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The on-going search for increasingly sustainable and efficient thermal energy management across a wide range
of sectors leads to continuous exploration of innovative solutions. In this context, phase change materials
(PCMs) have emerged as key solutions for thermal energy storage and reuse, offering versatility in addressing
contemporary energy challenges. Through this review, we offer a comprehensive critical analysis of the
latest developments in PCMs-based technology and their emerging applications within energy systems. First,
the conducted investigation highlights the most important drivers stimulating the use of PCMs, namely,
the miniaturization of electronic devices, the fluctuating nature of renewable energy sources, and the urge
to design smart buildings and textiles. Here, we therefore discuss the integration of PCMs into electronic
systems characterized by high heat fluxes, lithium-ion batteries, solar energy systems (including photovoltaic,
desalination systems), building materials and textiles to offer wearable solutions for enhanced thermal comfort.
Outlining around 100 various cases, PCMs emerge as particularly suitable to ensure optimal operating
temperature ranges, to extend lifespan of the devices and ultimately to improve overall system energy
efficiency. Beyond potential, challenges such as material leakage, long-term durability, and cost-effectiveness
are discussed. By focusing on literature post-2022, the proposed review aims to condense the latest numerical
and experimental research findings, spotlight emerging trends, and identify challenges to promote broader
and long-term adoption of PCM-based systems. By providing a holistic perspective on PCM applications, we
emphasize their potential in achieving sustainable and efficient energy management and provide insights to
encourage future cross-disciplinary research and innovation.

1. Introduction devices such as processors, graphics cards, and other electronic com-
ponents [11,12]. The importance of proper thermal management also
emerges in the field of lithium-ion batteries [13,14], which represent

increasingly in-demand and fundamental technology in the modern

The pursuit of sustainable and efficient thermal energy management
across several sectors has positioned phase change materials (PCMs) as

a versatile and effective strategy [1-4]. From electronics [5] to solar
energy systems [5-7], buildings [8,9], and textile industries [10], the
exploration and application of PCMs constantly experience significant
progress.

In the field of electronics, the relentless march towards miniatur-
ization and increased performance of devices, which leads to increased
power density and heat generation, poses significant challenges to
thermal management. Indeed, as electronic components become more
compact and powerful, efficient heat dissipation increasingly emerges
as one of the most critical factors for ensuring reliable operation and
extended operating life. In this context, the use of PCMs offers a
flexible and promising solution to improve the thermal performance of
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era powering a wide array of applications from portable electronics to
electric vehicles. Effective dissipation and regulation of heat generated
during battery operation are once again crucial to ensuring battery
safety, longevity, and stable performance. To this end, significant pres-
sure has been exerted on traditional air-cooled packs [15,16], which
constitute active management strategies. Over the past decades, passive
(i.e., not requiring external energy input or mechanical devices to
achieve thermal regulation) PCM-based strategies have played a major
role in addressing the above critical issues [17-19]. PCMs have proven
significantly more effective in maintaining optimal battery tempera-
tures without the need for external systems [20]. The integration of
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PCMs within battery systems offers indeed the potential to mitigate
temperature-related issues such as overheating, thermal runaway [21],
and capacity degradation, thereby enhancing battery reliability and
efficiency [22]. Above all, PCMs are particularly effective during peak
usage of these electronic devices, helping to avoid the over-sizing of
conventional heat sinks. The first section of this review is therefore
dedicated to the use of PCMs in electronic systems characterized by
high heat flux (e.g. chipsets, CPUs, diodes), as well as, in the field
of lithium-ion batteries. We comprehensively explore the principles
behind PCM integration in electronics and the latest advances and inno-
vations in this field. In particular, this review considers and compares
the different thermal management strategies used (i.e., conventional
active strategies based on air or liquid cooling, passive strategies based
precisely on the use of PCMs, and hybrid strategies), the type of
research conducted (numerical and/or experimental), and the different
types of PCMs mostly employed.

Turning to the solar energy sector, it has seen significant advance-
ments with the integration of PCMs into various technologies [23,24],
including solar thermal collectors, photovoltaic (PV) systems, and hy-
brid configurations. PCMs may play an important role in enhancing
heat transfer, stabilize temperature fluctuations, and improve system
efficiency by storing excess thermal energy during high solar irradiation
and releasing it during low or no solar input. This contributes to
continuous operation, reduced thermal stress, extended equipment life,
and lower maintenance costs. Particularly in solar desalination systems,
increasingly proposed by the scientific community to address the grow-
ing global demand for fresh water and mitigate the challenge of water
scarcity [25,26], PCMs ensure stable heat sources, mitigate productiv-
ity fluctuations, and enable component downsizing for cost-effective
installations [27,28]. Recent research has focused on optimizing PCM
selection, arrangement, and system design to maximize energy stor-
age [29] and transfer efficiency [30] while reducing environmental
impact. This section reviews key developments and challenges in inte-
grating PCMs into solar energy systems, highlighting case studies that
illustrate critical factors such as material choice, system configuration,
and operational parameters.

Finally, beyond applications in electronics and solar, PCMs have
also penetrated the fields of buildings and textiles [31,32]. The building
industry is evolving rapidly in response to the global demand for
energy-efficient and environmentally sustainable buildings. Among the
myriad technologies aimed at enhancing the performance of building
envelopes [33], the latter infused with PCMs offer the promise of
innovative and energy-efficient structures, capable of responding dy-
namically to environmental conditions. This feature offers a plethora
of advantages, including reduced energy consumption, enhanced oc-
cupants comfort, and decreased greenhouse gas emissions [34,35].
Research is still ongoing to develop new PCM compositions, mainly
with higher cycling stability and environment-friendly. Several research
projects and initiatives worldwide have demonstrated the practical
implementation of PCM technology in buildings to increase energy effi-
ciency, improve thermal comfort and reduce dependency on traditional
heating and cooling systems. This topic will be addressed in the third
section [36].

As far as the textile field is concerned, several studies also involve
the use of PCMs to improve the thermal comfort of garments and other
textile products. PCMs used in textiles are typically micro-encapsulated
within the fibers or introduced through a fabric coating. Incorporating
PCMs into fabrics offers several advantages: (i) temperature regulation
and increased comfort: PCMs help maintain a comfortable temperature
by absorbing excess heat or releasing accumulated heat when needed,
reducing temperature fluctuations; (ii) energy savings: by reducing the
need for external heating or cooling, PCM fabrics can help save energy
and reduce dependence on climate control systems. In the last section
of this work, we therefore discuss the most recent developments and
applications of PCMs in textiles.
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2. PCMs for the management and storage of thermal energy in
electronic systems

2.1. Thermal management of processors and other electronic heat sources

Numerical studies. In 2023, a study focused on the investigation
and optimization of a metal foam PCM-based heat sink for thermal
management of electronic devices was proposed [37]. The thermal
power generated was considered equal to 4 kW m~2. Several design
parameters, including PCM types (RT31, RT42, and RT55), metal foam
porosities (85%, 90%, and 95%), and metal foam materials, were
systematically studied to figure out the optimal heat sink parameters
across critical temperatures of 40 °C, 50 °C, 60 °C, and 70 °C. Employ-
ing the volume-averaged method and a thermal non-equilibrium model,
the study simulated heat transfer, phase change, and fluid flow within
the heat sink unit, which is schematically represented in Fig. 1. Notably,
metal foam integration proved beneficial for enhancing the thermal
performance of heat sinks, with PCM types exerting a substantial
influence on their efficacy. For instance, heat sinks with RT31 demon-
strated a five-fold increase in maximum operating time compared to
those with RT55 at a critical temperature of 40 °C. The investigation
identified optimal design configurations, emphasizing the importance
of PCM type selection, with RT31 and aluminum foam showcasing
superior thermal management efficiency across critical temperatures.
Despite these promising results, the optimization results also highlight
a limitation: while increased porosity improves heat transfer, it can
compromise structural integrity or lead to reduced thermal contact with
the heat source. This may suggest the need for a more finely-tuned
balance in the design criteria of these systems. Moreover, experimental
validation of the model used remains crucial to investigate real-world
applicability, particularly in the presence of dynamic and variable
thermal loads. Future research should aim to experimentally validate
these results to assess their practical feasibility.

In the same year, another numerical study [38] focused on ad-
dressing the instantaneous thermal shock experienced by electronic
devices subjected to transient heat flux through the design of a novel
passive PCM-based heat sink, which is represented in Fig. 2. The study
systematically explored the thermal control performance, considering
maximum temperature reduction, PCM liquid volume fraction, energy
storage rate, natural convection heat transfer, and temperature control
efficiency. Results indicate that compared to a heat sink without PCM,
the PCM-based counterpart can achieve approximately a 10 K reduction
in maximum temperature. A key feature of the optimal design was the
effective utilization of a fin-filling strategy, in which PCM fills regions
around the heat sink fins (see Fig. 2). Analysis revealed that this config-
uration controlled heat distribution more effectively than conventional
heat sink designs. Moreover, findings suggested that PCM-filling width
plays a pivotal role in transient performance, with a dimensionless
filling width (i.e., %, being » and D represented in Fig. 2) of 0.3
demonstrating the best thermal management response. These findings
provide actionable insights into design strategies, particularly for tran-
sient thermal events. Although the study provided valuable guidelines,
factors such as PCM aging and material degradation under prolonged
use require further exploration to ensure long-term reliability.

These numerical studies reveal how the coupling between PCMs
and heat sinks may be prone to continuous refinement by leveraging
a myriad of different conceivable configurations obtained by mixing
different types of PCMs (organic, inorganic, nano-PCMs, composite)
and fins. The studies are therefore intended to provide guidance for the
design and development of efficient PCM-based heat sinks. However, it
is worth mentioning how these studies also highlight the presence of
critical gaps. Most notably, while numerical models effectively capture
phase change phenomena and thermal performance, they often simplify
practical conditions, such as localized hot spots or non-uniform heat
generation, which may limit their direct application. Further integra-
tion of computational and experimental approaches is necessary to
refine these designs and enhance their robustness.



M. Morciano et al. Energy Conversion and Management: X 25 (2025) 100862

Cold plate

Al cavity :
\

Metal foam
Heat sink unit ‘ o
Hot plate PCM

Fig. 1. Thermal control module of the electronic component (a) schematic and (b) section drawing.
Source: Picture taken from Ref. [37], with permission.
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Fig. 2. Schematic of the computational domain. (a) Illustration of the application; (b) top view of the heat sink; (c) scheme of heat sink PCM-based (IF: Inside filling; BSF: Bottom
surface filling; FOF: Fin outside filing).
Source: Picture taken from Ref. [38], with permission.
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Experimental studies. Experimental studies have demonstrated that
PCM-based heat sinks can successfully mitigate high heat fluxes, but
they also highlight areas requiring further optimization and explo-
ration. In one recent study, authors fabricated and proposed an innova-
tive passive module for electronic chipset cooling with high heat fluxes
ranging from 2 to 4 kW m~2 [39]. In detail, the research addressed
the most representative issues encountered in conventional passive
PCM-based heat sinks, including leakage, corrosion, and low thermal
conductivity of PCM. The cooling module integrates a conventional
heat sink with a thermal storage unit filled with PCM and nano-
additive PCM (NPCM). Horizontal circular copper fins connect the two
components, ensuring indirect contact between PCM/NPCM and the
heat sink. The study employed image processing to visualize and assess
the melting behavior of PCM and NPCM. Results demonstrated that
the innovative cooling module significantly reduced steady-state and
transient temperatures (by approximately 7 °C and 12 °C, respectively)
compared to conventional cooling systems. The inclusion of pure PCM
and NPCM, especially ZnO-PCM, further enhanced thermal manage-
ment. The higher volume fraction of PCM contributed to lower transient
and steady-state temperatures and higher efficiency, with substantial
effects at lower heat fluxes. However, challenges such as nanoparticle
agglomeration and potential long-term compatibility with the heat sink
material remain unaddressed. These issues are critical for ensuring the
durability and scalability of such systems in practical applications.

