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Abstract

Thermal energy storage (TES) plays a vital role in advancing energy efficiency and sus-
tainability, with phase change materials (PCMs) receiving significant attention due to their
high latent heat storage capacity. Nevertheless, conventional PCMs face critical challenges
such as leakage, phase separation, and low thermal conductivity, which hinder large-scale
applications. Encapsulation strategies have been developed to address these issues, and bio-
based composite materials are increasingly recognised as sustainable alternatives. Materials
such as lignin, nanocellulose, and biochar, as well as hybrid formulations with graphene
and aerogels, show promise in improving thermal conductivity, mechanical integrity, and
environmental performance. This review evaluates bio-based encapsulation approaches for
PCMs, examining their effectiveness in enhancing heat transfer, durability under thermal
cycling, and scalability. Applications in solar energy systems, building insulation, and
electronic thermal regulation are highlighted, as are emerging AI-driven modelling tools for
optimising encapsulation performance. Although bio-based PCM composites outperform
conventional systems in terms of thermal stability and multifunctionality, they still face
persistent challenges in terms of cost-effectiveness, scalability, and long-term reliability.
Future research on smart, multifunctional PCMs and advanced bio-nanocomposites is
essential for realising next-generation TES solutions that combine sustainability, efficiency,
and durability.

Keywords: thermal energy storage (TES); phase change materials (PCMs); bio-based
composite materials; encapsulation; energy efficiency

1. Introduction
Thermal energy storage is key to advancing renewable energy, by addressing its

intermittency, boosting energy efficiency, and reducing dependence on fossil fuels. TES
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supports solar energy systems, building heating, ventilation, air conditioning (HVAC), and
industrial processes by storing excess energy for later use, improving grid stability and
energy conservation. While sensible heat storage is the most common, due to its simplicity
and low cost, latent heat and thermochemical storage offer a higher energy density and are
gaining attention [1–3]. Furthermore, the PCMs are at the core of latent heat storage and
are capable of storing and releasing thermal energy during phase transitions. Their high
energy density makes them ideal for applications like concentrated solar power plants,
solar thermal storage, HVAC systems, and industrial heat recovery [2,4]. This material also
helps to regulate temperature in textiles, vehicles, and smart grid systems, by acting as a
thermal buffer [3,4].

However, PCMs face challenges, including low thermal conductivity, phase segrega-
tion, and subcooling, which can limit performance. To overcome these issues, researchers
are developing bio-based composite materials and incorporating thermally conductive
additives to improve heat transfer and durability [5,6]. Cost and scalability also remain
obstacles, but advancements in bio-based encapsulation and material engineering are
promising [5–7]. Overall, PCMs play a growing role in sustainable energy systems by en-
abling reliable, efficient TES across diverse sectors. Thus, Figure 1 represents the summary
of the growth of publications from 2011 to 2024, underscoring the heightened research
interest in bio-based PCMs, encapsulation methodologies, and construction applications.
Since 2020, all three domains have exhibited concurrent growth, indicating enhanced
cross-disciplinary integration and an emphasis on practical implementation.

Figure 1. Bio-based PCMs research and development article published (source data by Google
Scholar).

Continued innovation will be crucial for scaling TES technologies and accelerating the
shift to a low-carbon energy future [1,8]. The study by Zhang et al. [9] underscored that
addressing material compatibility, degradation mechanisms, and life-cycle sustainability
is essential to ensure consistent performance and reduce an ecological footprint. These
insights collectively underline the need for green encapsulation strategies that balance
energy efficiency with environmental responsibility. Recent developments, such as vacuum
impregnation, biobased matrix incorporation, and shape-stabilised composites, have been
widely adopted to enhance the thermal stability, heat storage performance, and leakage
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resistance of PCMs. For instance, Liu et al. [7] demonstrated that the vacuum impregnation
method effectively absorbs PCMs into porous natural matrices. Therefore, sustainable
encapsulation materials, especially bio-based composites, improve heat transfer while
reducing environmental impact [4–6,9].

The progression of PCMs, seen in Figure 2, illustrates the evolution of bio-based PCMs,
including fatty acids and sugar alcohols, which were initially identified in the 1990s, with
further research in the 2000s focusing on their thermal stability and non-toxicity. The 2010s
experienced advancements in microencapsulation and nanotechnology, whilst the 2020s
highlighted progress in shape-stable PCMs and biodegradable polymer encapsulation.
By 2023, the augmentation of industrial output broadened their applications in energy-
efficient structures, cold-chain logistics, and industrial heat recovery. In anticipation of
2025, research seeks to augment conductivity, boost cycling stability, and incorporate PCMs
into intelligent energy systems.

Figure 2. The evolution of bio-based PCMs in major application areas.

Therefore, bio-based encapsulated PCMs play a vital role in efficient, durable, and
sustainable TES. Their performance depends on factors like latent heat, phase change
temperature, thermal conductivity, and stability. Materials such as treated wood, natural
fibres, and biodegradable polymers improve heat transfer and cycling stability. Fatty acid-
based PCMs offer better oxidation resistance and thermal reliability [10,11]. Encapsulation
strengthens structure and prevents leakage. Bio-based PCMs are biodegradable, have lower
environmental impacts, and support CO2 reduction in renewable energy systems. Thus,
this study aims to adopt and optimise formulations, improve encapsulation, and enhance
integration with green energy and future technologies.
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2. PCMs Properties
2.1. Thermal Energy Storage

PCMs are key to TES, due to their ability to absorb and release latent heat during phase
changes. Their effectiveness depends on the melting point, latent heat, and thermal con-
ductivity [12–14]. Figure 3 illustrates that materials within the low-temperature spectrum
comprise water, salt hydrates, polyethylene glycol (PEG), and paraffins. These PCMs are
extensively utilised in building cooling, HVAC systems, and electronics, due to their com-
paratively high enthalpy values and manageable handling. Medium-temperature PCMs,
such as alcohols, fatty acids, and ionic liquids, are more appropriate for solar, thermal, and
industrial applications, providing moderate to high enthalpy with enhanced stability. In
the high-temperature region, inorganic salts prevail, with enthalpy values rendering them
suitable for concentrated solar power (CSP) applications [15,16].

Figure 3. PCM melting temperature range and applications [15,16].

2.2. PCMs Classification

In addition to thermal properties, PCMs can be categorised based on their material
origin and composition, as depicted in Figure 4. PCMs are classified into organic, inorganic,
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eutectic, and bio-based categories. Organic PCMs encompass paraffins and non-paraffin
organics, which are esteemed for their chemical stability, yet constrained by low thermal
conductivity. Inorganics, including salt hydrates and molten salts, provide high energy
density, but are prone to segregation and corrosion. Eutectics are hybrid organic–organic
or inorganic–organic mixtures, facilitating adjustable melting points. Bio-based PCMs are
increasingly important, due to their sustainability and diminished environmental effects.

