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A. Organic Phase Change Materials

Organic PCM can change states by absorbing and letting
go of heat, going from solid to liquid or liquid to solid. These
materials are mostly composed of paraffin waxes or fatty
acids. In terms of energy storage, chemical stability, and
safety, they are head and shoulders above the competition.
During the melting process, the heat release is followed by
solidification; at present, these materials are being explored
for thermal management within the building insulation,
textile, electronic cooling, and renewable energy system areas.
Besides, the noncorrosive nature of these materials, coupled
with the very large melting temperature ranges, not only
makes them versatile but also enables easy integration into
various types of technologies.

e Paraffins: One group of PCMs that is known for its
chemical stability is paraffins, which are organic
compounds [10]. Because it doesn't undergo
significant changes during the phase transition,
paraffin continues its effectiveness for many cycles.
Eliminating supercooling is possible with paraffin
since it melts at a constant temperature, which
manages to eliminate supercooling.

o Non-Paraffins: There is a threefold difference in price
between paraffin and nonparaffin PCMs [11].
Alcohols, glycols, non-paraffin fatty acids, acidic
esters of these acids, and other such compounds are
known as PCMs.

B. Inorganic Phase Change Materials

PCMs based on inorganic materials can have thermal
instability, and this is especially true when the materials are
subjected to repeated phase transformations. Consequently,
the phase change characteristics, along with the PCM's
efficiency, get worse gradually.

e Microcapsules: The prevention of PC microcapsules
from supercooling is done by using large sizes for
them. This suggests that bigger capsules might not be
as likely to experience supercooling [12]. Large PCM
microcapsules may require reevaluation for building
applications due to changes in mixing-related
interactions and distributions.

e Salt Hydrates: The salt hydrates, amongst the
inorganic PCMs, are probably the most studied for
their heat-conserving properties. Encasing PCMs and
avoiding leakage or unwanted interactions include
substances such as titanium dioxide, calcium
carbonate, zinc oxide, and polystyrene [13]. Using a
sol-gel procedure, they may be manufactured in

varying quantities and pH levels, which allows
researchers to study the effects of varied circumstances
on encapsulating approaches.

C. Eutectic Phase Change Materials

Eutectic combinations exhibit certain characteristics that
improve sustainability, comfort, and energy efficiency across
several industries. The main reason they are the best phase-
change materials is that their melting points are very low.
Among these, binary systems have the lowest melting points.

e Organic-organic Phase Change Materials:
Organic—organic eutectic PCMs are produced by
mixing two organic compounds, for instance, fatty
acids or paraftins, to get the desired melting point. The
chemical stability being excellent and the toxicity
being low are their main advantages that make it safe
and trustworthy for various applications. Insulation,
textiles, energy storage systems, and similar
applications make extensive use of them despite their
low thermal conductivity because of their many

desirable characteristics, such as their low
environmental effect and ease of handling.
e Organic-inorganic Phase Change Materials:

Creating organic-inorganic eutectic PCMs means
mixing organic parts with inorganic salts or hydrates
to get the right heat performance. The combination
outperforms the flourish of an origin in two respects:
heat conductivity and energy densification. Despite the
advantages, these materials might experience
problems such as phase separation or incompatibility,
which require careful formulation and stabilization
techniques to make them reliable in the long run.

e Inorganic-inorganic Phase Change Materials:
Inorganic-inorganic PCMs are used for most thermal
management and precise melting temperature control
tasks. They are made up of two or more inorganic
pairs, like metal salts or salt hydrates. Such materials
give rise to significant thermal storage capacity
alongside very good heat conduction, which renders
them suitable for heat storage and high-temperature
applications to a large extent. Though there are some
drawbacks like corrosion and supercooling that can
occur, which imply that measures like protective
coatings and usage of g additives to improve stability
and performance need to be addressed in the long run.

Table I presents the classification table, including the
advantages, challenges, and applications of all categories.

TABLE I. CLASSIFICATION OF PHASE CHANGE MATERIALS

Category Sub-Type Advantages

Challenges Applications

Organic PCMs Paraffins

over multiple cycles.