A seminal experimental study [40] examined the effect of micro-
encapsulated PCM suspension (MPCMS) on the thermal management of
Light Emitting Diodes (LEDs) within a Thermoelectric Cooler-
Microchannel Heat Sink (TEC-MHS) system. The research explored the
morphology, phase-change and thermophysical properties of MPCMS,
aiming to enhance the cooling capacity with respect to systems that
use water as coolant. Experimental results revealed that the TEC-
MHS system employing MPCMS as a coolant outperforms the system
using water, demonstrating improved LED cooling. The study inter-
estingly introduced a dimensionless thermophysical factor to assess
the influence of MPCMS concentration on cooling performance. The
conclusions emphasized the adaptability of the microchannel heat sink
with MPCMS for high-power TEC (i.e., up to ~ 30 kW m~1).

In another noteworthy investigation, authors [41] equipped a ther-
moelectric generator (TEG) with a PCM to stabilize the output power
for unsteady heat sources, such as electronic chips. A schematic of the
experimental setup is reported in Fig. 3. In detail, researchers combined
a vanadium dioxide (VO,) sintered body, representing a solid—solid
PCM, with the TEG, comparing its performance with conventional
solid-liquid PCM paraffin. The TEG with VO, demonstrated superior
power generation and output power leveling, attributed to its higher
thermal conductivity compared to paraffin. The on-chip TEG-PCM sys-
tem with VO, effectively leveled the temperature of the electronic chip
while generating electricity, resulting in a 14.4 °C reduction in the
maximum chip temperature compared to the scenario without PCM.
Authors suggested further research to optimize the size and conditions
for solid—solid PCM, evaluate durability under temperature cycling,
and explore cost-effective alternatives to maximize the benefits of this
innovative approach. Indeed, while VO, exhibited high thermal con-
ductivity, its high cost and limited availability pose significant barriers
to widespread adoption. Exploring cost-effective solid—solid PCMs with
similar properties would enhance the practicality of this approach.

The potential of solid-solid PCM applications in the field of elec-
tronic cooling was also explored using Neopentyl Glycol (NPG) (phase
transition between 40 °C and 48 °C) in combination with heat pipe-
assisted heat sinks under forced air cooling [42]. Experimental and
numerical results confirmed that integrating heat pipes with solid-
solid PCM achieved enhanced heat transfer rates and improved thermal
response during both charge and discharge periods. This configuration
outperformed other heat sink designs, demonstrating the promise of
combining heat pipes and solid-solid PCM for efficient cooling under
variable operating conditions. The study also noted that enhanced
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Fig. 3. Experimental setup for on-chip TEG-PCM.
Source: Picture taken from Ref. [41], with permission.

heat transfer at the condenser section and incorporation of conductive
particles could further optimize the system. This highlights the need
for multi-faceted improvements to fully leverage solid-solid PCMs in
electronic cooling applications.

Still, an interesting application was recently explored by Mao and
co-workers [43]. In response to the increasing adoption of “more-
and all-electric aircraft” driven by the prevalence of airborne electro-
magnetic actuators such as permanent magnet synchronous machines
(PMSMs), authors introduced a novel PCM-based thermal protection
strategy for enhancing the thermal management of PMSMs [43]. Two
equivalent PMSMs were employed to experimentally validate the pro-
posed PCM-based cooling scheme using commercial wax. Comparative
analysis revealed a significant reduction in machine temperature un-
der various operating conditions, with a maximum temperature drop
of 13.7 °C. The study further explored the relationship between the
utilized PCM and the cooling working mode, introducing a dimen-
sionless correlation to predict temperature peak differences. The study
concludes by emphasizing the compatibility of the PCM-based cooling
strategy for PMSMs in aircraft applications, proposing future investiga-
tions to validate and refine the results presented. Further investigations
on non-commercial high-efficiency PCMs tailored for cooling PMSMs
could prove very interesting and enrich the state of the art.

The combination of eutectic gallium-indium liquid metal with PCM
capsules represents another recent advancement [44]. This composite
demonstrated high thermal conductivity and scalability, achieving a
414.3% increase in full-load operating time for CPU cooling (see Fig. 4)
compared to conventional designs (i.e., pin-fin heat-sink). The inclu-
sion of liquid metal enhanced thermal buffering performance, reduced
temperature differences under operational changes, and led to a 23%
energy saving. The authors also suggest future research to explore
further applications and optimizations of the proposed innovative PCM-
LM composite. Although these results are promising, even in this study,
the long-term stability of the PCM-LM composite under cyclic loading
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Fig. 4. Experimental setup. (a) Schematic view of the LM-PCM-filled heat mitigator. (b) Photographic view of the heat mitigator. (c) Bottom surface of the heat mitigator. (d)
Semi-filled heat mitigator without EGaln LM. (e) Fully-filled heat mitigator. (f) CPU heat dissipation using pin fin heat sink and fan. (g) CPU heat dissipation using heat mitigator

and fan. (h) CPU heat dissipation using pin fin heat sink.
Source: Picture taken from Ref. [44], with permission.

is lacking. This remains a critical recurring area to be studied in the
future.

Interestingly, an approach to control the position of the melting
front of PCM using pressure-enhanced close-contact melting (CCM),
proposed in 2022 by Fu and co-workers [45], was adopted in 2023 [46]
for thermal management in high heat flux electronic devices (see Fig.
Fig. 5). The conventional PCM-based heat sink and a metal foam-
enhanced PCM heat sink were compared with the pressure-enhanced
CCM method using paraffin and low melting point alloy. The pressure-
enhanced method effectively limited the movement of the melt front,
achieving stable temperature control for electronic devices operating
under high heat flux (here up to 10 kW m~2). The results demonstrated
that the surface temperature of the heat source can be stabilized around
the melting point of PCM, and the thermal resistance is minimized to
less than 10~* K m2 W~ at an applied piston pressure of 2250 Pa. This
method proved to be superior to conventional PCM heat sinks, where
the enhancement in thermal conductivity diminishes over time due to
increasing liquid film thickness. The study emphasizes the significance
of applied pressures and heat loads on achieving stable controlled
temperature and suggests further analysis of thermal properties and
in-depth research on liquid-solid heterogeneous interfaces for compre-
hensive understanding. The focus of the study on paraffin limits its
applicability to more demanding systems, highlighting the need for
broader material testing.

Another research [47] focused on enhancing heat transfer in paraf-
fin wax by incorporating multilayer graphene (MLG) at different mass
fractions (0-10 wt%), aiming to improve thermal buffering in electronic
applications. The MLG, obtained through supercritical fluid exfoliation
of graphite in alcohol, demonstrated interesting morphological fea-
tures, indicating close contact between paraffin and graphene. Thermal
properties, including phase change transition temperatures, latent heat,
and thermal conductivity, were extensively studied. Although a slight
decrease in energy storage capacity was observed with graphene ad-
dition, a remarkable 150% improvement in thermal conductivity was
achieved at the highest graphene loading. The composite was applied

as heat sink for an embedded electronic processor, and results indicated
a significant reduction in processor operating temperature (up to 20%)
with graphene content exceeding 5 wt%.

In 2024, recent analysis [48] of natural convection suppression in
liquid PCM embedded in porous media revealed further opportunities
for thermal optimization. Using metal foam skeletons or anisotropic
carbon foams reduced the temperature of the heat source by delay-
ing natural convection onset and altering the melting front behav-
ior. Anisotropic foams were found to demonstrate directionality in
heat transfer properties, emphasizing the need to strategically align
these structures to heat sources for optimized thermal management.
These insights represent a promising design strategy for applications in
next-generation electronics where transient heat dissipation is critical.

Summarizing, the integration of PCMs into electronic systems, rang-
ing from high-performance computing devices to more-electric aircraft
components, may represent a good solution to address the thermal
challenges associated with the miniaturization and increased perfor-
mance of such components. The integration of PCMs, whether through
innovative heat sink designs, enhancement with metal foams, or the
development of composite materials, have demonstrated potential to-
wards enhanced thermal performance and operational longevity of
electronic devices. The achievements highlighted across these studies
include the optimization of PCM-based heat sinks for effective heat
dissipation in high-performance computing environments, the success-
ful application of PCMs in managing transient thermal shocks, and
the novel use of PCM composites for cooling CPUs and other high
heat flux electronic devices. Notably, the exploration of solid—solid
PCMs and the incorporation of nano-additives and metal foams have
opened new avenues for enhancing the thermal conductivity and phase
change behavior of PCMs, thereby improving their overall performance
in thermal management applications. Looking to the future, several
promising research lines have been identified. These include further ex-
ploration of bio-based and environment-friendly PCMs for sustainable
thermal management, advancements in composite PCMs integrating
high thermal conductivity materials, refining the integration processes
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Fig. 5. Schematic of the experimental setup. The PCM container for the experimental test section is made of copper and shows cylindrical structure with the inner diameter of
70 mm and the height of 60 mm. A sight window with the width of 20 mm is designed on the side of the container to visualize the PCM melting process. An acrylic cylinder is
covered on the outside of the PCM container to encapsulate the sight window and minimize heat loss. The heating pad (Polyimide heater) with diameter of 70 mm is fixed at the
bottom of the PCM container. The heat load of the heating pad can be set to constant values by using a D.C. power controller. The pressure exerted on the solid PCM is provided

by the piston, which is coupled to the electro-mechanical actuator.
Source: Picture taken from Ref. [46], with permission.

for electronic devices, and development of more sophisticated modeling
and simulation techniques to predict PCM behavior in complex elec-
tronic systems accurately. As electronic devices continue to evolve in
complexity and performance, the role of PCMs in thermal management
will undoubtedly expand, offering exciting opportunities for future
research and technological innovations (see Fig. 5).

2.2. Thermal management of lithium-ion batteries

Numerical studies. A comprehensive numerical investigation [49] into
the thermal behavior of nano-enhanced PCMs within a circular enclo-
sure housing lithium-ion battery packs (LIBPs) has revealed promising
opportunities for advanced thermal management (see Fig. 6). Specif-
ically, graphene nanoparticles were incorporated into CaCl, - 6 H,0
PCM to assess the impact of nanoparticle inclusion on phase change
dynamics. Simulation analyses showed that varying blade length in-
fluenced both the melting and freezing processes of nano-PCMs under
steady conditions with constant thermal loads from the batteries. Find-
ings indicated that introducing nanoparticles enhanced phase-change
behavior, with specific blade length configurations optimizing heat
dissipation during critical operational periods.

Similarly, finite element method-based simulations [50] of PCM-
filled packages within the LIBP were employed, investigating key pa-
rameters such as maximum temperature, minimum temperature, and
the volume fraction of molten PCM under varying charge and discharge
rates (1c, 1.5¢, 2¢) in transient conditions. Remarkably, even in the
most challenging scenario, the maximum temperature did not exceed
325 K within the proposed thermal management system, highlighting
its effectiveness in preventing overheating. However, it is worth not-
ing that these numerical results depend heavily on idealized thermal
properties and boundary conditions, which must be experimentally
validated for practical implementation.

The numerical exploration of these phenomena provides key in-
sights into how PCM distributions, nanoparticle loadings, and system

geometry influence the operational stability of thermal management
strategies. While the numerical results emphasize the potential of nano-
enhanced systems and optimized thermal configurations, future work
should explore multi-physics phenomena (e.g., fluid dynamics and
phase transitions) under real-world battery cycling conditions to fully
capture operational behaviors.

Experimental studies. Among the most recent experimental works,
it is worth mentioning that proposed by Wang and co-workers [52].
Authors investigated the charge-discharge performance of lithium-
ion batteries and established the critical temperature thresholds for
heat preservation and preheating processes. The researchers devel-
oped graphite powder/paraffin composite PCM and a more advanced
graphite powder/paraffin/nickel foam ternary composite PCM with
optimized compositions. A comprehensive thermal management exper-
iment involving large-capacity rectangular lithium iron phosphate bat-
teries spanning a wide range of climatic conditions was conducted. The
performance of different thermal management modes, including (con-
ventional) air natural convection, paraffin, graphite powder/paraffin
composite, and graphite powder/paraffin/nickel foam ternary compos-
ite, was compared. The findings demonstrated that both the binary
and ternary composite PCMs effectively control battery surface tem-
perature, ensuring it remains above 0 °C for extended periods in
extremely cold environments (—20 °C). However, the ternary composite
exhibits superior temperature homogeneity in both high (40 °C) and
low-temperature (—20 °C) conditions, making it a promising choice for
advanced thermal management systems for lithium-ion batteries.