Figure 4. TES system classification and the PCMs subcategories [12–14,17].

These substances may be lipid-derived (fatty acids, waxes), carbohydrate-based (sug-
ars, alcohols, polysaccharides), or protein-derived (plant/animal proteins, lignin-cellulose
hybrids, mycelium composites). Although salts and inorganic materials provide substantial
enthalpy for large-scale CSP, bio-based PCMs are more appropriate for decentralised and
sustainable TES in buildings and consumer goods [12–14,17]. The hybrid of bio-based
composites with sophisticated encapsulation methods signifies the most promising ap-
proach to achieving a balance of high energy density, cycling stability, and environmental
sustainability in forthcoming TES applications.

2.3. Thermal Conductivity and Leakage Control in PCM Systems

Thermal conductivity plays a vital role in the performance of PCMs in TES systems.
It quantifies the thermal conductivity of a substance, similarly to the faster heating of a
metal spoon compared to a plastic one. PCMs absorb heat upon melting and release it
upon solidification. This parallels the process by which ice melts into water and subse-
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quently refreezes. A PCM with elevated thermal conductivity facilitates rapid heat transfer,
enabling quicker energy storage and release. This enhances the system’s efficiency in appli-
cations including solar heating, intelligent apparel, and energy-efficient structures. A low
thermal conductivity in the PCM results in diminished heat transmission, hence impairing
performance. While traditional enhancements, such as nanoparticle dispersion or hybrid
TES setups, improve heat transfer, they often lead to challenges like phase separation and
reduced latent heat capacity [18–22]. Figure 5 illustrates the fundamental behaviour of
PCMs. During heating, PCMs absorb energy at a nearly constant temperature as they melt,
storing latent heat. During cooling, crystallisation releases this energy, which enables stable
temperature regulation compared to sensible heat storage [18,23].

 

Figure 5. Principle behaviour of PCMs; (a) PCM thermal conductivity and latent heat storage,
(b) melting and solidification behaviour of phase change material [15,18–24].

Meanwhile, Table 1 highlights the thermophysical properties of organic, inorganic,
eutectic, and bio-based PCMs, focusing on latent heat capacity, thermal conductivity,
melting range, and stability that guides PCM selection for TES applications. Organic PCMs,
such as paraffins and fatty acids, are reliable and widely used in HVAC and building
applications [25–28]. Inorganic PCMs, particularly salt hydrates, deliver high latent heat,
enabling rapid energy storage and release, but issues of corrosion and phase separation
reduce long-term stability. Eutectic PCMs balance the properties of organics and inorganics,
offering predictable melting points (20–80 ◦C) and moderate storage capacity, though
immiscibility and leakage remain challenges [29–31]. Bio-based PCMs, derived from
renewable resources, provide moderate heat storage with eco-friendly benefits, but they
share the low conductivity limitations of organics [32–36].
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Table 1. Thermophysical properties of various PCM types for TES.

PCM Type
Thermophysical Properties

ReferencesLatent Heat
Capacity

Thermal
Conductivity Melting Point Thermal Stability Phase Change

Leakage Cooling Corrosion

Organic PCMs

• Degrade over
cycles

• Enhances TES
density

• Low
• 0.2–0.4 W/m·K
• Limits heat

transfer
• Efficiency and

quick energy
release

• 18–60 ◦C
• Building/HVAC

applications

• Reliable over
multiple cycles

• Can leak if not
encapsulated
properly

• Reduces
effectiveness
and safety

- - [25–28]

Inorganic PCMs

• High
• 100–300 J/g
• Suffer from

phase
separation

• High storage
density and
heat capacity

• High
• 0.5–4.0 W/m·K
• Fast heat

transfer
• Ideal for

solar/PV
cooling

- - -

• Delays
crystallisation

• Limits
repeatable
performance

• Salt hydrates
can corrode
metal
containers

• Affects system
longevity

[29–31]

Eutectic PCMs

• 100–200 J/g
• Balanced

performance
from organic–
inorganic
synergy

-
• 20–80 ◦C
• Specific application

temperatures

• Important for
predictable
performance

• Immiscibility
or leakage
during phase
transition

• Limits
performance
over cycles

- - [14,37–39]

Bio-based PCMs

• Moderate
• 150–220 J/g
• Degrade over

cycles
• Eco-friendly

TES
applications

• Buildings and
agriculture

• Low
• 0.2–0.4 W/m·K
• Application in

high-flux
environments

• 20–90 ◦C
• Enhanced thermal

performance
- - - - [32–36]
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In addition, studies demonstrate that superior PCM performance emerges from the
optimisation of composition and its preparation parameters. Naresh et al. [32], in their
microencapsulation work, stated that the crystalline nature of the bio-based PCM chain and
the integration of amorphous shell materials achieved latent heat potentials of 47.31 J/g.
Also, the study by Mehrizi et al. [33] revealed that the PCM’s microstructure, made of fatty
acids (e.g., palmitic acid), esters, polyethylene glycol (PEG), natural oils, and waste oils,
enhances its ability to store and release heat, compared to petroleum-derived paraffins. Oth-
erwise, the material preparation process using the accelerated thermal cycling (2000 cycles)
technique by Boussaba et al. [34] has succeeded in enhancing the PCM’s thermal stability
and phase change behaviour. Besides that, the study by Pundienė et al. [35] also showed
that preheating the bio-composite within the temperature range of 35–60 ◦C before PCM
integration enhanced the heat transfer characteristics and contributed to an increase in heat
capacity by up to 34.8%.

3. Bio-Based PCM Encapsulation Composite Materials
3.1. Bio-Based Composite Material

Bio-based composite materials, such as natural fibres, wood-based composites, cellu-
lose, lignin, starch, and biodegradable polymers, are gaining attention as sustainable alter-
natives to petroleum-based materials [40–45]. These materials offer benefits like biodegrad-
ability, strong adhesion, and environmental compatibility, making them ideal for TES
applications [41,42]. Therefore, this section will discuss how natural reinforcements like
cellulose, lignin, and starch-based materials enhance the mechanical and thermal stability
of PCM encapsulation systems [40,42,45]. Traditional PCMs, such as paraffin-based materi-
als, exhibit high latent heat, making them efficient for energy storage density. However,
they are limited by their low thermal conductivity, which slows charging/discharging
and reduces performance in high-flux applications, such as solar or electronic cooling.
The performance discrepancies between the various encapsulation materials shown in
Table 2 are mostly due to their intrinsic molecular structure, bonding nature, and interfacial
heat-transfer behaviour. Composites’ thermal conductivity and latent heat storage capacity
are determined by their structural and chemical properties. Thermal conductivity and
latent heat vary between encapsulation materials, due to variances in molecular structure,
bonding nature, and interfacial heat transmission.