High chemical stability, reliable

Lower thermal conductivity. Building insulation, textiles, and

electronics cooling.

Non-Paraffins

Environmentally friendly options.

Higher cost (3x more than
paraffins).

Thermal energy storage, temperature
regulation.

Inorganic PCMs | Microcapsules Lower risk of supercooling.

Uneven distribution
mixing in buildings.

during | Building materials, controlled heat

release.

Salt Hydrates High heat storage capacity.

Potential for leakage; phase | Solarenergy storage, heating/cooling

instability. systems.
Eutectic PCMs Organic—Organic Low toxicity, eco-friendly, stable. | Lower thermal conductivity. Textiles, insulation, energy storage.
Organic—Inorganic Enhanced energy density and | Risk of phase separation, | Advanced thermal management

thermal conductivity. compatibility issues. systems.

Inorganic—Inorganic
conductivity.

High latent heat & excellent

Corrosion and supercooling
issues.

High-temperature  heat
industrial use.

storage,
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III. THERMOPHYSICAL PROPERTIES OF PHASE CHANGE
MATERIALS (PCMS)

PCMs, a new type of thermal energy storage material,
have become very popular lately because of big changes in the
area. Improving the heat conductivity of PCMs is often done
by adding highly conductive nano-additives.

A. Properties of PCMs Embedded with Metal Foam

Heat absorption, storage, and release capabilities are
fundamental to several thermal energy storage-dependent
applications. One order of magnitude more heat conductivity
is displayed by metal foams in comparison to PCMs [14].
Furthermore, the metal foam's inner structure is very porous
and disorganized, which speeds up the phase shift process
without significantly lowering PCMs' ability to store heat.
Because the foam joints are spread out, PCMs may melt and
harden more evenly.

1) Effective Thermal Conductivity

Composite PCMs may experience an enhancement in their
effective thermal conductivity through the incorporation of
metal foam, which possesses exceptional thermal conductivity
and a porous architecture. Predicting the thermal conductivity
of phase change materials (PCMs) embedded within metal
foam presents a challenge due to the intricate pore structure.
An entirely new model is needed to explain the phase
distribution of PCMs made from metal foam structures. The
streamlined model of heat movement came with a blank sub-
model. Using the equivalent thermal resistance method, the
formula for effective thermal conductivity was then found.
Using the TPS method, the thermal characteristics of four
different porosity levels of copper-foam/paraffin have been
taken into account. Among these characteristics are the
thermal capacity, thermal diffusivity, and effective thermal
conductivity. After inserting copper foam into paraffin, the
results demonstrated a 25-fold improvement in effective heat
conductivity compared to pure paraffin.

2) Convection

The ability of PCMs to move heat better could be greatly
improved by using a metal foam that is good at conducting
heat. A novel approach to improving convective thermal
transfer can be achieved by using metal foam in small heat
exchangers. This happens because the metal foam has a lot of
surface area compared to its volume, and its passageways are
twisted, which makes flow mixing better. Unfortunately, the
metal foam prevents natural convection from reaching the
liquid regions of the PCMs. PCM has a low thermal expansion
ratio, is very thick, and has a high flow resistance; thus,
buoyancy-driven velocities can't achieve the major
convection.

B. Properties of PCMs on the basis of Density and Thermal
Conductivity

A lot of progress has been made on renewable technology
in the last several years as the globe moves away from
dangerous and ecologically destructive ways of obtaining
energy, such as fossil fuels. Energy systems that rely on wind
and solar power, for example, are notoriously unreliable and
unpredictable. Combining these energy-gathering methods
with other current technologies allows them to be used and
made available more extensively, which is essential for
maximizing their potential.
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1) Melting Point and Latent Heat of Fusion (Hfit)

DSC and DTA are two calorimetric methods that can be
used to find the melting point and latent heat of fusion [15].
Equation (1) can be used to determine the latent heat of fusion
for an n-component mixture. It does this by taking into
account both the latent heat of each element and the difference
in heat between their solid and liquid states:

Hy = 3L, (Hy), (TT—m) + T Xz %i(Cp i —

i

Cp,s,i)ln (Tm/Ti)
(M
The mole fraction is x;, the specific heat is C, The melting

point of the element is T;, and the melting point of the mixture
is Tyy,.