In the same year, a recent study [51] addressed the need for a
detailed comparison and reliability validation of paraffin-based opti-
mization methods for lithium-ion battery thermal management systems.
A paraffin was chosen as PCM, and two optimization approaches were
explored: one involving expanded graphite (EG) and the other using
fins (see Fig. 7). Experiments comparing thermal properties before and
after cycling cycles show that these composite systems maintain per-
formance over repeated charge—discharge events. Of particular interest
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Source: Picture taken from Ref. [49], with permission.

Battery with Fins Battery with PCMP Battery with EGPCMP

Fig. 7. (a) Sketch of the experimental group; (b) physical view of the group.
Source: Picture taken from Ref. [51], with permission.

is the 35.5% temperature reduction achieved when combining paraffin More recently, innovative studies have further explored hybrid
with expanded graphite and fin structures, demonstrating a synergistic strategies combining PCM with active cooling elements [53], such as
effect between geometry and material design. liquid cooling or airflow-assisted cooling mechanisms. For instance,
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Fig. 9. Battery module with cooling material: (a) copper foam-PCM, bottom view; (b) copper foam-PCM, top view; (c) pure PCM, bottom view (d) pure PCM, top view.
Source: Picture taken from Ref. [54], with permission.

movable fin structures within PCM pools demonstrated effective forced represented in Fig. 8. These designs not only reduced maximum op-
convection during melting periods, maintaining operational tempera- erating temperatures but also enhanced thermal uniformity across the
tures below 40 °C during typical discharge conditions. The proposed system, offering a promising and cost-effective method for large-scale

PCM-based battery thermal management design with adjustable fins is thermal management.
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Another study published in 2023, explored the use of paraffin-
based PCM embedded within copper foam to enhance heat dissipation.
Comparative investigations were conducted to assess the thermal re-
sponses of a battery module under different thermal management
solutions, including natural air, pure PCM, and copper foam-PCM.
The battery module, consisting of 16 thermal dummy cells (TDC),
designed to replace commercial 21,700 NMC battery cells, is repre-
sented in Fig. 9. The results demonstrated that such systems reduced
peak temperature responses by up to 10.4%, achieving a significant
improvement in thermal stability. Furthermore, these composite solu-
tions optimized cell-to-pack ratios, addressing both performance and
packaging efficiency challenges for large-format battery systems.

Several other advanced composite strategies integrating unique
nanomaterials such as boron nitride, silicone gel and carbon nanotubes
have been explored [55]. This composite leveraged the high latent
heat of PCM combined with the heat-conductive properties of silicone
gel as a thermal interface material. These materials demonstrated
enhanced heat conduction properties while maintaining key features
like anti-leakage and flexibility, thus addressing multiple performance
metrics simultaneously. Experimental observations suggest that these
composites can reduce operational peak temperatures during intense
thermal cycling, highlighting their potential for next-generation battery
thermal management designs.

Several other advanced composite strategies have been proposed.
For instance, a novel composite material composed of a paraffin, carbon
nanotube, boron nitride, and silicone gel was introduced in 2023 [55].
This composite leveraged the high latent heat of PCM combined with
the heat-conductive properties of silicone gel as a thermal interface
material. Notably, this composite material offered several advantages,
including anti-leakage, mechanical flexibility, re-ignition resistance,
and impressive waterproofing capabilities. Experimental observations
suggest that these composites can reduce operational peak tempera-
tures during intense thermal cycling, surpassing the performance of
modules without composite material, highlighting their potential for
next-generation battery thermal management designs. Another paper
on composite [56] addressed the limitations such as rigidity, assembly
challenges, high thermal resistance, low thermal conductivity, and
potential leakage. The study introduced a novel flexible composite PCM
designed to overcome these issues effectively. The composite PCM was
obtained by combining a thermoplastic styrene-based polymer (TPS)
as a support material, paraffin as the PCM, and expanded graphite as a
thermally conductive filler. The results revealed that this composite ex-
hibits excellent flexibility and extensibility at room temperature while
maintaining shape stability at high temperatures and under pressure.
The contact thermal resistance of the composite PCM was significantly
lower than that of similar materials, making it highly efficient for
thermal management. Experiments conducted on both single batteries
and square battery modules demonstrated that the composite PCM
thermal management system can effectively reduce battery module
temperatures.

Recent experimental study [57] focused instead on the approach
of coupling PCMs with liquid cooling technology. Micro-encapsulated
PCM (MPCM) was developed to create MPCM slurry (MPCMS), and
various base liquids were evaluated, with silicone oil proving to offer
the best stability without sedimentation over a seven-day period. Fur-
thermore, graphene (GE) was incorporated into the slurry to enhance
its heat transfer properties. The results demonstrated that increasing
the MPCM concentration in the slurry led to improvements in latent
heat, thermal conductivity, and specific heat capacity. Remarkably,
the viscosity of the slurry remained relatively stable at concentrations
below 40 wt%. When applied to a prismatic lithium-ion battery module,
the GE-MPCMS-Si slurry effectively reduced the temperature and its
variation of the battery module. Additionally, the study investigated
the impact of coolant flow rate with the aim of determining the most
economical and efficient option.
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Furthermore, innovative  approaches employing  hybrid
thermal management strategies combining composite PCM and liquid
cooling showed superior performance under challenging thermal loads.
For example, an interesting study [58] found that this hybrid approach
could reduce maximum operational temperatures by nearly 5 °C, even
at high discharge rates and ambient temperature extremes. The opti-
mal parameters influencing this hybrid system’s performance include
composite PCM thickness and ambient conditions, with simulations and
experiments pointing to 4 mm as an effective thickness that maximized
thermal dissipation while minimizing system weight.

Finally, the development of composite PCMs leveraging advanced
nanomaterials such as highly oriented N-doped carbon nanotubes de-
rived from metal-organic frameworks has marked a significant ad-
vancement [59]. These composites demonstrated enhanced thermal
conductivity (up to 197.47% higher than the base PCM) and excel-
lent phase stability, retaining over 99.95% of their latent heat over
numerous charge—discharge cycles. The composite PCM was success-
fully applied to create a flexible thin film for thermal management
in lithium-ion batteries, reducing the maximum battery temperature
by approximately 2 °C during charge-discharge cycles. These features
support their viability as flexible thermal management solutions, espe-
cially for applications requiring consistent performance during repeated
phase transitions under dynamic thermal loads.

The various types of PCMs developed and thus most proposed, the
operating methods of thermal management (i.e., passive, active, or
hybrid), the type of research conducted (i.e., numerical, experimental
or hybrid), the main purpose (i.e., investigating thermal management
— TM, cyclability — CYL, stability — STAB and flexibility — FLEX)
behind the study leading to the integration of PCMs into the battery
systems, and finally the year of publication of all the research papers
discussed are well-organized for clarity in the Table 1.

In summary, the recent literature reveals an intensive effort within
the research community. The most recent studies collectively empha-
size the role of PCMs in mitigating the risks associated with overheat-
ing, thermal runaway, and capacity degradation, thereby enhancing
the safety, efficiency, and longevity of lithium-ion batteries. A ma-
jor achievement highlighted by the analysis is the development and
optimization of PCM formulations and composites, tailored to oper-
ate within the optimal temperature ranges of lithium-ion batteries.
These advancements include the incorporation of organic and inorganic
PCMs, enhanced with nanomaterials such as graphene, to improve ther-
mal conductivity and phase change behavior. Additionally, innovative
designs combining PCMs with active and passive cooling strategies
have been explored, demonstrating significant potential in achieving
superior thermal management performance. In perspective, the field
is expected to explore several promising research directions. Among
others, the development of hybrid thermal management systems in-
tegrating PCM with other cooling technologies for more efficient and
robust temperature control seems to be the most dynamic. Moreover,
the application of computational modeling and machine learning to
optimize PCM integration and performance in lithium-ion batteries may
represent an exciting frontier for future investigations, potentially pro-
viding insights into PCM system design and operation under evolving
thermal management needs.

3. PCMs in solar energy systems
3.1. PCMs in solar thermal collectors

Numerical studies. The successful use of passive PCMs in buildings de-
pends on factors such as thermo-physical properties, material distribu-
tion and amount, and climate conditions, thus place where the building
element is located, its typology and daily thermal cycle [61]. Tailored
analyses are essential for effective application. Peralta et al. [61]
investigated PCM integration into Massive Solar-Thermal Collectors
(MSTCs), which are cement-based devices converting solar radiation
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Table 1

Recent application of PCMs in lithium-ion batteries (LIBs) for thermal management (TM).

PCM type Method Research Purpose Year
Nano-enhanced salt hydrates Pass Num. ™ 2022 [49]
Organic (generic) Pass Num. ™ 2022 [50]
Paraffin-based composite Act/Hyb Exp. ™ 2022 [52]
Paraffin-based composite Pass Exp. TM/RL 2022 [51]
Paraffin-based Pass/Hyb Exp. ™ 2023 [53]
Paraffin-based composite Act/Pass Exp. ™ 2023 [54]
Paraffin-based composite Pass/Hyb Exp. TM/CYL/STAB 2023 [55]
Paraffin-based composite Act/Pass Exp. TM/CYL/FLEX 2023 [56]
Paraffin-based composite Hyb Exp. ™ 2023 [57]
Paraffin-based composite All Num/Exp. ™ 2023 [58]
Paraffin-based composite Pass Exp. TM/CYL/FLEX 2023 [59]
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Source: Picture taken from Ref. [60], with permission.

into thermal energy. Numerical simulations assessed the performance
of MSTCs in two locations with distinct climates: Sauce Viejo (Ar-
gentina) and Frankfurt am Main (Germany). The study included a para-
metric analysis of cement-based absorbing materials to optimize energy
efficiency. Results highlighted that correct PCM incorporation can en-
hance MSTC performance, with maximum improvements of 38.9% in
warm climates and 27.4% in cold climates, identifying optimal melting
temperatures of 34 °C and 53 °C. Conversely, improper PCM use
hindered performance. The findings suggest consistent efficacy across
diverse weather conditions, with superior performance observed in
Sauce Viejo’s warmer climate.

More recently, a multi-objective optimization approach was adopted
[62] to improve solar thermal collector performance and PCM uti-
lization for hot water production [63]. Unlike prior studies that op-
timized collectors or PCM independently, this research employed a
multi-objective evolutionary algorithm, focusing on energy discharge
time and stored energy. Simulation outcomes revealed a trade-off be-
tween these objectives, influenced by parameters such as PCM mass and
water mass flow rate. Notably, minimizing PCM mass while increasing
water flow rate enhanced performance. Additionally, the study exam-
ined tube diameter variations within the collector system, identifying a
nonlinear relationship with discharge time, where larger diameters ex-
tended the discharge period. Various PCM materials, including hybrid
salts and fatty acids, were also evaluated, providing insights into their
effects on stored energy and discharge dynamics.

Further, the integration of PCMs into evacuated tube solar collec-
tor was numerically explored by Uniyal and co-workers [60]. Author
employed three-dimensional computational fluid dynamics simulations
to investigate the performance of the aforementioned solar system
integrated with different PCMs: lauric acid, paraffin wax, and stearic
acid. The simulations, conducted using a copper U-tube-based col-
lector, considered varying solar radiation conditions. A schematic of
the simulated system is reported in Fig. 10. The research compared
the heat transfer rates and melting characteristics of the three PCMs,
revealing distinct behaviors influenced by their physical properties and
the evolution of natural convection currents and vortexes within the
collector. Lauric acid exhibited faster liquefaction, making it preferable
in locations with lower solar radiation. The study also analyzed the
impact of heat transfer fluid flow rates on the outlet temperature and
melting processes of the PCMs. Key findings highlight the significance
of natural convective currents in PCM melting and indicate that lauric
acid absorbs 25.09% more total energy than stearic acid during the
considered time period.