Table 2. Comparison of thermal conductivity and latent heat storage capacity in bio-based vs.
traditional PCM encapsulation.

Encapsulation
Material

Thermal
Conductivity

(W/m·K)

Latent Heat Storage
Capacity (J/g) Advantages Disadvantages References

Starch
(Bio-Based) 0.16–0.25 100–160

• Renewable,
biodegradable

• Enhanced by
nanofillers or
crosslinkers

• Low moisture
resistance

• Moderate thermal
stability

[46–51]

Chitosan
(Bio-Based) 0.20–0.30 120–180

• Antimicrobial,
biodegradable

• Good film-forming
ability

• Sensitive to pH
and moisture

• Moderate
mechanical
strength

[52–56]
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Table 2. Cont.

Encapsulation
Material

Thermal
Conductivity

(W/m·K)

Latent Heat Storage
Capacity (J/g) Advantages Disadvantages References

Lignocellulosic
(Bio-Based) 0.20–0.42 150–210

• High mechanical
strength

• Abundant and low
cost

• Good
compatibility with
PCMs

• Brittleness without
plasticizers

• Requires surface
modification

[57–61]

Silica
(inorganic) 1.4–1.6 200–250

• Excellent thermal
stability

• High mechanical
strength

• Chemically inert

• Brittle, prone to
cracking

• Non-
biodegradable

[62–66]

Polystyrene
(inorganic) 0.1–0.13 180–240

• Good
processability

• Lightweight and
low cost

• Low thermal
conductivity

• Derived from
petroleum sources

[67–70]

Polymethyl
methacrylate

(PMMA)
(inorganic)

0.18–0.25 170–230

• Transparent, good
flexibility

• Excellent
encapsulation
efficiency

• Low thermal
conductivity

• Sensitive to UV
degradation

[71–75]

Furthermore, Table 2 specifies that lignocellulosic materials have an improved per-
formance due to their hierarchical fibre network, which allows for PCM infiltration and
directional heat transfer [57–61]. Surface modification (such as silane treatment) increases
endurance and PCM compatibility. Silica shells have the highest conductivity and im-
proved thermal stability because of their dense Si-O-Si network, which improves phonon
propagation [62–66]. However, their brittleness and incapacity to degrade limit their
long-term viability.

Meanwhile, polystyrene and PMMA have higher processability and leakage resis-
tance, but their non-polar, low-density polymer architectures result in inferior conductiv-
ity [67–75]. PMMA improves the encapsulation efficiency, but is UV-sensitive. Overall,
bio-based encapsulants (starch, chitosan, and lignocellulose) are sustainable and have
promising latent heat performance, but they must be modified to improve conductivity.
Inorganic and synthetic materials (silica, polystyrene, and PMMA) offer greater stability
and heat transfer, but lack biodegradability.

Hence, the hybrid systems that combine bio-based matrices with conductive nanofillers
or inorganic shells provide an ideal balance for effective, long-lasting, and environmentally
friendly thermal energy storage. Furthermore, future research should seek to develop a
systematic relationship between material design strategies, scalable production methodolo-
gies, and application readiness assessment. Such integration will hasten the transition of
bio-based PCM technologies from laboratory development to industrial use.

3.2. Natural Fibre-Reinforced Microcapsules

Natural fibre-reinforced encapsulated PCMs hold significant potential for sustainable
TES applications, especially within the building and electric mobility industries. These
systems utilise bio-based composites, such as hemp, kenaf, and flax, providing ecological
benefits, superior latent heat retention, and increased thermal conductivity. Recent ad-
vancements, such as silane-treated fibres and lignin-coated structures, illustrate the capacity
to address conventional PCM challenges, such as leakage, inadequate heat conductivity,
and structural deterioration [52–61,76–78]. Translating these materials from laboratory en-
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vironments to scalable, practical applications necessitates a comprehensive understanding
of fibre–matrix interactions, morphology, hybridisation, and processing methodologies.

Figure 6 presents a schematic that depicts the principal mechanisms of hemp, kenaf,
and flax fibres, which are utilised as porous scaffolds in phase change material encapsula-
tion. The illustration emphasises fibre orientation for directional heat conductivity, surface
modifications (such as silane and lignin coatings) for moisture and thermal stability, and
hybridisation with nanofillers (including graphene and biochar) for improved multifunc-
tionality. Its demonstrated applications encompass self-regulating electric vehicle batteries,
biophilic building facades, and phase change material-infused insulating panels for net-zero
energy structures. Scalable fabrication technologies are yet inadequately developed, with
approaches like spray drying and 3D printing of fibre scaffolds demonstrating potential
while experiencing limited throughput and significant energy requirements [6,36,79–82].

Figure 6. Schematic process of bio-based fibre-reinforced PCM encapsulation technique [6,36,79–82].

In addition, the interfacial connection between the fibre and matrix is crucial for the
long-term stability and thermal performance of PCM. Nonetheless, inadequate dispersion
or inconsistent fibre diameters may result in aggregation, diminishing performance, and
challenging repeatability in scaled applications [83,84]. The incorporation of nano-fillers
into fibre matrices provides multifunctional advantages, including increased conductiv-
ity, self-healing properties, and enhanced durability. Consequently, challenges existed
regarding the incorporation of nano-fillers into fibre matrices, including ensuring uniform
dispersion of nanofillers, preventing nanoparticle aggregation, and addressing environ-
mental hazards during degradation [76–78].

3.3. Wood-Derived Aerogels

Bio-based composite materials from wood-based composites, including starch- and
lignin-based adhesives, are being developed to replace synthetic resins in PCM sys-
tems [41,43,44]. Wood-derived aerogels, as potential encapsulation matrices, exhibit signifi-
cant potential due to their anisotropic porosity topologies, biodegradability, and compati-
bility with various types of PCMs. Figure 7 illustrates thermal pressing and nanostructure



Polymers 2025, 17, 2925 11 of 37

alignment, which improve the endurance of the composite PCM capsules. The integration
of bio-epoxy binders or reinforcement agents, such as honeycomb structures, enhances resis-
tance to thermal fatigue, attaining encapsulation efficiency after prolonged cycling [85,86].
The utilisation of synthetic crosslinkers may compromise overall biodegradability, leading
to a preference for natural alternatives, such as citric acid or tannin-based resins. Moreover,
Figure 7 also highlights the possible use of aerogels in flexible insulation systems, green
fibre matting, and transparent thermal windows. These materials facilitate passive thermal
regulation by adaptively responding to variations in an ambient temperature [87–89].