2) Density

According to Vegard's law, Equation (2), the molar
volume and molar fraction of the individual elements are
stated to be in a straight-line relationship. The density of metal
alloys in liquid form may be determined using this method:

L= 2 XM (X x; pM—li)3 2

The formula for the molar fraction and molar mass is given
by x; and p;, respectively, where M; denotes the liquid
density.

3) Solar Water Heater

Solar water heaters are gadgets that use the sun's energy to
heat water for different uses in homes, businesses, and
factories. Among the main benefits of this heating method are
lower electric bills, using green energy sources, and lower
carbon footprint. This system of solar water heater uses a
nearly evacuated tube solar collector to gain solar energy.
Evacuated-type solar collectors with nanofluid in many ways
outperform traditional collectors, among which are the
increase in heat transfer rates, the better absorption and the
excellent thermal conductivity of the nanofluid.

C. Temperature Regulation and Stability of the Composite
PCM

Renewable energy sources need to be developed to satisfy
power needs and reduce dependence on fossil fuels, and need
to continuously deliver electricity, too [16]. There is a problem
when some natural energy sources, like the sun and wind,
aren't always available.

1) Indoor Temperature Regulation

The execution of the numerical simulations enabled the
assessment of PCM-GBs' capacity to modulate interior air
temperature and enhance thermal comfort. Everything about
the PCM's melting and solidifying process, PCM-GBs' ability
to attenuate temperature variations, and the preservation of the
specified range of thermal comfort levels were accurately
recreated from the experimental data. Taken as a whole, these
findings demonstrate how crucial PCM is for managing indoor
temperatures during hot and cold spells [17]. The PTC
materials prevent the peak temperature from reaching its
maximum. Thus, they delay the appearance of the peak,
minimize the effect of variations, and keep the indoor air
reasonably stable and rewarding. This is a significant part of
the process of making energy use more efficient and, at the
same time, keeping the room temperature within the desired
limits.
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2) Thermal Stability of the Composite PCM

The TGA was used to test how stable the hybrid PCM was
at high temperatures. Example S8's (the composite PCM) TG
curve is seen in Fig. 2. As can be shown, the composite PCM
reaches its initial breakdown temperature of around 894 °C
and 885 °C at heating rates of 5 and 10 K/min, respectively.
At temperatures above 900°C, its decomposition rate
accelerates. Used XRD to study the breakdown products in the
composite PCM (S8) leftover material following the TG test
(heated over 950°C). The three chemicals displayed in Fig. 3
are the primary byproducts of decomposition: MgO,
Na2MgSiO4, and K2MgSiO4. After reaching 850°C, research
on the breakdown of Na2CO3 revealed that it begins to
dissolve at a sluggish rate. After reaching a temperature of
900°C, the gradual breakdown of K2CO3 begins. To add,
there are two phases in the breakdown of Na2CO3 and
K2CO03: (1) A2CO3 (1) = A20 (s) + CO2 (g); (2) A20 (1) =
2A (g) + 2 02 (g), where A is either Na2CO3 or K2CO3. This
leads us to believe that at very high temperatures, byproducts
of breakdown such as Na20 and K20 may react with SiC and
MgO. Thus, Na2MgSiO4 and K2MgSiO4 have been
generated by the process. Still, further research into the
chemical interaction that occurs during degradation is required
[18]. Approximately 850°C is the maximum temperature that
this composite has the potential to withstand, according to the
preliminary thermal stability research that was mentioned
before. One important area for future research is the material's
stability over time and how quickly it degrades when broken
down.
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IV. ENCAPSULATION TECHNIQUES APPLIED IN PHASE
CHANGE MATERIALS

The encapsulation method has the potential to make PCMs
more integrated with the building structure and less prone to
leakage issues. Encapsulation is a covert method of protecting
a PCM from outside influences and leaks [19]. Improving the
PCM's heat transfer area and thermal conductivity is essential
for maintaining its function as a thermal storage material, and
this process is critical for achieving that goal. Encapsulating
PCM improves heat transfer efficiency, simplifies processing,
and prevents leakage because to its increased surface area-to-
volume ratio. There are primarily three types of
encapsulations: macro, micro, and nano. Fig. 4 displays the
several methods of PCM encapsulation in action.