Experimental studies. In the field of solar water heating systems,
Pawar and co-workers [64] explored the enhancement of heat pipe
evacuated tube solar collectors (HPETCs) by integrating PCM with
copper porous metal. The schematic of different configurations of the
proposed system is represented in Fig. 11. The performance of this
novel system was experimentally compared to a conventional HPETC
system under similar conditions, revealing significant improvements.
The integrated PCM + copper porous metal system achieved a peak
temperature increase of nearly 21 °C during maximum solar radi-
ation, showecasing its efficacy in enhancing heat transfer capability.
After sunset, the proposed system demonstrated a substantial tem-
perature difference of 36.1 °C compared to the conventional system.
Additionally, the proposed system exhibited a maximum water outlet
temperature difference of 11 °C, contributing to enhanced energy
efficiency. The daily energy efficiency reached an impressive 85.64%
for the proposed system, while the conventional system achieved a
maximum of 36.91%. The integrated system also showed substantial
savings in hot water production cost for different lifetimes and interest
rates.

Whereas Prakash and co-workers [66] introduced a cost-effective
design modification for flat plate solar thermal collectors, implement-
ing a Step Serrated Fin Plate Integrated Trough Array (SSFPT) on the
sun-facing side. This design concentrated heat on a PCM-filled copper
pipe, achieving outlet temperatures between 44.5 and 74.5 °C, with
energy and exergy efficiencies of 66.32% and 23.06%, respectively.
Economic analysis indicated a cost per kWh of 0.10 USD, which is
0.18 USD lower than the conventional FPC SAH. The SSFPT collector
proved to be a simple, efficient, and economically viable solution,
with potential applications in solar drying of agricultural produce,
benefiting economically weaker processes involved in farming. Further
improvements could be explored through the introduction of nano-PCM
for enhanced heat storage.

A novel self-storing design for an evacuated tube solar collector
(ETSC), employing collector tubes filled with a PCM-metal foam (PCM-
MF) composite was also introduced in the same year, see Ref. [65]. A
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Fig. 11. Schematic of different configurations of HPETC system: (a) Conventional HPETC, (b) HPETC integrated with PCM, and (c) HPETC integrated PCM + copper porous metal.

Source: Picture taken from Ref. [64], with permission.

(d)

Fig. 12. Photos of the tubes for each of the four cases studied, (a) conventional ETSC, (b) ETSC-PCM, (c) ETSC-PCM-fin, (d) ETSC-PCM-MF.

Source: Picture taken from Ref. [65], with permission.

schematic of the proposed system is represented in Fig. 12. Despite con-
taining less PCM mass, the PCM-MF composite outperformed pure PCM
and PCM-fin composites, achieving a 35% higher maximum output
temperature and storing 10% more thermal energy. Thermal efficiency
during solar energy input reached 57%, with prolonged temperature
maintenance during periods without solar input. This design holds
promise for practical solar water heating applications, offering superior
performance compared to conventional systems. Similar activity is
reported in Ref. [67].

3.2. PCMs in PV, CPV, and hybrid PV/T systems

Numerical studies. Numerical studies have explored various innova-
tive designs integrating PCMs with solar energy systems to enhance
efficiency and thermal management. For instance, a concentrated so-
lar system comprising a PVT module with PCM and a solar thermal
collector (ST) equipped with thermoelectric generators (TEG) [68] was
proposed in 2022. The PV/T-ST system generates both electricity and
low-temperature thermal energy, utilizing the PCM in the PV/T module
to absorb heat during the daytime, thereby reducing the temperature
of the PV cells. The secondary outputs, including heated water and
additional electrical power from TEG on the ST module, enhance the
overall performance. The structure of the PV/T-ST system is repre-
sented in Fig. 13. The study highlighted the effectiveness of the system
in generating both electricity and low-temperature thermal energy, pro-
viding a comprehensive analysis from energy and exergy perspectives,
as well as an economic evaluation. Future work is suggested to include
experimental validation and further optimization for increased electri-
cal and thermal output and cost reduction. More recently, the same
authors [69] also proposed a novel PV and thermoelectric generator
(PV-TE) system with a micro-channel heat pipe (MCHP). Regarding
the existing research on PV-TE integrated systems mostly focus on
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their daytime behaviors. Here, the PV-MCHP-TE system is integrated
with PCM to enable continuous electrical output throughout the day.
Detailed structure of the PV-MCHP-TE system with PCM is repre-
sented in Fig. 14. The system achieved two-level power generation
during the day, utilizing both PV and TE modules, while PCM releases
stored heat at night to sustain TE operation, ensuring uninterrupted
24-hour power generation. The results indicate that PCM enhances
daytime PV performance, raising TE component temperatures at night
and improving overall system power acquisition. The study compares
systems using free cooling, forced air cooling, and water cooling,
revealing varying electrical efficiencies and maximum TE efficiencies.
Additionally, a comparative analysis explored the impact of different
PCM parameters on system behavior. The findings suggest that PCM
contributes to increased overall system efficiency and power output
throughout the day, laying the groundwork for the potential application
of TE in solar systems. Future work is proposed to optimize system
structures and enhance heat storage capabilities for improved nighttime
TE output, particularly with advancements in TE properties, which
could significantly elevate system performance.

Research into PV-PCM systems has also investigated the impact of
structural modifications, such as fin shapes and PCM cavity dimensions,
on thermal and electrical performance. Advanced configurations, in-
cluding fractal fins [70] (see Fig. 15) and nano-PCM technologies [71],
demonstrate that the choice of design parameters significantly influ-
ences cooling efficiency and electrical performance. For example, the
introduction of fractal fins is found to significantly enhance the thermal
management compared to conventional straight fins, resulting in a re-
markable 2 °C reduction in the PV panel temperature [70]. Obviously,
a suitable PCM thickness and number of fins should be evaluated,
balancing the trade-off between enhanced thermal performance and
the weight and cost of the PV-PCM system. Moreover, nano-PCM with
various nanoparticles (specifically RT25HC paraffin wax infused with
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MgO, TiO,, ZnO, and CuO nanoparticles) has been shown to main-
tain PV panel temperatures effectively [71], though panel orientation
heavily affects performance outcomes. These findings underscore the
importance of tailoring PCM-based solutions to specific operational
conditions. Future research avenues could explore different nanoma-
terial compositions and smart control systems for dynamic adjustments
based on environmental conditions. Similar analysis focused on the role
of thermal properties of fins on the cooling process of a PV system
were performed by same authors and reported in Ref. [72]. Moreover,
heat sink design has emerged as a critical factor for enhancing the
thermal management capability of PCM heat sinks integrated in PV
systems. In this context, Hong et al. [73] explored a novel T-shaped
fin. The study conducted a numerical investigation to evaluate the
temperature control performance of PCM heat sinks with various T-
shaped fin layouts, comparing them with heat sinks without fins and
with traditional rectangular fins. Key findings revealed that the T-
shaped fins significantly influence the melting front in the heat sink
cavity, improving PCM temperature uniformity and reducing melting
time compared to unfinned and rectangular fin systems. The T-shaped
fins showed a maximum reduction in melting time of 25.5% compared
to rectangular fins and enhance electrical conversion efficiency by
11.1%. The research provided valuable insights for optimizing PCM
heat sink designs in PV systems, with implications for future studies
involving multi-layer PV panel structures, shape optimization, and the
use of nano PCMs.

It is worth discussing also an interesting research [74], where
authors explored the synergistic application of solar tracking and
PCMs in a PV system to enhance power generation while mitigating
temperature-induced efficiency losses. A numerical model of a tracking
PV-PCM system was developed, enabling an in-depth analysis of PCM
temperature variations in three distinct time intervals. The inclusion
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of PCM effectively reduces the PV panel temperature, with an average
decrease of 6.9 K compared to a system without PCM. These insights
pave the way for optimizing solar energy systems through synergistic
design approaches.

Experimental studies. Experimental investigations of novel hybrid
PVT collector integrated with PCM (PVT-PCM) [75], designed to meet
diverse building energy needs, have been proposed. A cross-season test
revealed an impressive overall system efficiency of 39.4%, and energy-
saving efficiency of 64.2%. Economic analysis indicated an additional
investment payback period of 13.1 years, demonstrating promising
application potential.

Similarly, Hamada et al. [76] introduced a water-based PVT system
integrated with PCM capsules, operating in both active and passive
cooling modes, to optimize the performance of PV panels in terms
of power generation and thermal utilization. Real-world experiments
demonstrate that the integration of PCM with advanced cooling tech-
niques can result in cumulative efficiency gains, further emphasizing
the need for tailored designs based on location-specific requirements.

In greenhouse drying applications, PCM-enhanced systems were
also proposed [77] to address operational challenges by ensuring func-
tionality beyond daylight hours. Systems incorporating materials such
as lauric acid exhibit quick energy payback times and significant carbon
credit potential, showcasing their environmental and economic viabil-
ity. This research emphasized the need for further improvements in
PCM technology to address challenges related to heat transfer rate,
stability, and cost, potentially through the incorporation of nanopar-
ticles and exploration of alternative materials. Geographical conditions
must also be considered for the feasibility of solar thermal systems in
different locations.

More recently, the application of Cantor fractal fins, inspired by
fractal theory, to enhance the thermal management of PV panels in
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conjunction with PCMs was experimentally analyzed [78]. The study
conducted an experimental analysis using lauric acid as the tempera-
ture control medium, comparing the performance of Cantor fractal fins
with rectangular fins and a finless cavity. Results showed that Cantor
fins outperform rectangular fins, offering advantages such as improved
temperature uniformity in the PCM, reduced PV panel temperature,
and enhanced wall temperature uniformity. The adoption of Cantor fins
resulted in a substantial decrease in wall temperature by 9.1 °C and
an increase in electrical energy efficiency by up to 5.2%. Horizontal
arrangement of Cantor fins was found to be more beneficial than
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vertical arrangement in improving temperature uniformity, reducing
PV panel temperature, and enhancing electrical efficiency. The study
provided valuable insights into the design considerations for optimizing
the thermal management of PV-PCM systems, offering a promising
avenue for future research in outdoor experiments and optimization of
geometric parameters.

Experimental studies validated by numerical models. Integrated stud-
ies combining numerical models with experimental validation offer a
comprehensive understanding of PCM-based solar systems. In 2023, a
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Fig. 15. The 2D view of the fractal fin PV-PCM system: (a) physical model (b) mesh details.
Source: Picture taken from Ref. [70], with permission.

research [79] explored the use of PCMs in two different applications.
First, authors numerically and experimentally studied the performance
of direct and indirect passive cooling systems employing PCM and
flat heat pipes (FHP) for low-concentrated PV panels (LCPV) with and
without a compound parabolic collector (CPC). The layouts explored
are represented in Fig. 16. The study compared the two cooling ap-
proaches, where the indirect PCM-heat sink system outperformed the
direct system in terms of cell temperature, conversion efficiency, and
power generation. Without a CPC, both systems effectively reduced the
solar panel operating temperature compared to the reference panel.
The indirect cooling system kept the cell temperature within safe limits
even with the integration of a CPC, whereas the direct system failed. In
the second research work [80], authors numerically and experimentally
investigated the thermal regulation of PV panel, via a hybrid cooling
system of flat heat pipes (HP) coupled with PCM without and with
the inclusion of hybrid nanoparticles. In detail, two PCM were used,
namely SP31 and SP15-gel. The proposed cooling system with hybrid
nanoparticles maximally achieved a daily energy efficiency of 56.45%
and 54.45%, compared with 8.77% and 7.84% for the conventional so-
lar cell system using SP31 and SP15-gel, respectively. Also, cost analysis
indicated that the PV/HP-PCM-hybrid nano system produced electric-
ity at 0.0899 USD/kWh compared with 0.0905 USD/kWh and 0.105
USD/kWh for the PV/HP-PCM and traditional cooled PV, respectively.