Likewise, the lignin serves a dual function in wood-based aerogels, enhancing struc-
tural stiffness while hindering efficient delignification. The targeted elimination of lignin
through TEMPO oxidation results in the creation of highly organised anisotropic networks
of cellulose nanofibrils, which demonstrate directional thermal conductivity and facilitate
substantial latent heat storage. The anisotropic aerogel architecture effectively regulates
PCM leakage by refining the pore size distribution, ensuring durable long-term use. The
research underscores the prospective utilisation of aerogels in adaptive architectural sys-
tems, including flexible insulation, eco-friendly fibre matting, and transparent thermal
windows [90–92]. These materials facilitate passive thermal regulation by adaptively
responding to ambient temperature variations, resulting in a reduction in energy use in
net-zero energy structures [86,88,90]. However, obstacles including scalability, expense, and
mechanical vulnerability persist; thus, this will enhance the broader field of future research
trajectories for bio-based smart TES systems for architectural and aerospace applications.

 

Figure 7. Wood-based composite material in PCM encapsulation with TEMPO-oxidised cellulose
aerogel structure [93–98].
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3.4. Mycelium-Based Encapsulation

Mycelium matrices serve as encapsulation platforms for PCMs, representing a bio-
inspired advancement in sustainable TES technologies [40,45]. The chitin–glucan structure
of fungal hyphae provides inherent self-assembly, autonomous repair, and biodegrad-
ability, rendering them viable options for lightweight and adaptable energy storage de-
vices [99–101]. Nonetheless, their thermal deterioration threshold constitutes a substan-
tial limitation, restricting applications in high-temperature TES systems. The hybrid of
mycelium encapsulation with UV-blocking nanoparticles, fire-resistant chitin–glucan shells,
and bio-silica structures underscores a novel paradigm of multifunctional, environmentally
sustainable TES devices.

Figure 8 depicts the mechanisms of encapsulation for mycelium-based PCMs, where
the illustration represents a core–shell configuration of methyl palmitate phase change
material enclosed inside silica and chitin–glucan matrices. Self-healing behaviour is facili-
tated by the regeneration of fungal hyphae, whereas lignin nanoparticles offer ultraviolet
protection by obstructing UV radiation and improving the durability of composites in solar-
exposed TES systems [102,103]. Nonetheless, substantial issues remain, including the rapid
growth of genetically modified fungi, the standardisation of cultivation conditions, and
the assurance of mechanical reliability during subsequent phase transitions, while these
composites are validated for practical scalability and potential ecological effectiveness.

Figure 8. Mycelium-based PCM encapsulation mechanism [104–109].

Furthermore, the structural reinforcement, including bio-silica hybridisation or epoxy
densification, is essential to improve thermal durability. The thermal and structural efficacy
of mycelium encapsulation is affected by the composition of the growing substrate, where
nutrient-dense, lignocellulosic substrates yield denser hyphal networks, enhancing PCM en-
capsulation effectiveness and minimising leakage. Genetically modifying the chitin–glucan
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ratio may enable customised compatibility with lipid-based PCMs [99–101]. Mycelium-
based PCM capsules have exceptional environmental performance, entirely biodegrading
within 60 days in soil conditions, although they may jeopardise material durability in moist
or microbially abundant settings [100,101]. To achieve a balance between biodegradability
and stability, the use of protective barriers like lignin nanoparticles may be essential.

3.5. Bio-Based Adhesive

Cellulose and its derivatives are increasingly acknowledged as adaptable components
for encapsulating PCMs in TES systems. These systems are regulated by the synergis-
tic interplay of chemical crosslinking, rheology, and process flexibility. Citric acid and
genipin exemplify divergent methodologies for crosslinking in cellulose-based systems,
with genipin offering enhanced strength at a higher cost. A hybrid strategy integrating eco-
nomical citric acid with superior genipin may provide both durability and cost-effectiveness,
exemplifying a practical solution for industry implementation [110–115].

Figure 9 illustrates cellulose-derived smart coatings and hydrogels employed for phase
change material encapsulation in TES systems. The hierarchical arrangement of cellulose
facilitates its functional transformation into cellulose nanocrystals and carboxymethyl
cellulose hydrogels. The primary illustration depicts a core–shell capsule, featuring methyl
palmitate as the core, encased in a cellulose-derived shell that reacts to alkaline environ-
ments for regulated release. Meanwhile, the lower panels demonstrate a self-healing
mechanism, offering a durable foundation for sophisticated TES applications. The self-
healing capacity of cellulose-based adhesives offers exciting possibilities for extending
PCM capsule lifespans. However, TES systems impose harsher conditions than biomedical
or electronic contexts, and reversible bonding alone may not provide sufficient resilience
under fatigue.

Figure 9. Bio−based adhesive in PCM encapsulation with pH-responsive methyl palmitate PCM
core [110–115].
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3.6. Biopolymer and Biodegradable Polymer

Bio-based encapsulated PCM composites have surfaced as a viable approach for sus-
tainable TES. Biopolymers such as polylactic acid (PLA), polyhydroxyalkanoates (PHAs),
chitosan, and cellulose-derived substrates provide biodegradability, ecological friendli-
ness, and versatile design possibilities. Transparent wood substrates infused with PCMs,
coupled with biodegradable coatings, illustrate the engineering of natural materials into
high-performance TES composites for construction and industrial uses [116–123]. The
efficacy of these systems is determined by intricate interactions among polymer molecular
architecture, degradation characteristics, and multifunctionality in fluctuating heat condi-
tions. Figure 10 describes transparent wood-based phase change material composites for
energy-efficient glazing. Natural balsa wood undergoes delignification and TEMPO oxida-
tion, resulting in a clear substrate. The substrate contains methyl palmitate phase change
material within nanocellulose, creating a composite layer equipped with pH-responsive
cellulose nanocrystal valves.

Figure 10. Biopolymer and biodegradable polymer in PCM encapsulation with transparent bio-PCM
window design [116–123].