ENCAPSULATION STRATEGIES I
A
| I 1
Nano-
Macrn-' Micro- encapsulation
encapsulation encapsulation

Fig. 4. Encapsulation Techniques

A. Macroencapsulation in PCMs

"Macroencapsulation" refers to the practice of enclosing
and preserving a multitude of PCMs, ranging in weight from
a few grams to several kilograms, within bigger structures
such as spheres, panels, balls, or tubes. In addition to storing
PCM, the containers that are suitable for this activity also give
the PCM the mechanical support it needs. Thus, mild steel
containers, tin-coated metal cans, and plastic bottles are the
most preferred goods for economically viable alternatives.
The corrosion problem can reach enormous dimensions if
internal or external protective coatings are inadequate when
mild steel is employed. The integrity of the container and the
performance of the PCM are compromised by this. A certain
way to help the environment is to employ PCM
macroencapsulation in building projects. The geometry,
thermal  characteristics, and creative designs of
macroencapsulated PCMs are among the many elements that
affect their performance.

Fig. 5 shows a model of macroencapsulation that shows
the pros and cons of this method, including.

| Byndpoilnde |
| Cabe dengpmid ke dpectic
QATETeRh -

Coenpiris’e with surroandingy
ad bthding matemale 3
. Advantages

Preverts eaicape of FOMS

Fueduces oxterrul vahure

g dertag plowe
Yarsdixs

 Sudlabla e s erd Bk
applkadans (v g, heat transter
fuids)
Fig. 5. Principal advantages and disadvantages of the macroencapsulation
technique
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B. Microencapsulation in PCMs

Microencapsulation is a method that involves the addition
of tiny PCM particles, often measuring between 1um and
Imm, to diverse temperature control applications that mainly
need regulated temperatures between 10 and 80°C. High
thermal conductivity, outstanding chemical and thermal
stability, resistance to volume change, simplicity of
introducing technology to construction materials, and great
PCM control during phase changes are just a few of the
numerous benefits of this approach. The technique also
improves heat transfer due of PCM's higher surface area to
volume ratio. Microencapsulation does have a few drawbacks,
despite all of its benefits. The particles it contains make it hard
for heat to travel through, it can damage building materials'
mechanical qualities, and it's expensive to produce.
Microencapsulated PCMs usually come in round or uneven
shapes. Creating microencapsulated PCMs can be done in two
main ways. Chemical methods use methods like the ones
below, as shown in Fig. 6:

Chemical Properties of Microencapsulation
Suspension Polymerization
»

h Dispersion Polymerization

Fig. 6. Microencapsulation Chemical Properties

e Suspension Polymerization: Microcapsules' surface
properties and form are affected by a combinatorial
transition that includes particle coalescence, break-up,
secondary nucleation, and monomer diffusion.

o Dispersion Polymerization: Controls the reaction
duration, stabilizer concentration, initiator
concentration, and monomer concentration to achieve
the desired particle properties.

C. Nanoencapsulation in PCMs

The process of nanoencapsulation is integrating large
amounts of PCM particles with nanometric dimensions,
usually from 1 nm to 1 um. When the size of the particles
becomes so small that, in relation to their volume, they have
very large surface areas, thus causing a more enhanced
efficiency of heat transfer. Chemical procedures such as
microencapsulation, in situ dispersion, emulsion techniques,
suspension polymerization, and interfacial polymerization can
also produce nano emulsions. A more modern method of
encapsulating PCMs, nano-encapsulation, aims to solve
problems including better heat transmission, stability during
charging and discharging cycles, protection against leakage,
and higher dependability [20]. Nano-encapsulation is a
coating technique that makes use of nanoparticles, which are
known as the core or active substance, encased in a secondary
material called the matrix or shell to produce nano capsules,
thereby creating a new product. The core contains the active
ingredient, whereas the shell protects the core from the
environment. The barrier can be either short-lived or lasting,
and the center is usually liberated by diffusion or other means,
such as pH or shear, which gives control over the movement
to the right place at the right time. Nanotechnology has
attracted much interest in the field of PCMs as a method for
enhancing their thermophysical properties and life cycles.
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V. LITERATURE REVIEW

The critical review points out that the performance of
thermal regulation has been greatly improved by the recent
developments in PCMs. Improvements in thermal
management systems have resulted from studies that combine
numerical simulations with experimental validation and from
research that use comprehensive analytical methods.