Through a different approach, Asefi and co-workers [82] expanded
the horizon by investigating the integration of Porous PCM (PPCM)
into PVT systems. Authors presented a comprehensive investigation
of annual performance, environmental impact, and economic viability
of the proposed systems and its impact on cooling cycle temperature
throughout the year. The mathematical model developed was validated
experimentally. Various systems were assessed, including PV-only, PVT,
and PV integrated with PCM (PV-PCM). The results showed that PVT-
PPCM exhibited the highest annual power output and CO, reduction.
The study emphasized the importance of considering multiple factors in
evaluating the performance and economic feasibility of solar PVT sys-
tems, providing suggestions for policymakers and industry professionals
in the sustainable energy sector.

Then, it is worth mentioning the use of multilayered PCM system
with a combination of low and high melting point PCMs to address
the reduced power conversion efficiency and shortened lifetime of PV
modules due to high temperatures [81]. The study involves different
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configurations, reported in Fig. 17. While previous studies have pri-
marily relied on simulations, this work included systematic experiments
to validate the efficacy of the multilayered PCM arrangement. Experi-
mental results demonstrated a lower maximum temperature of the PV
module by 4 °C and 7.2 °C compared to single-layer PCM and PV refer-
ence, respectively. The multilayered PCM system is shown to regulate
the operating temperature of PV modules in all seasons, offering a 3.3%
higher yearly electric output, an extension of PV life by almost ten
years, and nearly double the lifetime earnings. Similarly, Khanegah and
co-workers [83] focused on enhancing the efficiency of concentrated
photovoltaic/thermal (CPV/T) systems by employing a novel hybrid
cooling approach using water and PCM. The concentrators in this
study were designed with linear flat mirrors, providing an innovative
configuration. The investigation included both numerical simulations
and experimental validations of the proposed system, comparing it
with a CPV system cooled solely by PCM. The results demonstrated
an 18.5% improvement in performance for the hybrid cooling system.
The study explored the impact of thermophysical properties of the PCM
and different coolant inlet conditions on system efficiency. Seasonal
analysis revealed that the proposed system performs optimally during
cold months, with January, November, and March showing the highest
efficiency. The technical, economic, and environmental aspects of the
system were also assessed, revealing a significant increase in produc-
tivity and a reduction of 0.02 kg per hour in CO, emissions. This study
lays the groundwork for the development and application of efficient
and environmentally friendly CPV/T systems with innovative cooling
solutions.

Last but not least, the integration of PCM and multichannel tube
technology into PV modules, referred to as the MPCM-PV, represents an
innovative approach for addressing the temperature-related efficiency
challenges [84]. Through CFD modeling and experimental validation,
authors analyzed the thermal and electrical behaviors of the MPCM-PV
module under varying parameters. The results indicated that increasing
the number of channels enhances heat transfer, resulting in a more
even distribution of temperature in the PCM zone. The MPCM-PV
module with five channels achieved a significant reduction in the PV
surface temperature, improving electrical efficiency by up to 1.46%.
Additionally, the study highlights the influence of channel shape, heat
storage capacity (HSC), and PCM melting point on the module’s per-
formance. Rectangular-shaped channels are recommended for optimal
electric energy production, while higher HSC and lower melting points
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Source: Picture taken from Ref. [79], with permission.

contributed to improved electrical efficiency. The sensitivity analysis
underscored the significance of channel shape, channel number, HSC,
and PCM melting point.

3.3. PCMs in solar desalination systems

Numerical studies. In this field, performance of a solar still featuring
a PCM layer were recently investigated through transient numerical
simulations [85]. COMSOL software was used to perform the analysis.
In detail, the PCM (n-Eicosane) layer was envisioned at the bottom
of the desalination unit, with varying thicknesses between 10 and
50 mm. Aluminum nanoparticles were introduced into the water, and
a two-phase mixture model was employed to simulate fluid flow. A
schematic of the solar still integrated with PCM is represented in
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Fig. 18. The study explored the influence of glass angle (10-45 de-
grees) and heat transfer coefficients on the glass surface on parameters
such as PCM temperature, volume fraction, and moisture temperature.
Results indicated that increasing PCM thickness reduced the molten
PCM volume fraction by 35%, while variations in glass angle decreased
PCM temperature, especially during morning and afternoon hours. PCM
thickness significantly influenced moisture temperature, particularly
during evening periods.

Experimental studies. Kumar and co-workers [86] presented an inter-
esting advancement in solar still technology, comparing conventional
solar stills with advanced solar stills incorporating a nano-paraffin-
based PCM, specifically ZnO-PCM (i.e., paraffin wax with zinc oxide
nanoparticles). Under identical climatic conditions, the advanced so-
lar stills with ZnO-PCM outperformed the conventional solar stills in
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Fig. 17. Simulated temperature profiles of single and multilayered PV-PCM systems.
Source: Picture taken from Ref. [81], with permission.
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Fig. 18. A schematic of the solar still integrated with PCM.
Source: Picture taken from Ref. [85], with permission.

terms of yield, thermal efficiency, and freshwater productivity. The
advanced solar stills-ZnO-PCM achieved an impressive 113% increase
in cumulative yield compared to the conventional system. Authors also
experimentally investigated the influence of different parameters, such
as nano-PCM concentration in base fluid and volume ratio of ZnO and
PCM in hybrid nanocomposite.

Yet, with the aim of enhancing the productivity and efficiency
of conventional tubular solar stills, a recent research [87] proposed
a novel oval tubular solar still design, incorporating paraffin-based
PCM and a cover cooling. The system was designed to extend the
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operating time. Experiments conducted in Cairo, Egypt, revealed op-
timal conditions — a 0.5 cm saltwater depth and 2 L h~! cooling
water flow rate — yielded a 22% productivity increase compared to
systems without cooling. Adding PCM at the optimal saltwater depth
further boosted productivity by approximately 30%, achieving a daily
efficiency of 61.59% and a cost of $ 0.017 per liter of desalinated water.
The study recommends exploring different nanoparticle materials and
concentrations to enhance PCM thermal conductivity and investigating
various PCM masses, thicknesses, and oval tube aspect ratios for further
optimization.

More innovatively, Zhang and co-workers [88] proposed a bifunc-
tional solar absorber leveraging microcapsules with n-docosane PCM
cores, a compact SiO, shell coated with sodium alginate (SA), and
MXene nanosheets (MXene/SA/SiO,-MEPCM). These microcapsules
achieved over 97% light absorption, high latent heat capacity (> 150
J g™1), and an evaporation rate of 2.11 kg m~2 h~! under one-sun
illumination. The system demonstrated effective water evaporation
under intermittent sunlight and recyclability for long-term use, of-
fering a notable increase in evaporation mass compared to non-PCM
evaporators.

In the same years, authors [89] developed and proposed another
solar-driven interfacial evaporator for efficient and continuous sea-
water desalination. The evaporator utilized microencapsulated PCM
consisting of n-tetracosane and n-eicosane as twin PCM cores within a
SiO,/Fe;0, composite shell. The system incorporated a surface-coated
polypyrrole layer and surface-decorated MXene nanosheets, serving as
both a solar absorber and a latent-heat storage material. The micro-
capsules demonstrated an exceptional light absorption efficiency of
95.4%, enabling high evaporation rates of 2.04 and 4.11 kg m~2 h!
under 1.0-sun and 2.0-sun illumination, respectively. Importantly, the
proposed design allowed the evaporator to continue evaporating water
even in the absence of solar illumination, thanks to the photothermal
energy released by the PCM cores. Compared to conventional evapo-
rators without PCM cores, the developed system achieved a 0.45 kg
m~2 increase in distilled water yield under 2.0-sun illumination and
subsequent darkness. The integration of magnetic Fe;0,4 nanoparticles
in the SiO, shell facilitated easy separation of microcapsules from
accumulated salt crystals. The research presented a promising approach
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for sustainable solar-driven seawater desalination and wastewater treat-
ment, addressing above all challenges related to intermittent solar
illumination and salt accumulation.

Finally, it is worth discussing the research proposed by Li and co-
workers [90]. Authors developed an interesting solar-driven interfacial
evaporator integrated with an electricity generation system using mod-
ified carbon black-decorated magnetic PCM composites (MCB-MPCC).
The designed system offered a dual-purpose approach for sustainable
seawater desalination and clean electric power generation under inter-
mittent solar illumination. MCB-MPCC, fabricated with a SiO,/Fe;0,
composite shell encapsulating n-docosane as a PCM, exhibited excellent
latent heat capacity (over 145 J g~! for the resulting composite), mak-
ing it ideal for consequent seawater evaporation. The system achieved
a high evaporation rate of 2.67 kg m~2 h~! under one-sun illumina-
tion and demonstrated excellent salt resistance. Moreover, MCB-MPCC
served as a hydrovoltaic functional coating, allowing the generation of
electric power under sunlight. The various types of PCMs developed
and proposed for this application area, along with any composite
materials used, the solar-powered systems, the type of research con-
ducted (numerical, experimental, or hybrid), the main purpose of the
study, and the year of publication of all discussed research papers, are
well-organized for clarity in the Table 2.

In conclusion, PCMs show great compatibility with solar systems.
Their use in systems such as, solar thermal collectors, PV, CPV, PV/T
hybrid systems, and desalination systems, holds tremendous potential
in improving efficiency. A wide variety of PCM-based materials, rang-
ing from paraffin waxes and fatty acids (e.g., lauric acid, stearic acid) to
salt hydrates (e.g., disodium hydrogen phosphate dodecahydrate) and
hybrid composites (e.g., obtained through the use of nanoparticles such
as MgO, TiO,, ZnO, CuO), have been proposed and extensively analyzed
through numerical and experimental studies. Each PCM was selected
for its specific thermal properties, including melting temperature, heat
of fusion, and thermal conductivity. Tailoring the choice of PCM to
the case study is critical, as it directly influences the efficiency and
effectiveness of energy storage and release, thermal management, and
overall performance of the solar energy system. In solar thermal collec-
tors, the integration of PCMs has been shown to significantly augment
thermal energy storage and release as well as the ability of PCMs to
stabilize temperatures, thereby enhancing the reliability of the system
across varying climatic conditions. Similarly, for PV, CPV and hybrid
PV/T systems, the incorporation of PCMs has been crucial in cop-
ing with the critical challenge of thermal management. By effectively
reducing PV module operating temperatures, PCMs help maintaining
higher electrical efficiencies and extended solar panel lifetimes. In
addition, innovative designs that combine PCMs with advanced cool-
ing strategies, such as hybrid cooling approaches and multifunctional
materials, demonstrate the potential to achieve continuous power pro-
duction, even under fluctuating environmental conditions. Moreover, in
the field of solar desalination, PCMs have emerged as a key component
for extending hours of operation and increasing the overall freshwater
yield. Although the effectiveness and flexibility of such a solution hold
great promise, challenges related to optimization of PCM properties
and integration into various systems, and cost remain. Addressing these
challenges through continued research and innovation will be key to-
wards wider adoption and implementation of PCM-based solar-powered
energy technologies.

4. Integration of PCMs in buildings envelopes

Numerical studies. Interestingly, a significant number of numerical
studies have explored the fascinating integration of PCMs into building
envelopes to evaluate their potential for improving energy efficiency
across diverse climatic conditions. A study published in 2022 [91] pre-
sented a comprehensive analysis of the integration of PCMs (i.e., micro-
encapsulated PCM with cement, bio PCM, and a mixture of hexadecane
and diatomite) into building envelopes to enhance energy efficiency,
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particularly in North African climates. Through numerical simulations
using EnergyPlus software, the research evaluated the impact of PCM in
four different building envelope types (brick, concrete block, reinforced
concrete, and earth) across three climatic zones (Mediterranean, arid,
and sub-arid). The findings revealed that PCM incorporation leads to re-
duced total energy consumption, with the reinforced concrete building
exhibiting higher energy consumption due to varying thermal inertia.
The average energy savings with PCM were approximately 251.82
kWh/year, with the most significant energy saving rate of 10.5% ob-
served in the arid climate when using an earth envelope. PCM proved
more effective for cooling in arid regions, reducing cooling energy by
up to 7.3%, while in sub-arid and Mediterranean climates, it was more
efficient for heating, with a maximum reduction of 10.7%. Moreover,
PCM integration demonstrated environmental benefits, reducing CO,
emissions by about 707 kg/year, and offered economic advantages with
a 10% reduction in energy costs. Based on results, the payback period
for PCM implementation ranged from 7 to 43 years, well within the
typical building lifespan of 60 years. Despite the economic feasibility
suggested by a payback period, variations in thermal inertia across the
different building envelope types influenced these savings.