A biodegradable protective coating and glazing layers improve durability and en-
vironmental efficacy. Otherwise, the synthetic polymers often excel at durability and
temperature resistance in severe settings; nevertheless, their environmental impact restricts
their long-term sustainability [106,124,125]. Similarly, Okolie et al. [126] have examined the
stability and safety deficiencies in traditional PCMs, emphasising bio-epoxy reinforcements
for enhanced fatigue resistance, aerogels for adaptive systems, and self-healing composites
for ultraviolet durability, while advocating for research to address scalability challenges for
effective renewable storage. In addition, the transparent wood composites demonstrate that
bio-based methods can offer sustainable thermal regulation; nonetheless, their long-term
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durability under actual cycling conditions necessitates additional research. The molecular
weight and crystallinity of biopolymers are crucial in ascertaining heat stability and phase
change material retention. Therefore, Chen et al. [127] investigate ethylene vinyl acetate
(EVA) copolymer heat-storage coatings, including in situ, which attain an enthalpy, a ther-
mal stability over 200 cycles, and flame retardancy; hence, increased molecular weights in
EVA diminish chain mobility while improving crystallinity, enhancing dimensional stability
for resilient protective coatings in energy-efficient structures.

4. Enhancement Techniques for Encapsulation PCMS
PCMs are key for TES, but their use is limited by leakage, low conductivity, and cycling

instability. Encapsulation improves stability, durability, and heat transfer through three pri-
mary approaches: microencapsulation, macroencapsulation, and composite encapsulation.
Otherwise, hybrid strategies, such as reinforcing microcapsules with bio-based shells or
embedding macroencapsulated PCMs into conductive matrices, are promising [128–132].
To further enhance efficiency, advanced fillers and nanostructures are integrated into encap-
sulated PCMs. MXene, carbon-based nanomaterials, metallic nanoparticles, and aerogels
improve thermal conductivity, enthalpy retention, and cycling stability [133–136].

The strategies for improving bio-based encapsulated PCMs address conventional
performance limitations. Figure 11 illustrates how bio-based encapsulation techniques
mitigate key deficiencies of traditional PCMs, including low thermal conductivity, leakage,
thermal degradation, and phase separation. Multi-layered bio-based shells enhance sta-
bility and durability while contributing to environmental sustainability. The inclusion of
hybrid nanoparticles within nanofluids further improves thermal conductivity and overall
system reliability [131,133–140]. Therefore, the section below discusses the encapsulation
techniques to ensure PCM containment, while enhancement techniques improve thermal
efficiency and durability.

Figure 11. Improvement technique of bio-based PCMs [141,142].
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Additionally, Table 3 presents the comparative analysis of the micro-, macro-, and
composite-encapsulation techniques employed to enhance the performance of PCMs in TES
systems and relevant ASTM/ISO test methods for performance evaluation. Each approach
has unique structural, functional, and practical advantages. Microencapsulation offers
superior leakage avoidance and thermal responsiveness; yet, it is constrained by elevated
costs and production intricacies. Macroencapsulation provides scalability and facilitates
seamless integration into extensive systems; however, its thermal transfer efficiency is
rather low. Composite encapsulation optimises performance and stability by integrating
phase change materials with conductive or porous substances, enhancing thermal
conductivity and mechanical resilience. The selection of technique is contingent upon
the intended application: microencapsulation is suitable for precision systems (e.g.,
electronics or smart textiles), macroencapsulation is ideal for building and solar TES,
and composite-encapsulation is designed for high-performance or industrial systems
that necessitate robust thermal conductivity and structural integrity. Consequently,
the subsequent section will delineate the specifics of each improvement strategy for
encapsulating PCMs.

Table 3. Comparison of PCM encapsulation enhancement techniques.

Encapsulation
Technique

Structural
Characteristics Advantages Disadvantages Applications ASTM/ISO

Standard References

Microencapsulation

PCM particles
(1–1000 µm) coated

with polymer or
bio-based shells (e.g.,

chitosan, lignin).

• Prevents
leakage.

• Improves heat
transfer.

• Enables
uniform melt-
ing/solidifying.

• High cost.
• Complex

production.
• Shell may

crack after
many cycles.

• Electronics.
• Smart textiles.
• Building

panels.
• Solar TES.

• ASTM
E793/ISO
11357: DSC
phase change
test.

• ASTM D3849:
Microcapsule
size/morphology.

[132,136,140,143–
146]

Macroencapsulation
PCM sealed in large

modules (tubes,
panels, or spheres).

• Simple and
low-cost.

• Suitable for
large-scale
TES.

• Easy handling
and reuse.

• Lower heat
transfer.

• Leakage risk
at joints.

• Bulky for
small systems.

• Building
HVAC.

• Water heater.
• Solar panels.

• ISO 15927-3:
Thermal
performance
of materials.

• ASTM E1225:
Thermal
conductivity.

[147–150]

Composite
encapsulation

PCM mixed with
porous or

conductive
frameworks

(graphite, silica,
metal foam).

• High thermal
conductivity.

• Leak-free and
stable.

• Shape-stable
PCM.

• Reduce latent
heat.

• Complex
processing.

• Expensive
materials.

• Battery
cooling.

• Electronic.
• High-

temperature
TES.

• ASTM
E1461/ISO
22007-2:
Thermal
diffusivity
and
conductivity.

[151–155]

4.1. Microencapsulation

Microencapsulation coats PCM droplets or particles with protective shells, preventing
leakage and improving dispersion [131,137]. It enables precise thermal control, but is costly
and requires complex fabrication. Figure 12 illustrates the schematic representation of
the microencapsulation process for PCMs using an oil-in-water emulsion method. The
process involves emulsifying the PCM core in an aqueous continuous phase, followed
by polymerisation or crosslinking to form stable microcapsules. This technique produces
uniform, leakage-resistant particles that are suitable for thermal energy storage applications.
Recent studies highlight the use of sustainable bio-based shell materials, such as lignin and
chitosan, for improved compatibility and environmental performance [57,127].
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Figure 12. Schematic process of fabricating microencapsulated PCM using an oil-in-water emulsion
method [156,157].

However, microencapsulation is hampered by its high production cost and indus-
trial complexity, which may impede scalability. Furthermore, shell fragility after repeated
temperature cycling is a common problem, raising concerns regarding long-term dura-
bility. These restrictions highlight the necessity for hybrid shell designs that combine
bio-based and synthetic components, balancing environmental performance and mechan-
ical strength [36,57,143,158]. The thermal performance of the developed microcapsules
was evaluated using Differential Scanning Calorimetry (DSC) in accordance with ASTM
E793 and ISO 11357 [159,160]. These standards specify procedures for measuring the
enthalpy of fusion and crystallisation, ensuring reliable determination of phase-change
characteristics. The DSC analysis provided key data on melting temperature, latent heat,
and thermal stability—essential parameters for assessing the efficiency of PCM-based
thermal-energy-storage systems.