Yuksel et al. (2025) focus on the impacts that the
incorporation of PCM in a mosque building envelope would
have on thermal comfort, energy use and CO2 output during
the hottest summer months in Yalova/Turkey, which is in the
'Csa' Koppen-Geiger climate zone. The configurations that
involved the use of 30 mm thick PCM (InfiniteRPCM25C)
with a melting temperature of 25°C were: introducing it into
the walls, the dome and both elements at the same time [21].

Song et al. (2025) introduce a sheath whose stiffness can
be adjusted, inspired by a multi-layer wave spring structure,
and made of thermoplastic material. A water-based
heating/cooling technique that is active is used, in which the
hot/cold water flows through the silicone tubes that are coiled
around the VS sheath, allowing for quick temperature control.
The selection of structural parameters of the VS sheath using
the orthogonal design method has been done to improve the
stiffness in the rigid state and to decrease the maximum stress
in the flexible state during 90° bending [22].

Ki et al. (2024) objective is not only to reduce the free
energy needed for the heterogeneous nucleation between the
liquid metal and its substrate to the minimum but also to
demonstrate a fast solidification path utilizing the copper
backbone structure. Their method has shown an eco-friendlier
thermal buffering effect as compared to the droplet-shaped
LM/PDMS composites, which is seen through the spread of
crystallization even at almost room temperature. The
interconnected LM's thermal percolation and the excellent
wetting properties between the LM and the CuGa2
intermetallic layer are the factors that make the porous-shaped
LM/PDMS a strong contender for passive thermal
management solutions [23].

Zhu et al. (2024) present a study that introduces a new
measurement arrangement that combines in-situ resistance
measurement and the wafer curvature method to
simultaneously acquire the common parameters of resistance,
reflectivity, and stress. Furthermore, an upgraded source
measure unit module and a self-created multi-channel
expansion module are drafted for fast batch testing, which
make it possible to carry out simultaneous accurate multi-
channel resistance measurements. The experiments with
Ge2Sb2Te5, various batches of Snl15Sb85, and
Ge2Sb2Te5/Sb7Se3 validated the system's performance, and
the proposed system's capability to capture the complex phase
transition systems' subtle behavior during crystallization was
proven [24].

Zhou et al. (2024) study focuses on the temperature-
induced crystalline phase transition behavior of iPP, first
exploring the specific conditions for temperature-induced
phase transition. Based on the determined conditions for
temperature-induced phase transition, further research was
conducted on the performance changes of iPP after constant-
temperature phase transition treatment. The study indicated
that as the temperature of the constant-temperature phase
transition treatment was elevated, the transition from  phase
to a phase became more complete along with an increase in
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melting temperature and no substantial influence on the
crystalline properties [25].

Deng et al. (2023) a long-term mission of an autonomous
underwater vehicle by creating a very efficient power system
that uses ocean temperature gradients. created a hybrid energy
harvesting system that enhances the performance of thermal
gradient energy systems through the use of PCMs for
buoyancy management and electrical storage. This system
allows UUVs to operate more efficiently. The mechanism for
converting hydraulics into electricity was prototyped [26].

Wang and Dai (2022) Using the genetic algorithm, it is
possible to get a perfect combination of phase change material
properties, according to the experimental optimization

findings. The algorithm also produces more regulation hours
and greater contribution rates than the PSO solution strategy.
Finally, this proves that a genetic algorithm is the best way to
deal with PCM room temperature in construction, allowing us
to achieve the aims of better temperature and economy while
keeping the reference value constant [27].

The most recent developments in PCM technology for
thermal management, including their applications, integration
techniques, and performance gains, are illustrated in Table II.
The results conclude that heat management by employing
PCMs could be achieved via both numerical and experimental
means of optimization.