Further investigation using paraffin PCMs assessed their influence
on key metrics such as average temperature fluctuation reduction
(ATFR), thermal load leveling reduction (TLLR), and operative tem-
perature reduction (OTR) [93]. These numerical studies showed sub-
stantial improvements in indoor thermal comfort metrics, including a
reduction in ATFR by up to 6 °C and OTR by 6 °C during extreme
summer heat events. Additionally, this integration yielded daily CO,
emission reductions of approximately 2 kg and financial savings of up
to 250 Iraqi dinar. These findings emphasize role of PCM in achieving
energy savings and improving indoor comfort, although it is necessary
to critically analyze long-term performance across different geographic
locations. In the same year, the same authors studied [92] the syn-
ergistic effect of combining paraffin PCMs with thermal insulation
(i.e., traditional expanded polystyrene — EPS), to enhance the thermal
performance of building envelopes in the context of energy-efficient
and nearly-zero energy buildings (NZEBs). The study conducted a com-
prehensive numerical investigation, considering various thicknesses
of EPS insulation to determine their impact on indoor temperature
improvement and envelope resistance. A schematic of the simulated
stratigraphy is represented in Fig. 19. The findings indicated that the
integration of PCM-EPS systems outperformed PCM alone, achieving
up to 143% higher indoor temperature reduction and extending the
daily thermal lag by up to 3.2 h. The results further demonstrated
that optimizing insulation thickness had significant effects, with climate
and thermal cycling as key determinants in maximizing energy per-
formance. This study underscores the importance of material layering
strategies and optimized insulation design for efficient energy manage-
ment. For example, the research showed that installing EPS directly
after the PCM layer on the inner side ensures efficient melting and
solidification of the PCM, offering potential advantages for the design
of energy-efficient buildings.

Efforts have also focused on identifying suitable porous materials for
PCM encapsulation in concrete applications [94], while meeting spe-
cific criteria such as high PCM absorption capacity, strength, resistance
to seepage and acidification. The research systematically evaluated five
different porous materials for encapsulating capric acid (CA) to develop
Form Stable PCM (FSPCM) cement composites for concrete panels.
A comprehensive comparison of these FSPCM integrated lightweight
concrete panels based on six indicators, including absorption, thermal
conductivity, strength, thermal inertia, latent heat storage, and thermal
storage, was conducted. Among the tested porous materials, silica
aerogel granules (SAG) exhibited the highest PCM absorption capacity
at 80 wt%. While the Capric acid-Silica Aerogel Granule (CASAG)
integrated concrete panel had the lowest compressive strength, it ex-
celled in terms of thermal conductivity, storage capacity, and thermal
inertia. On the other hand, the Capric Acid/Hydrophobic expanded
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Table 2
Recent application of PCMs in solar energy systems.
PCM type Resulting Solar-powered Research Purpose Year
material system
RT35-54-6HC PCM-based Massive STC Num. Water/space 2022 [61]
cementitious heating
composite
Hybrid salt Pure PCM Flate plate STC Num. Water heating 2023 [62]
(Na,HPO, -
12H,0), Paraffin
(C20-C33), Fatty
acid (uric acid)
Lauric acid, Pure PCM Evacuated STC Num. ND 2023 [60]
Paraffin wax,
Stearic acid
Organic paraffin PCM-copper Heat pipe Exp. Water heating 2023 [64]
Cy3Hegg metal foam evacuated STC
composite
Paraffin wax Pure PCM Flat plate STC Exp. Air heating for 2023 [66]
with stepped agricultural crop
serrated fin drying
assembly
RT42 PCM-copper Evacuated STC Exp. Water heating 2023 [65]
metal foam
composite
Not declared Pure PCM PCM-PVT and Num. Electricity 2022 [68]
STC-TEG production and
water heating
Not declared Not declared PV-TEG Num. Electricity 2023 [69]
micro-channel production and
heat pipe others
RT42 Pure PCM PV and fractal Num. Thermal man- 2023 [70]
fins agement/Cooling
RT25HC nano-infused Concentrator Num. Thermal man- 2023 [71]
PCM (MgO, PV-PCM agement/Cooling
TiO,, ZnO, GuO)
RT44HC Pure PCM T-shaped finned Num. Thermal man- 2023 [73]
heat sink PCM agement/Cooling
with PV
PC29 Pure PCM tracking PV-PCM Num./Exp. Thermal man- 2023 [74]
agement/Cooling
Paraffin Pure PCM PVT-PCM Exp. Electricity 2022 [75]
integrated production and
water/air-based heat generation
system
RT35 Copper capsules Water-based Exp. Electricity 2023 [76]
filled with PCM PVT-PCM production and
heat generation
Lauric acid Pure PCM Bifacial PVT Exp. Greenhouse 2023 [77]
dryer
Lauric acid Pure PCM Cantor fractal Exp. Thermal man- 2023 [78]
fins-based PV agement/Cooling
SP31 Pure PCM PCM-flat heat Exp./Num. Thermal man- 2023 [79]
pipe integrated agement/Cooling
with
low-concentrated
PV via CPC
Paraffin wax PCM- PVT Exp./Num. Thermal man- 2023 [82]
Cu/Al/Graphite agement/Cooling
foam composite
RT28-35-45-54- Multilayered PV Exp./Num. Thermal man- 2023 [81]
55HC and PCMs agement/Cooling
OM37-42
Polyethylene Pure PCM CPVT Exp./Num. Thermal man- 2023 [83]

glycol 1000

agement/Cooling

(continued on next page)

Perlite (CAHEP) panel demonstrated a balanced performance, offering most suitable porous material for absorbing polar PCMs such as CA and

moderate compressive strength, thermal conductivity, and competitive developing FSPCM-integrated concrete panels for building envelope

thermal properties. Consequently, CAHEP was recommended as the applications, offering a well-rounded combination of properties.
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Table 2 (continued).
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PCM type Resulting Solar-powered Research Purpose Year
material system
RT35HC PCM embedded PV Exp./Num. Thermal man- 2023 [84]
into agement/Cooling
multichannel
tube
n-Eicosane Pure PCM PCM-based solar Num. Thermal 2023 [85]
Still with management and
aluminum water yield
nanoparticles in enhancement
water
Paraffin wax nano-PCM Solar Still Exp. Water yield 2023 [86]
(ZnO-PCM) enhancement
Paraffin wax Pure PCM Oval tubular Exp. Water yield 2023 [87]
solar Still enhancement
n-docosane MXene-decorated Bifunctional Exp. Water yield 2023 [88]
and sodium solar absorber enhancement
alginate-coated for interfacial
PCM evaporator
microcapsules
n-tetracosane PCMs cores in Interfacial solar Exp. Water yield 2023 [89]
and n-eicosane SiO,/Fe;0, evaporator enhancement
composite shell,
along with a
surface-coated
polypyrrole layer
and surface-
decorated MXene
nanosheets
n-docosane PCMs cores in Interfacial solar Exp. Water yield 2023 [90]
Si0,/Fe;0, evaporator enhancement
composite shell, and electricity
followed by generation
coating a
polydopamine
layer and
surface-
depositing
modified carbon
black
nanoparticles
(EPS-0) (EPS-m) (EPS-i)
Outdoor

Concrete layer = ‘2.; .‘ Y
Gypsum mortar -————
Indoor

OQOutdoor

Outdoor

Indoor Indoor

Fig. 19. EPS position cases in the roof combination.
Source: Picture taken from Ref. [92], with permission.

Research on the effects of PCM types in exterior walls also demon-
strated their varied impact on heating and cooling demands. Analyses
compared multiple PCM types (InfiniteRPCM and BioPCM27) across
configurations with varying thickness, melting temperatures, and lay-
ering positions [95]. The findings revealed that the heating energy
demand reduction was maximized with BioPCM27 in a three-layer
wall system (21.32%), while InfiniteRPCM proved more effective in
cooling scenarios, achieving a 19.9% reduction in cooling energy de-
mand under certain external conditions. PCM integration in the exterior
walls contributed to improve thermal comfort by reducing heat flux
peaks, which was particularly beneficial during the discharge period.
The annual average optimum melting temperature for PCMs ranged
between 18 and 19 °C, depending on exterior wall and material types,
with variations in monthly optimum melting temperatures based on the
number of layers and material type. These insights suggest that both
type selection and thermal configuration have critical implications for
PCM-based energy savings.
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Interestingly, the study of Khan et al. [96] focused on addressing the
energy inefficiency in the residential sector of Pakistan by exploring
the integration of PCM into building envelopes. The study employed
numerical simulations using EnergyPlus and evaluated 15 different
PCMs to identify CrodaTherm24 as the optimal choice due to its melting
temperature and latent energy characteristics. PCM integration was
assessed in single-story and two-story multi-zone residential buildings
across five major cities in Pakistan, considering factors such as PCM
placement, thickness, and location within the building envelope. The
results indicated substantial energy savings, with single-story buildings
achieving an average monthly energy reduction ranging from 32% to
49.6% across different cities. For two-story buildings, energy savings
were slightly lower due to increased internal loads and infiltration
rates. Economic feasibility assessments, based on static and dynamic
payback periods, revealed that PCM integration was economically vi-
able in Lahore, Karachi, and Peshawar but not suitable for Islamabad
and Quetta.
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Several studies extended this understanding by investigating
broader energy flexibility strategies, considering both design and oper-
ational aspects. For instance, multi-objective optimization approaches
analyzed demand-side management strategies like pre-cooling and flex-
ible air conditioning operations under varying pricing structures [97].
These analyses demonstrated energy flexibility improvements, achiev-
ing load reduction of up to 92.87% and flexibility indices ranging
from 24.21% to 32.78%. These results are promising, as they illustrate
how PCM-integrated strategies can improve grid stability and energy
savings by leveraging time-shifting strategies to smooth peak demands.
Summing up, this comprehensive research offered knowledge into
selecting control strategies and parameter designs for PCM-integrated
buildings, contributing to the advancement of energy-efficient building
practices.

Further investigations [98] also discussed the building energy flexi-
bility, but with a focus on air-conditioner loads to mitigate the peak-to-
valley differences. To achieve this, the integration of PCM into office
building walls and the implementation of pre-cooling strategies were
examined. A comprehensive heat transfer model of PCM-integrated
walls was developed and validated through experiments. The research
investigated the energy flexibility and energy-saving potential of these
PCM-integrated walls under different pre-cooling strategies and ana-
lyzed the impact of several PCM parameters. The results revealed that
optimizing the pre-cooling strategy, in conjunction with varying peak-
to-valley electricity tariff differences, can elevate the energy flexibility
index of PCM-integrated walls to an impressive 69.7%, while reducing
the total load by 1.3% and cutting electricity costs by 51%. Notably,
PCM location and melting point were identified as key factors influ-
encing energy flexibility and savings under precooling conditions, with
specific recommendations for PCM properties, such as a melting point
of 25 °C, a 5 mm thickness, and placement in the middle of the insu-
lation. This analysis sheds light on the operational flexibility that PCM
integration offers, particularly for energy-intensive cooling demands,
emphasizing the need to explore dynamic integration strategies under
varying demand patterns.

Finally, the application of multi-stage sensitivity analysis (MSA)
and multi-objective optimization (MOO) has proven effective in iden-
tifying key design parameters for energy-efficient strategies in arid
climates [99]. The MSA involves three global sensitivity analysis ap-
proaches in the first stage, followed by local sensitivity analysis in the
second stage. This two-stage MSA identifies the most crucial parameters
for early design, such as envelope thermal properties, energy-efficiency
measures, and building layout. Subsequently, MOO using a genetic
algorithm is performed to obtain the Pareto frontier, yielding two
sets of solutions: the most energy-efficient and the most cost-effective.
The results demonstrated a substantial reduction in total energy con-
sumption ranging from 11.1% to 34.6%, along with a payback period
reduction of 17.6 to 48.5 years when compared to reference buildings.
Key findings included specific recommendations for PCM parameters,
such as melting points, thickness, and placement, depending on the
climatic zone. Additionally, insights were provided for window proper-
ties, wall and roof specifications, and building orientation, emphasizing
the importance of tailored design parameters for significant energy
demand and payback period reductions. This approach was poised to
advance the design of energy-efficient buildings, potentially incorpo-
rating more complex models and diverse performance objectives in the
future. Such methods offer a systematic approach for design decision-
making, especially for regions where climate-specific energy strategies
are paramount.