4.2. Macroencapsulation

Otherwise, the macroencapsulation technique stores larger PCM volumes in capsules,
tubes, or panels, offering high capacity and simple fabrication. However, it suffers from
reduced heat-transfer efficiency, due to larger thermal gradients. Consequently, the pro-
cess of the macroencapsulation of inorganic PCMs involves coating, encapsulation, and
solidification steps. Figure 13 depicts the stepwise formation of macroencapsulated PCM
composites, showing the preparation, thermal activation, and shell hardening stages. The
approach, as demonstrated by Sivanathan et al. [144], effectively mitigates leakage and en-
hances thermal cycling stability and structural integrity. Compared to microencapsulation,
macroencapsulation offers higher PCM capacity and simpler manufacturing, making it
suitable for large-scale thermal regulation in building energy systems [156,157]. Moreover,
Feizatidou et al. [158] have demonstrated that the nano/microencapsulation of PCMs using
chemical techniques mitigates leakage in TES systems for buildings, which account for 40%
of world energy consumption and 38% of emissions, hence improving structural integrity
and efficiency. However, bio-based panels and fibre-reinforced shells provide substantial



Polymers 2025, 17, 2925 18 of 37

PCM-loading and protection; however, they have diminished heat transfer, due to bigger
capsules and low surface area-to-volume ratios.

 

Figure 13. Schematic process of macroencapsulation of inorganic PCMs [145,157].

Furthermore, design constraints and the ongoing possibility of leakage remain obsta-
cles in real-world deployment. Critically, while macroencapsulation provides cost-effective
scaling, its efficiency trade-offs highlight the significance of including conductivity boosters
or hybrid design features to compensate for decreased heat responsiveness. To assess
the thermal efficiency and environmental durability of the macroencapsulated PCM com-
posites, both thermal conductivity and hygrothermal exposure tests were conducted in
accordance with ASTM E1225 and ISO 15927-3 standards [161,162]. The ASTM E1225
method enabled accurate determination of heat-transfer characteristics, while ISO 15927-3
guided the evaluation of façade exposure to driving rain and moisture loads. These anal-
yses ensured comprehensive insight into the material’s thermal reliability and weather
resistance for building-energy applications.

4.3. Composite-Encapsulation

The composite-encapsulation technique embeds PCMs into supporting matrices such
as polymers, aerogels, or porous scaffolds [131,137,138]. This enhances mechanical strength,
stability, and thermal cycling performance, though PCM loading and conductivity are often
limited. Figure 14 illustrates a composite encapsulation for porous PCMs. Paraffin wax
is embedded into supporting fillers (e.g., SiO2, clays, or charcoal) and improved with
conductivity agents such as expanded graphite, Al2O3, Cu, or CNTs. This technique
physically integrates PCMs into solid matrices, decreasing leakage and greatly increasing
thermal conductivity [146–148]. The thermal-transport characteristics of these composites
were experimentally evaluated following ASTM E1461 and ISO 22007-2 standards [163,164].
The laser-flash method described in ASTM E1461 was used to determine thermal diffusivity,
while the Transient Plane Heat Source (TPS) method defined in ISO 22007-2 enabled the
measurement of both thermal conductivity and diffusivity. These standardised procedures
ensured reliable quantification of heat-transfer enhancement attributed to conductive fillers
and matrix architecture.

Meanwhile, bio-based composites (e.g., cellulose, lignin, starch, and proteins) are
increasingly studied as eco-friendly encapsulation materials [131,149]. They improve
biodegradability, mechanical stability, and long-term cycling performance [137,138].
Nonetheless, issues such as low thermal conductivity, mechanical degradation, and life-
cycle emissions persist. The environmental compatibility of biochar and nanocellulose
matrices corresponds with green material objectives, providing apparent advantages over
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petroleum-based shells. Shen et al. [150] discovered that nanocellulose improves sustain-
able PCMs for latent heat storage by utilising renewability and functionalisation to create
composites such as slurries and capsules, thus addressing the limitations of PCMs.

 

Figure 14. Schematic process of composite encapsulation for porous PCMs [145,151].

Nonetheless, composite encapsulation frequently constrains PCM loading and ma-
trix sensitivity, which may weaken energy density and repeatability in thermal storage
applications. In addition, long-term thermal cycling stability remains an unresolved issue,
particularly when PCMs are embedded in porous matrices that are prone to mechanical
fatigue. Despite these constraints, composite encapsulation is regarded as one of the most
promising strategies for achieving multifunctional PCMs, especially when combined with
nano-engineered conductivity enhancers.

5. Future Directions and Research Opportunities
The extensive manufacturing of bio-based PCMs poses both technological and eco-

nomic difficulties. The extraction and purification of natural feedstocks such as fatty
acids, lignin, or cellulose derivatives necessitate multistep processes that elevate processing
complexity and energy consumption. The expense of raw materials and encapsulating
components is still elevated, relative to petroleum-based PCMs, hindering their extensive
commercialisation. Nevertheless, novel green synthesis methods and the utilisation of
inexpensive agricultural leftovers or industrial by-products are enhancing feasibility. Simul-
taneously, improvements in biopolymer modification and scalable encapsulation methods
are decreasing processing expenses and improving performance uniformity, indicating that
bio-based PCM systems are becoming competitive for industrial TES applications.

Moreover, subsequent research needed to concentrate on creating a systematic con-
nection among material design strategies, scalable production methods, and application
readiness evaluation. This integration will expedite the passage of bio-based PCM technol-
ogy from laboratory invention to industrial application.

5.1. Advancements in Bio-Based Materials for PCM Encapsulation

Recent developments in bio-based materials have significantly enhanced the encapsu-
lation performance of PCMs for TES. Ajdary et al. [152] demonstrated that plant-derived
nanostructures, particularly nanocellulose-based hydrogels, foams, and aerogels, offer
high mechanical strength and tuneable porosity, promoting effective PCM loading and
improved thermal cycling stability. Likewise, the lignin-based composites investigated by
Jyothibasu et al. [153] exhibited superior durability, due to electroactive quinone moieties
within lignin’s aromatic matrix, which strengthen the interfacial bonding and resist degra-
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dation during repeated phase transitions. Furthermore, Atinafu et al. [154] reported that
hybridised nanocellulose–lignin composites, reinforced with biochar, significantly enhance
mechanical resilience, prevent leakage, and improve thermal conductivity through syner-
gistic interactions between biopolymers and carbon. Collectively, these studies demonstrate
the transformative potential of bio-derived hybrid systems as eco-friendly, structurally
robust, and thermally efficient encapsulation matrices for next-generation TES applications.