TABLE II. RECENT ADVANCES IN PHASE CHANGE MATERIALS FOR THERMAL REGULATION APPLICATIONS
Author & Application Area PCM Type Integration Method Main Outcomes Innovations
Year
Yuksel et | Mosque  building | InfiniteRPCM25C Walls, dome, and both | Improved thermal comfort and | Comparative evaluation of
al. (2025) envelope (thermal | (30 mm, 25 °C | combined reduction in energy | PCM placement zones for
comfort & energy | melting point) consumption & CO: emissions | optimal building performance
efficiency) during peak summer
Song et al. | Stiffness-tunable Thermoplastic Active thermal | Fast  thermal  regulation; | Multi-layer wave spring-
(2025) thermoregulating material-based regulation using | stiffness enhancement and | inspired structure +
sheath PCM hot/cold water through | stress reduction during flexion | orthogonal design
helical silicone tubes optimization
Ki et al. | Passive thermal | LM/PDMS (porous- | Composite structure | Sustainable thermal buffering | Establishing crystallization
(2024) management shaped with CuGaz- | for enhanced | & rapid solidification near | path + reduced nucleation free
materials based Cu backbone) | percolation & | room temperature energy
crystallization
Zhu et al. | Phase transition | Ge2Sb2Te5, In-situ resistance & | Accurate detection of | Multi-channel advanced
(2024) monitoring & | Snl15Sb8s, wafer curvature | crystallization dynamics & | resistance measurement with
measurement Ge2Sb2TeS5/Sb7Se3 | measurement system complex phase transitions batch testing capability
systems
Zhou et al. | Temperature- iPP (B-to-a. | Constant-temperature Higher treatment temperature | Determined precise
(2024) induced phase | crystalline phase) phase transition | led to more complete phase | conditions for temperature-
transition of iPP treatment transition & increased melting | induced phase transition
point
Deng et al. | Ocean thermal | PCM-based hybrid | Buoyancy regulation + | Efficient energy harvesting for | Dual-function PCM system &
(2023) energy  harvesting | system electrical storage | long-term UUV missions hydraulic-to-electric
for UUVs mechanism conversion prototype
Wang & | Building energy | PCM with variable | Numerical GA showed superior regulation | Demonstrated GA-based
Dai (2022) | optimization attributes optimization via | hours & contribution rate vs. | optimization for temperature—
genetic algorithm PSO economy balance

VI. CONCLUSION AND FUTURE DIRECTIONS

Thermal energy storage and renewable energy systems
have been utterly transformed by PCMs, a really revolutionary
technology. Energy conservation, temperature maintenance,
and system endurance are greatly enhanced by PCMs due to
their latent heat storage and nearly heat-free phase transitions.
Metal foams, novel materials, and improved encapsulation
methods have all contributed to recent advancements, some of
which are associated with increased stability, adaptability, and
thermal conductivity. But still, there are some problems to be
solved such as getting rid of the long-term material
breakdown, dealing with leakage, losing compatibility with
host structures, and the problem of large-scale production.
Besides, it is also necessary to assess the durability,
incorporate the smart technology with real-time control
systems, and conduct the lifecycle evaluation when
considering the large-scale application and diverse climatic
and industrial scenarios. Altogether, PCMs are likely to
contribute a lot in terms of being one of the main pillars of
thermal management technologies; hence, supporting the
world in the direction of energy efficiency and environmental
sustainability.
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It is pointed out that future studies are to be done on
durability of PCM, thermal conductivity improvement and
large-scale integration of PCM in real systems. Smart
encapsulation, nano structuring and Al-driven optimization
can be the ways to further enhance PCM performance. A
significant step toward more environmentally friendly energy
storage and heat management in a variety of contexts can be
the development of low-cost PCM.

REFERENCES

[11  R. Patel, “Advancements in Renewable Energy Ultilization for
Sustainable Cloud Data Centers: A Survey of Emerging
Approaches,” Int. J. Curr. Eng. Technol., vol. 13, no. 5, pp. 447-454,
2023.