Experimental studies. Turning then to analyze the experimental stud-
ies, among them it is worth mentioning the study proposed by Al-Yasisi
and Szabo [100]. Authors investigated passive incorporation of paraf-
fin PCMs into building envelopes to improve thermal performance
in a severe hot climate, focusing on southern Iraq. The PCM was
macroencapsulated using metal containers. They conducted experi-
mental studies on two test rooms (see Fig. 20), one equipped with
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Fig. 20. Pictures of the two test rooms investigated: one with PCM-enhanced roof and
brick walls and the other serving as a reference without PCM.
Source: Picture taken from Ref. [100], with permission.

PCM-enhanced roofing and brick walls and the other serving as a
reference without PCM. The findings revealed substantial benefits of
PCM integration, including an average indoor temperature reduction
(AITR) of approximately 2 °C and a significant thermal load leveling
reduction (TLLR) of up to 8.71%. The study also demonstrated that
the effectiveness of the PCM is more pronounced in the roof compared
to walls, emphasizing the importance of optimizing PCM quantity and
placement based on orientation and outdoor conditions. Furthermore,
the PCM-enhanced room exhibited an average heat gain reduction of up
to 56 W, resulting in substantial CO, emission savings of 1.35 kg/day
and electricity cost savings of 80.64 Iraqi dinar (IQD)/day.

Additionally, the incorporation of microencapsulated PCMs into
gypsum plasterboards has shown great promise [101,102]. Authors
discussed the fabrication, characterization and use of gypsum plaster-
boards integrated with microencapsulated PCM to assess their benefits
in thermoregulation and energy savings in buildings [103]. The pro-
posed boards were observed to buffer indoor thermal fluctuations
effectively, reducing cooling loads by maintaining indoor temperatures
up to 3 °C cooler during peak hours, with a lag effect extending the
thermal stability of the room for up to 7 h. Notably, their stability up
to 140 °C confirms their reliability for long-term deployment in diverse
thermal environments. This study suggests the potential of integrating
microencapsulated PCM with construction materials to reduce thermal
demand with minimal intrusion to structural designs.

Furthermore, in another experimental work, the potential of PCM
in managing thermal energy within building envelopes during hot sum-
mer days in Iraq was addressed [104]. Two cubicles, one incorporating
PCM and the other serving as a reference, were analyzed under non-
ventilated conditions, with a focus on the optimal PCM thickness and
placement in the roof and high-performing PCM bricks in the walls. The
results revealed time-dependent PCM effectiveness, with the east wall
exhibiting the best performance, achieving a maximum hourly temper-
ature reduction (HTR) of 9.1% and hourly heat gain reduction (HHGR)
of 16%. Additionally, the PCM-integrated roof demonstrated impres-
sive HTR and HHGR of 15.1% and 34.9%, respectively, contributing
significantly to overall heat gain reduction. The indoor temperature
when using PCM was lowered by up to 4 °C compared to the refer-
ence, demonstrating the significant thermal improvement enabled by
PCM compaction, even in high diurnal temperature and non-ventilated
conditions. These results further confirm the spatial importance of PCM
placement, as well as time-dependent performance influenced by venti-
lation and thermal load cycles. Authors suggested future investigations
to explore various aspects, including larger cubicle/room sizes, night
ventilation, and additional passive techniques.

In conclusion, the integration of PCMs into building envelopes,
as explored through a combination of numerical simulations and ex-
perimental studies, presents an interesting and promising avenue for
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enhancing energy efficiency, thermal comfort, and environmental sus-
tainability. Numerical studies have revealed the significant impact of
PCM integration across diverse climates, showcasing its effectiveness
in reducing total energy consumption, enhancing thermal performance,
and providing insights into potential energy savings. Experimental
investigations further validated these findings, demonstrating tangible
benefits such as substantial reductions in indoor temperatures, ther-
mal load leveling, and electricity costs, particularly in hot climates.
The optimization of PCM placement, material selection, and dynamic
strategies emerges as a key trend. However, challenges persist, requir-
ing further investigation, including the development of standardized
guidelines for material selection, optimized configuration based on
climate considerations, and assessing the economic viability of PCM
integration in various contexts. Indeed, over-generalization of results
should be prevented. Many numerical studies assume static, idealized
conditions. Real-world scenarios introduce variability (e.g. occupancy,
local weather deviations or changing urban environment) that may
lead to different results. Moreover, while numerical studies suggest
economic benefits, the payback periods (ranging from 7 to 43 years)
can be long, especially in regions with low energy prices. This may hin-
der large-scale implementation unless additional subsidies or incentives
are provided. Additionally, as far as the experimental studies is con-
cerns, many of these are based on small-scale test rooms or short-term
simulations. Scaling these results to full-scale buildings across diverse
climatic zones remains challenging. These often focus on short-term
thermal performance (e.g., temperature reductions over a few days)
rather than examining long-term field durability, degradation of PCM
materials, or sustained performance under repeated cycles. Long-term
effects of PCM performance under daily and seasonal cycles are not
well-explored. Finally, exploration of bio-based PCM types or advanced
encapsulation techniques could lead to better thermal performance,
safety and longevity. As PCM technology advances, interdisciplinary
research efforts and collaboration between academia and industry will
be crucial to overcome these challenges and unlock the full potential of
PCM integration in building envelopes, contributing to sustainable and
energy-efficient construction practices.

5. Recent application of PCMs in textiles

Numerical studies. The impact of free water on fire protective clothing
(FPC) incorporating PCM, particularly under heat and humidity expo-
sure, has recently been explored through mathematical modeling [105].
While previous research has shown the benefits of PCMs in dry FPCs,
the presence of water in firefighting garments has been overlooked.
The study employed a novel mathematical model, assuming the PCM
(here, Rubitherm RT42) incorporated in the thermal inner layer of a 3-
layer PCM FPC assembly. Numerical analyses were conducted, varying
factors such as PCM textile latent heat, water distribution, and heat
flux intensity. Results revealed that the presence of free water can
significantly affect PCM efficiency. Steam condensation at the skin
reduces PCM liquid fraction at the critical second-degree burn time,
diminishing the protective capabilities of the PCM. The study under-
scored the importance of considering moisture management in PCM
FPC design to maximize thermal performance, guiding the selection
of suitable PCMs and design strategies in scenarios where free water
may be present. The numerical insights suggest promising pathways for
integrating PCMs into firefighting garments but underscore challenges
such as the interaction between PCM states and environmental condi-
tions. These insights could lead to the selection of PCM compositions
better suited for managing heat stress in humid or wet conditions.
However, the modeling approach assumes certain uniformities, such
as a constant distribution of PCM and specific heat profiles, which
may not fully capture all real-world scenarios. Thus, experimental
validation is essential to corroborate these findings and account for
environmental variability. Finally, future studies for a comprehensive
assessment of most affecting factors such as latent heat, heat flux, and
water distribution are required in future design strategies.
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Experimental studies. In the field of experimental studies, signifi-
cant advancements have been made in creating functionalized textiles
through PCM integration, showing promising thermal and environ-
mental performance. A novel approach [106] introduced this area
involves creating thermo-regulated cotton fabric by incorporating an
inorganic eutectic mixture of Na,HPO, - 12 H,0 and Na,CO5; - 10
H,0 as a PCM directly into the structure of the fabric, eliminating the
need for microencapsulation. A coating technique using silicone rubber
was employed to prepare this thermally-managed fabric. The study
investigated the thermo-physical properties of the fabric, revealing a
significant enhancement in thermal performance, including a 150%
enhancement in the time required to reach a specific temperature. Dif-
ferential Scanning Calorimetry (DSC) indicated a melting temperature
of 28.9 °C and a latent heat of fusion of 14.9 J g~! for the treated
cotton fabric. Additionally, the fabric demonstrated durability over
multiple thermal cycles without losing its thermal capacity. Analysis
confirmed that there was no chemical interaction between the mate-
rials in the silicone rubber matrix. While the thickness of the fabric
and bending properties remained largely unchanged, air transfer and
water permeability were significantly reduced posing challenges for
breathability and long-term user comfort. This highlights the need for
further material modifications to balance thermal regulation with other
performance metrics. The study demonstrated the uniform distribution
of PCMs across the textile structure through FESEM-EDS mapping.

Similarly, multifunctional textiles with flexible thermal responses
and electromagnetic interference (EMI) shielding properties were de-
veloped [107]. A schematic diagram of the proposed smart multi-
funcional textiles is represented in Fig. 21. Traditional silicone resin
encapsulation of textiles can often hinder thermal responses, limiting
their versatility. In this study, a solid-solid PCM coating was developed
by self-crosslinking polyethylene glycol (PEG) using highly reactive
silanol groups. This innovative PCM coating retained the phase change
properties of the original PEG while ensuring excellent shape stability.
These solid-solid PCM-coated textiles were then decorated with silver
nanowires (AgNWs) through a scalable dip coating process. Remark-
ably, these textiles exhibited an outstanding EMI shielding effectiveness
of approximately 72 dB with a thickness of 0.26 mm, coupled with an
impressive energy storage density of 86.6 J g~!. Furthermore, these tex-
tiles displayed flexible thermal responses, including high joule heating
efficiency, excellent heat storage and release, efficient heat dissipation,
and infrared anti-counterfeiting features. Overall, these multifunctional
textiles hold great promise for various applications, including wearable
smart clothing, electromagnetic radiation protection, and personalized
thermal management. While promising, the addition of nanomaterials
like AgNWs introduces concerns regarding scalability, environmental
stability, and long-term performance. A deeper investigation into their
environmental impact and stability under repeated thermal cycling is
necessary to evaluate their full potential.

Another notable experimental approach [108] involves producing
PCMs through one-step bulk-suspension polymerization, focusing on
grafting polyethylene glycol (PEG) onto a polystyrene/maleic anhy-
dride copolymer (SMA) matrix. The process involves using poly(vinyl
alcohol) as a suspending agent. The resulting SMA-g-PEG phase change
microspheres can be used in combination with fibers to produce smart
thermoregulated phase-change fabrics. The proposed material displayed
remarkable thermal properties, with a melting enthalpy of 79.3 J g1
and excellent stability, as evidenced by minimal changes in latent heat
after 1000 thermal cycles. These microspheres, with smooth surfaces
and particle sizes ranging from 100 to 150 pm, could be directly utilized
as PCMs without further processing. Moreover, the study established
a quantitative relationship between grafting rate and enthalpy for
PEG-based PCMs, which represents a novel contribution. Nevertheless,
future studies could benefit from exploring alternative encapsulation
strategies that maintain or enhance these thermal properties while
improving environmental sustainability and reducing material costs.
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Fig. 21. Schematic diagram of proposed smart multifuncional textiles.
Source: Picture taken from Ref. [107], with permission.

Further exploration into smart thermoregulated fabrics is repre-
sented by the study proposed by Kong et al. [109]. The research
presents a significant advancement in the development of smart tex-
tiles with structural colors, emphasizing high color visibility, stabil-
ity, and thermoregulating capabilities. The structural colored textiles
achieved their vibrant appearance through amorphous photonic struc-
tures (APSs) assembled on the textile surface, utilizing polysulfide
microspheres of varying sizes to produce purple, green, orange, and
red structural colors. Waterborne polyurethane (PEG2000-based) PCM
(WPUPCM) played a crucial role as an adhesive, ensuring the stability
of APSs on the textiles. The flexibility and durability of these textiles
were demonstrated through folding, rinsing, and kneading tests. The
WPUPCM exhibited a phase change temperature of 37.0 °C and a melt-
ing enthalpy of 74.7 J g~1, enabling the textiles to efficiently regulate
body temperature by absorbing and releasing energy near the phase
change temperature. This thermoregulating capability was confirmed
through heating and cooling tests, highlighting the potential of the
textiles for personal thermal management and energy-efficient clothing
solutions, ultimately contributing to the alleviation of energy consump-
tion concerns. However, any variation in water permeability, which
may affect their practical application, was not investigated. Neverthe-
less, these multifunctional textile designs open opportunities for wear-
able energy-efficient clothing solutions, highlighting the convergence
of thermoregulation and visual functionalities.