Likewise, enhancing the thermal energy efficiency of bio-based PCM systems necessi-
tates a multifaceted strategy that incorporates core material advancements, sophisticated
encapsulation designs, and energy-retention enhancements. Table 4 summarises the ap-
proaches to the essential issues of low thermal conductivity, leakage, supercooling, and
prolonged deterioration, facilitating the scalable and sustainable use of PCM technologies in
the construction, textiles, electronic, and renewable energy sectors. Further improvements
involve optimising bio-based PCMs for extreme environments. Suchorowiec et al. [155]
observed that PCM–aerogel composites enhance form stability, conductivity, and flame
retardancy for energy applications. Nanocellulose–lignin matrices with protective encapsu-
lation withstand elevated temperatures and stress, while aerogels and graphene enhance
conductivity and structural integrity. These hybrid materials ensure efficient energy storage
and delivery across variable conditions. To fully realise their potential, future research must
focus on the scalable production, cost-effective processing, and long-term performance of
nano-enhanced bio-based PCMs. These innovations support high-performance, sustainable
TES systems, and align with broader renewable energy goals [150,155,165].

Table 4. Thermal performance of nano-enhanced bio-based PCM composites.

Composite Type Nano-Additive PCM Leakage
Prevention Application Scope References

Nanocellulose–PCM

 Boron Nitride
Nanotubes (BNNTs)

• Cellulose
Nanocrystals (CNCs)

 Microfibril
network reduces
leakage

• Swelling-induced
self-sealing

• Building
insulation

• Wearable textiles
[154,166–168]

Biochar–PCM

 Graphene-coated
biochar

• Carbon nanotubes
(CNTs)

 Hierarchical
pores trap PCM

• 0% leakage at
80 ◦C tilt

• Solar thermal
storage

• Industrial waste
heat recovery

[169–172]

Graphene–PCM
 Graphene oxide (GO)
• Reduced graphene

oxide (rGO)

 Impermeable
graphene layers

• 100% leakage
prevention up to
120 ◦C

• Electronics
cooling

• High-power
battery thermal
management

[168,173–175]

5.2. Bio-Based PCM Core Innovations

Bio-based PCMs constitute a vital innovation avenue for enhancing the thermal energy
efficiency of TES systems. In contrast to petroleum-derived paraffins, bio-based PCMs
originate from renewable sources, including plant oils, fatty acids, biopolymers, and
agricultural by-products, providing energy storage capabilities along with environmental
advantages. Material advances emphasise mixed fatty acids (e.g., coconut oil and beeswax)
that have adjustable melting points, suitable for various construction, food preservation,
and HVAC applications [176–178].

Therefore, Figure 15 displays a categorisation of four classes of bio-based PCMs: sugar
alcohols, algae-derived PCMs, plant oils, and mixed fatty acids, based on their energy den-
sity and environmental impact, highlighting material selection challenges for sustainable
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TES. These blends enable customised PCM cores that satisfy application-specific thermal
demands. In addition, sugar alcohols, such as erythritol, exhibit elevated melting points
and considerable latent heat capacity, whilst biopolymers like PLA, combined with waxes,
provide opportunities for biodegradable and secure encapsulation. Brzęczek-Szafran
et al. [177] propose a classification of biomass-derived PCMs (types 0–3) for sustainable
composites, improving shape stability and conductivity while including green chemistry.
Bio-based PCMs achieve a latent heat of 200–220 J/g through esterification, utilising waste
for carbon-neutral energy production. Significantly, this places them in a competitive
stance with traditional PCMs while providing superior environmental credentials. Thus,
their carbon-neutral or carbon-negative lifecycles (e.g., algae-derived PCMs) reduce total
greenhouse gas emissions, and offer a route to decarbonisation and an opportunity to
develop secure, scalable, and adaptable TES materials for advanced energy systems.

Figure 15. Bio-based PCM core innovations—renewable thermal energy efficiency [176–178].

5.3. Advanced Encapsulation

Encapsulation converts PCMs from permeable, unstable substances into robust, high-
performance composites. In addition to containment, contemporary encapsulation methods
offer multifunctional enhancements, tackling leakage, conductivity, and environmental
resilience [128,179,180]. Figure 16 shows the inner shell is engineered for leak protection,
utilising mycelium–chitin networks that provide a distinctive self-healing ability, hence
prolonging the PCM cycling life. The central shell, generally composed of TEMPO-cellulose,
fortified with boron nitride nanotubes, elevates thermal conductivity, significantly enhanc-
ing heat absorption and dissipation rates. The external layer, typically a silane-hydrophobic
coating, offers environmental protection, resisting humidity levels versus relative humidity
and ensuring long-term stability in outdoor and construction applications [172,181–184].
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Figure 16. Advanced encapsulation strategies for bio-based PCMs [128,179,180].

Likewise, encapsulation techniques differ based on the magnitude of the application.
Microencapsulation, utilising chitosan or cellulose nanocrystals, guarantees an extensive
surface area and meticulous melting regulation, rendering it advantageous for electronic
cooling applications. Macroencapsulation, such as wood aerogels or mycelium networks,
offers scalable alternatives for building-integrated TES. Nanoencapsulation, such as lipo-
somes or silica nanoparticles, facilitates the creation of ultra-thin shells with swift thermal
responsiveness, which is ideal for biomedical and microelectronics applications, but also
significantly improves conductivity, cycling stability, and environmental durability.

6. Future Bio-Based PCM Applications
The next generation of TES systems is influenced by the advancement of bio-based

PCM-encapsulating substances that integrate elevated latent heat capacity with structural
durability and sustainability. These materials mitigate the shortcomings of traditional
PCMs, such as leakage, inadequate thermal conductivity, and degradation, through the
incorporation of sophisticated encapsulation methods and multifunctional fillers. Table 5
delineates the thermal and structural characteristics of essential PCM encapsulation materi-
als, emphasising their prospective applications in renewable energy systems: specifically,
in solar thermal storage, sustainable architecture, intelligent textiles, and energy-efficient
electronics. Moreover, subsequent research is needed to concentrate on creating a sys-
tematic connection among material design strategies, scalable production methods, and
application readiness evaluation. This integration will expedite the passage of bio-based
PCM technology from laboratory invention to industrial application.

Table 5. Thermal and structural properties of PCM encapsulation materials with future application.

Material Properties
Thermal

Conductivity
(W/m·K)

Latent Heat
Capacity (J/g)

Cycle Stability
(Cycles)

Future
Applications References

Nanocellulose
(hydrogels)

• Porous
• Anisotropic

structure
• Self-healing

ability

0.12–0.25 160–180 3000–5000

• 4D-printed
smart textiles

• Implantable
thermal
therapy
devices

[150,152,185–
187]
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Table 5. Cont.