[2]  B. Diaconu, M. Cruceru, and L. Anghelescu, “Phase Change
Materials—Applications and Systems Designs: A Literature
Review,”  Designs, vol. 6, mno. 6, Nov. 2022, doi:
10.3390/designs6060117.

[3] F. Gao, X. Xiao, Z. Shu, K. Zhong, Y. Wang, and M. Li,
“Investigation of Thermoregulation Effect of Stabilized Phase
Change Gypsum Board with Different Structures in Buildings,”
Sustainability, vol. 16, no. 16, Aug. 2024, doi: 10.3390/su16166929.

[4] P. B. Patel, “Energy Consumption Forecasting and Optimization in
Smart HVAC Systems Using Deep Learning,” Int. J. Adv. Res. Sci.
Commun. Technol., vol. 4, no. 3, pp. 780-788, Jun. 2024, doi:
10.48175/1JARSCT-18991.

25



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Dr. R. Kumar, Journal of Global Research in Electronics and Communication, 2 (1) January, 2026, 20-26

R. Patel and R. Tandon, “Advancements in Data Center Engineering:
Optimizing Thermal Management, HVAC Systems, and Structural
Reliability,” Int. J. Res. Anal. Rev., vol. 8, no. 2, pp. 991-996, 2021.

P. B. Patel, “Thermal Efficiency and Design Considerations in Liquid
Cooling Systems,” Int. J. Eng. Sci. Math., vol. 10, no. 3, pp. 181-195,
2021.

K. Pielichowska, M. Szatkowska, and K. Pielichowski, “Thermal
Energy Storage in Bio-Inspired PCM-Based Systems,” Energies, vol.
18, no. 13, Jul. 2025, doi: 10.3390/en18133548.

K. Korniejenko, M. Nykiel, M. Choinska, A. Jexembayeva, M.
Konkanov, and L. Aruova, “An Overview of Phase Change Materials
and Their Applications in Pavement,” Energies, vol. 17, no. 10, 2024,
doi: 10.3390/en17102292.

Z. L. Yang, R. Walvekar, W. P. Wong, R. K. Sharma, S. Dharaskar,
and M. Khalid, “Advances in phase change materials, heat transfer
enhancement techniques, and their applications in thermal energy
storage: A comprehensive review,” J. Energy Storage, vol. 87, May
2024, doi: 10.1016/j.est.2024.111329.

K. Pielichowska and K. Pielichowski, “Phase change materials for
thermal energy storage,” Prog. Mater. Sci., vol. 65, pp. 67123, Aug.
2014, doi: 10.1016/j.pmatsci.2014.03.005.

T. Trisnadewi and N. Putra, “Phase change material (PCM) with
shaped stabilized method for thermal energy storage: A review,” in
AIP Conference Proceedings, 2020. doi: 10.1063/5.0013940.

A. Safari, R. Saidur, F. A. Sulaiman, Y. Xu, and J. Dong, “A review
on supercooling of Phase Change Materials in thermal energy storage
systems,” Renew. Sustain. Energy Rev., vol. 70, pp. 905-919, Apr.
2017, doi: 10.1016/j.rser.2016.11.272.

X. Wang et
Emulsification,” Sci.
10.1038/srep13357.

J. Chen, D. Yang, J. Jiang, A. Ma, and D. Song, “Research Progress
of Phase Change Materials (PCMs) Embedded with Metal Foam (a
Review),” Procedia Mater. Sci., vol. 4, pp. 389-394, 2014, doi:
10.1016/j.mspro.2014.07.579.

S. C. Costa and M. Kenisarin, “A review of metallic materials for
latent heat thermal energy storage: Thermophysical properties,
applications, and challenges,” Renew. Sustain. Energy Rev., vol. 154,
p. 111812, Feb. 2022, doi: 10.1016/j.rser.2021.111812.

S. K. Jha, A. Sankar, Y. Zhou, and A. Ghosh, “Incorporation of Phase
Change Materials in Buildings,” Constr. Mater., vol. 4, no. 4, pp.
676-703, Oct. 2024, doi: 10.3390/constrmater4040037.