Finally, incorporating cellulose-based materials into PCM applica-
tions is gaining momentum. The work of Samanta et al. [110] proposed
thermo-regulating cellulose nanofibril (CNF) fibers with incorporated
cellulose nanocrystal (CNC)-stabilized PCM microspheres. The PCM, a
paraffin wax, was effectively dispersed within CNF suspension to form
a stable and spinnable dope, thanks to a Pickering emulsion approach
using CNC as a stabilizer. The resulting fibers demonstrated excellent
thermo-regulating properties, effectively absorbing and releasing heat
without undergoing structural changes while preserving the integrity
of the PCM domains. The study revealed a correlation between CNF
concentration and the size and dispersion of the PCM microspheres,
with lower CNF content leading to larger PW domains and higher
enthalpies of fusion, indicative of superior thermo-regulating capacity.
This work highlighted the trade-off between efficient thermo-regulation
and mechanical performance, which can be fine-tuned by adjusting the
PW content. Even at a high PCM content of 40 wt%, the fibers ex-
hibited impressive breaking tenacity. Furthermore, they demonstrated
resistance against thermal leaching and good wash fastness. The results
achieved show the engineered material as promising for a wide range
of applications, particularly in textiles, where the renewable nature of
CNF makes it an environmentally friendly choice. The authors state
that future research could focus on optimizing paraffin wax content
and its localization within fibers, as well as exploring post-treatment
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operations to further improve mechanical properties.

Therefore, the integration of PCMs into textiles represents an in-
novative approach for the development of smart textiles for ther-
mal regulation, enhanced safety, and multifunctional applications (see
Table 3). Through numerical and experimental studies, recent research
significantly advanced the understanding of PCM-integrated fabrics,
showing new methodologies, integration strategies, novel materials,
several PCM materials, and promising results. In detail, a variety of
PCM materials have been explored, including paraffin wax, eutectic
mixtures of inorganic salts and solid-solid phase change coatings based
on polyethylene glycol (PEG). Interestingly, the development of phase
change microspheres and the use of silicone rubber and waterborne
polyurethane as matrices for PCM incorporation highlight a trend
towards enhancing the compatibility and efficiency of PCMs within
textile structures. Among the most relevant results were the develop-
ment of fire protective clothing that considers moisture management,
thermo-regulated cotton fabrics with enhanced thermal performance,
and multifunctional textiles offering both thermal regulation and elec-
tromagnetic interference (EMI) shielding. These achievements demon-
strate the potential of PCMs to revolutionize the textile industry by
providing solutions that meet the specific thermal and functional needs
of users in various environments. The path forward calls for a deeper
exploration of novel PCM materials and composites with improved ther-
mal properties, environmental sustainability, and cost-effectiveness.
Moreover, there is a growing interest in enhancing the durability and
stability of PCM-incorporated textiles under real-world conditions and
prolonged exposure scenarios, including resistance to repeated wash-
ing, humidity and mechanical stress. Additionally, the development
of smart textiles that can dynamically adjust their thermal properties
in response to environmental changes remains a promising area of
research. Despite significant progress, gaps remain in understanding
and quantifying the long-term performance and environmental impact
of PCM-incorporated textiles. Still, the balance between thermal reg-
ulation capabilities and other textile properties such as breathability,
flexibility, and comfort needs further exploration. Future work could
explore hybrid approaches or multifunctional composites to achieve an
optimal balance between thermal management, breathability, durabil-
ity, and environmental sustainability. Additionally, more research is
needed to explore the interactions between different PCM chemistries
and textile matrices and optimize the encapsulation and integration
techniques of PCMs into textiles to prevent leakage and degrada-
tion over time, while maintaining the desired thermal performance.
Furthermore, bridging the gap between numerical modeling insights
and experimental validation will strengthen the confidence in these
technologies.
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Table 3

Recent applications of PCM in textiles.

PCM type Research Mode Purpose Year
Organic s-1 (RT42) Num. Encapsulated TM with moisture/Fire 2023 [105]
Inorganic s-1 mixture (Na,HPO, - 12H,0, Na,CO; - 10H,0) Exp. Coating TM/CYC 2023 [106]
Organic s-s (PEG-based) Exp. Direct TM/CYC/EMI 2023 [107]
Organic s-s (PEG-based) Exp. Direct TM/CYC 2023 [108]
Organic s-s (PEG-based) Exp. Encapsulated TM/CYC 2023 [109]
Paraffin-based Exp. Encapsulated TM/CYC 2023 [110]

6. Conclusions

Key findings. This review has highlighted the significant advance-
ments in the application of PCMs across diverse sectors, including
electronics, solar energy systems, buildings, and textiles. The findings
illustrate the versatility of PCMs in addressing critical thermal manage-
ment challenges and their potential to enhance energy efficiency and
sustainability. The key findings in the various sectors are summarized
below:

« electronics: PCMs have proven effective in mitigating thermal
shocks and enhancing the safety and performance of electronic
devices and lithium-ion batteries. Specifically, PCM-based so-
lutions prevent overheating and thermal runaway while main-
taining optimal operating temperatures, especially during peak
usage. These systems demonstrate significant advantages over
traditional air-cooled methods by avoiding the need for oversized
heat sinks.

solar energy systems: in photovoltaic panels, PCMs stabilize and
reduce temperatures, extending system longevity. When inte-
grated into solar desalination technologies, PCM-based systems
enhance freshwater yield by increasing evaporation over time
and ensuring stable operation despite intermittent solar energy
availability.

buildings: the integration of PCMs into building envelopes offers
dynamic thermal regulation, reduced energy consumption, and
improved thermal comfort, contributing to the development of
energy-efficient and environmentally sustainable structures.
textiles: PCM-embedded fabrics enhance thermal comfort by reg-
ulating temperature fluctuations, offering energy-saving solutions
and improved usability in various applications.

Insights from comparative performance of PCMs in various appli-
cations. For the sake of completeness, an overview is provided on
the performance in the different application fields considered of var-
ious types of PCM (organic, inorganic and composite). Being cost-
effective, non-corrosive, stable under varying operating conditions,
and characterized by high latent heat, organic paraffin-based PCMs
were extensively used in a wide range of electronic systems, solar
energy systems and buildings. Indeed, they have proven effective in
maintaining thermal equilibrium under various operating conditions.
However, their thermal conductivity remains a limitation, reducing
their response time, especially in electronic devices and solar collec-
tor systems with very high heat fluxes. Moreover, their compatibility
with electronic materials and the mechanical stability of encapsulated
forms need to be explored more systematically and methodologically.
Conversely, inorganic PCMs, such as salt hydrates, although offering
superior thermal conductivity, may present problems related to cor-
rosion, phase separation, and thus cycle stability, particularly under
extreme temperature variations. Paraffin-based composite PCMs, en-
gineered by incorporating conductive agent, are emerging as suitable
candidates especially for electronic systems, showing the promise of
overcoming the aforementioned limitations by combining the advan-
tageous properties of organic and inorganic PCMs while enhancing
thermal management capabilities. Finally, in emerging textile applica-
tions, polyethylene glycol (PEG)-based solid—solid PCMs were mostly
tested. These showed promise in maintaining temperature stability. Yet,
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issues like reduced breathability and mechanical properties limit their
widespread implementation. Also, bio-based or natural PCMs such as
cellulose nanocrystals combined with paraffin wax also demonstrated
excellent environmental sustainability and functionality. These systems
balance thermal regulation performance with environmental impact
considerations. However, challenges such as durability under mechani-
cal stress and repeated wash cycles remain prominent. This comparison
illustrates that although all these PCMs offer specific advantages in
terms of thermal energy management, flexibility or environmental
sustainability, their performance is highly dependent on the application
context. The comparative analysis emphasizes the need for tailored
solutions that take into account application requirements, material
properties, thermal performance, environmental impact and durabil-
ity. Recently, an interesting study was published, that systematically
reviews the results of research on the chemical modification of organic
PCMs at the molecular level, discussing the progress of research in
adjusting thermophysical properties, improving stability and develop-
ing multifunctional materials [111]. Future research should prioritize
the development of hybrid and multifunctional PCMs to optimize these
properties in all fields of application.

Expected innovation. It is worth noting that the results obtained in
each area do not depend solely on material selection, but are also
strongly related to the integration techniques and synergy between
PCM and other materials or technologies used concurrently (e.g., metal
foams, nanomaterials, and hybrid cooling systems). As anticipated,
the materials commonly utilized across these sectors include organic
compounds such as paraffin waxes and fatty acids, inorganic salts, and
innovative composites enhanced with nanomaterials such as graphene
and metal foams [112]. These materials have been selected for their
specific thermal properties, including melting temperature, latent heat
of fusion, and thermal conductivity, tailored to meet the unique re-
quirements of each application. Given the current state, further fas-
cinating developments are expected in the short-term future, with
research focusing on hybrid thermal management systems, optimiza-
tion of integration processes, application of advanced computational
modeling [113] and machine learning techniques for performance op-
timization, and exploration of new biodegradable and environmentally
friendly PCM-based materials with improved thermal properties. In per-
spective, one promising avenue for advancing the utilization of PCMs in
sustainable thermal engineering lies in harnessing generative artificial
intelligence (AI) for topology optimization [114]. By leveraging Al
algorithms, particularly those capable of generative design, researchers
can explore novel PCM-based solutions with optimized material distri-
bution and geometric configurations. This approach holds significant
potential for enhancing the efficiency and effectiveness of PCM systems,
ensuring optimal heat transfer characteristics and structural integrity.
The integration of generative AI in PCM design not only streamlines
the optimization process but also opens new frontiers for developing
innovative thermal management solutions that are tailored to specific
applications and performance requirements.

Challenges and future directions. Despite these achievements, gaps
remain in understanding and exploring the long-term performance,
environmental impact, economic feasibility of PCM solutions and the
development of standardized guidelines for material selection and ap-
plication. Indeed, to date, a limited number of studies have focused
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on the long-term stability, durability, and shape and chemical sta-
bility of PCM systems under real operating conditions and repeated
thermal cycling, as well as the environmental impact and lifecycle
of PCM-enhanced systems (including production, operation, and end-
of-life stages). Prevention of phase separation and degradation under
repeated thermal cycling may, e.g., be accomplished through chemical
modifications or encapsulation techniques. In this context, studies such
as the recent investigation into ester-based phase change cold storage
materials, synthesized by combining polyethylene glycol and lauric
acid, demonstrate promising approaches for tailoring melting points
through molecular weight adjustments and reactant molar ratios [115].
In addition, the economic analysis of integrating PCMs into various
systems is often ignored. Future studies should include detailed cost-
benefit analyses to assess the commercial feasibility of PCM-enhanced
technologies. Another aspect to study in more detail is the synthesis
of novel PCMs with tailored melting points to better accommodate the
specific temperature requirements of various applications and/or differ-
ent climatic conditions. Finally, a significant gap exists between studies
of laboratory-scale systems and studies that approach the scalability
of PCM technologies for real-world applications. Research is needed
to bridge this gap by focusing on pilot-scale demonstrations and field
testing. Addressing these challenges and concretely fulfilling the po-
tential of PCMs in various applications will require an interdisciplinary
approach, combining insights from materials science, engineering, and
sustainability studies. In conclusion, in conducting this comprehensive
exploration of PCM applications, we aim to condense the latest research
findings, particularly focusing on the post-2022 literature, highlight
emerging trends and identify challenges requiring further investigation
aiming at a more widespread and definitive use of PCM-based systems.
Through this review, authors attempt to provide a holistic perspective,
encouraging future efforts towards sustainable and efficient thermal
energy management in response to technological advancements and
climate change challenges.
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