C. Xu, Y. Zhang, and D. Qiu, “The Regulation of Temperature
Fluctuations and Energy Consumption in Buildings Using Phase
Change Material-Gypsum Boards in Summer,” Buildings, vol. 14,
no. 11, Oct. 2024, doi: 10.3390/buildings14113387.

Z. Jiang et al., “A Form Stable Composite Phase Change Material for

al., “Nano-encapsulated PCM via Pickering
Rep., vol. 5, no. 1, Aug. 2015, doi:

© JGREC 2026, All Rights Reserved

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Thermal Energy Storage Applications over 700 °C,” Appl. Sci., vol.
9, no. 5, Feb. 2019, doi: 10.3390/app9050814.

S. S. Chandel and T. Agarwal, “Review of current state of research
on energy storage, toxicity, health hazards and commercialization of
phase changing materials,” Renew. Sustain. Energy Rev., vol. 67, pp.
581-596, Jan. 2017, doi: 10.1016/j.rser.2016.09.070.

M. Fauzi, B. Kurniawan, A. Fachredzy, M. A. H. Nabawi, and A. P.
Tetuko, “Paraffin-Based Phase Change Materials (PCM) with
Enhanced Thermal Conductivity Through Particle Addition and
Encapsulation Techniques for Thermal Energy Storage: A Critical
Review of Materials Science,” Trends Sci., vol. 22, no. 9, Jul. 2025,
doi: 10.48048/ti5.2025.10308.

A. Yuksel, M. Arici, M. Kraj¢ik, M. Civan, S. Nizeti¢, and H.
Karabay, “Phase Change Materials as Solution for Cooling Energy
Efficiency and Thermal Comfort in Mosque Buildings,” in 2025 10th
International Conference on Smart and Sustainable Technologies
(SpliTech), IEEE, Jun. 2025, pp- 1-6. doi:
10.23919/SpliTech65624.2025.11091768.

D. Song et al., “A Phase-Change-Material-Based Variable Stiffness
Sheath Inspired by a Multi-Layer Wave Spring Structure for Flexible
Upper Gastrointestinal Endoscopic Robots,” IEEE Robot. Autom.
Lett., vol. 10, no. 6, pp. 6504-6511, Jun. 2025, doi:
10.1109/LRA.2025.3568564.

S. Ki et al., “Porous Liquid Metal-Based Phase Change Materials For
Sustainable Thermal Buffer,” in 2024 23rd IEEE Intersociety
Conference on Thermal and Thermomechanical Phenomena in
Electronic Systems (ITherm), 1EEE, May 2024, pp. 1-7. doi:
10.1109/1Therm55375.2024.10709498.

L. Zhu et al,, “A New Multi-Parameter Measurement System for
Analyzing Phase Change Dynamics in Phase Change Thin Film
Materials,” in 2024 6th International Conference on Intelligent
Control, Measurement and Signal Processing (ICMSP), IEEE, Nov.
2024, pp. 123-130. doi: 10.1109/ICMSP64464.2024.10866302.

Y. Zhou, X. Hou, J. Cheng, and L. Zhang, “Effects of Temperature-
Induced Crystalline Phase Transition on the Space Charge
Characteristics of Isotactic Polypropylene,” in 12024 IEEE 14th
International Conference on the Properties and Applications of
Dielectric Materials (ICPADM), IEEE, Aug. 2024, pp. 328-331. doi:
10.1109/ICPADM61663.2024.10750635.

Z.D. Deng et al., “Efficient Hydraulic-to-electric Energy Conversion
for PCM-based Ocean Thermal Gradient Energy System to Power
Uncrewed Underwater Vehicles,” in OCEANS 2023 - Limerick, 2023,
pp. 1-4. doi: 10.1109/OCEANSLimerick52467.2023.10244366.

S. Wang and D. Dai, “Multi-Objective Optimization of Room
Temperature Regulation of Building Phase Change Materials Based
on Genetic Algorithm,” in 2022 6th Asian Conference on Artificial
Intelligence Technology (ACAIT), 1EEE, Dec. 2022, pp. 1-6. doi:
10.1109/ACAIT56212.2022.10137892.

26