Material Properties
Thermal

Conductivity
(W/m·K)

Latent Heat
Capacity (J/g)

Cycle Stability
(Cycles)

Future
Applications References

Lignin-based
polymers

• UV-absorbing
• Radical

scavenging
0.18–0.30 140–170 8000–12,000

• Solar farm
thermal
buffers

• Recyclable
packaging

[153,188–191]

Biochar
composites

• Hierarchical
pores (10
nm–5 µm)

• 500 m2/g
surface area

• Electrically
conductive

0.30–1.50 120–150 20,000+

• EV battery
thermal
runaway

• Industrial
waste heat
recovery
sponges

[154,192–195]

Nanocellulose–
lignin

• Synergistic
H-bonding

• Vibration
damping

• Moisture-
resistant

0.025–0.045 60–190 15,000–18,000

• Aerospace
cabin panels

• Shock-
resistant
military gear

[143,150,152,
153,186]

Wood-based
hydrogels

• Native
cellulose
alignment

• Microfluidic
channels

• Carbon
negative

0.18–0.90 100–180 5000–7000

• Transparent
wood smart
windows

• Heat transfer
building
materials

[152,196–200]

Conventional
polymer PCM

• Consistent
quality

• Wide
availability

• Petrochemical
base

0.30–2.90 120–210 10,000–15,000

• HVAC
systems

• Low-cost
consumer
goods

[21,201–206]

Paraffin in
microcapsules

• High shell
(enthalpy)

• Hermetic
sealing

0.60–4.00 80–200 50,000+

• Thermal
switches

• Nuclear
reactor
passive
cooling
systems

[178,207–209]

6.1. Natural Fibre-PCM for EV Battery Thermal Management

Bio-based fibre–PCM composites provide considerable benefits for thermal cycle stabil-
ity in applications such as electric vehicle battery modules, providing enhanced temperature
uniformity and accelerated heat dissipation, relative to traditional systems. These compos-
ites, fortified with natural fibres and including encapsulated PCMs, improve operational
ranges and prolong cycle life, reducing Li-ion cell deterioration. Stability is enhanced by bio-
based matrices that diminish hydrolytic degradation, while adjustable melting thresholds
guarantee that PCM transitions stay within crucial battery safety limits [150,207,210,211].
Figure 17 demonstrates that traditional lithium-ion batteries experience significant heat gen-
eration and safety hazards during repeated charging and discharging cycles. Conversely,
bio-based fibre–PCM composites (such as hemp or flax, reinforced with phase change
materials) exhibit considerable benefits in regulating heat variations and maintaining
performance throughout extended cycling [212,213].
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Figure 17. The revolutionary potential of bio-based encapsulated PCM systems with natural fibre-
PCM for EV battery thermal management [57,208,209,211].

Although these composites reduce the necessity for active cooling, flammability haz-
ards are being mitigated by technologies such as lignin nanoparticle infusion. Notwith-
standing certain constraints, including shell vulnerability under significant mechanical
stress, the incorporation of bio-based encapsulated PCMs presents a lightweight, sustain-
able substitute for metallic cooling systems in electric vehicle batteries, with prospective
uses in building-integrated TES and electronic cooling [57,208,209,211].

6.2. Wood–PCM Aerogel for Solar Window

Wood–PCM aerogels incorporated into solar windows provide both latent heat storage
and photovoltaic generation, thus improving building envelopes beyond mere passive
insulation [214–225]. The research conducted by Nazarit et al. [57] indicates that bio-based
PCMs within wood matrices enhance thermal mass for sustainable buildings, attaining
15% solar efficiency, 100 J/g latent heat, and 88% transmittance, providing thermal cycle
stability and optical clarity that are comparable to established standards. Furthermore,
various studies validate the feasibility of aerogel composites for transparent TES, owing to
their ultralight characteristics and adjustable conductivity, with wood-derived composites
exhibiting structural durability [155,165,185].

As shown in Figure 18, the TEMPO-oxidation delignification method retains cellulose
nanofibrils, ensuring optical clarity and addressing the shortcomings identified in previ-
ous cellulose-based encapsulation systems. Furthermore, the image illustrates that PCM
microencapsulation of methyl palmitate contained within 50 µm cellulose nanocapsules
mitigates leakage during successive solid–liquid transitions, an advancement corroborated
by Lu et al. [226], who confirmed that microencapsulating palmityl palmitate in dicyclo-
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hexylmethane shells results in 84% encapsulation and an enthalpy of 218 J/g, maintaining
over 90% efficiency after 500 cycles, and thereby improving the thermal regulation of
epoxy resin without leakage. In addition, Figure 18 also illustrates the anisotropic thermal
conductivity of the enhanced thermal stability by facilitating lateral heat transfer, while the
wood matrix provides carbon sequestration advantages.

Figure 18. The revolutionary potential of bio-based encapsulated PCM systems of wood–PCM aerogel
for solar window/panel [155,165,185].

Despite ongoing challenges such as UV degradation, which can be alleviated by
lignin nanoparticles but necessitates long-term validation, as well as trade-offs between
PCM loading and optical transparency, bio-based aerogels present sustainable alterna-
tives to inorganic PCMs. However, they exhibit lower energy density and scalability
issues [113,128,226]. Thus, future research must focus on hybrid designs, standardised
testing, and scalable processing to guarantee long-term stability and industrial acceptance,
thereby establishing these windows as revolutionary for sustainable energy storage and
smart building technologies.

6.3. Protein Adhesive PCM for Electronic Recycling

Protein-based adhesive PCMs offer an innovative solution for electronic heat man-
agement and component recycling, facilitating regulated debonding for optimal recovery
rates. As illustrated in Figure 19, these bio-based materials possess reversible protein
disulphide linkages, ensuring temperature cycle stability and self-healing properties. Fur-
ther, bio-based adhesives demonstrate somewhat greater thermal resistance compared to
grease-based thermal interface materials augmented with nanofillers. As non-toxic, sus-
tainable alternatives, they facilitate circular flows; nonetheless, hybridisation and scalable
crosslinking necessitate more exploration for performance enhancement.
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Figure 19. The revolutionary potential of bio-based encapsulated PCM systems of protein adhesive
PCM for electronic recycling [214–225].

In addition, protein-based adhesive PCMs are innovative soy protein adhesives, and
PCMs such as lauric acid serve as thermal interface materials in the functioning of electronic
devices. Szymanski and Paluch’s experiment [227] revealed that lauric acid PCMs in heat
pipes reduce electronics’ cooling temperatures by up to 14.6% and store 25% more energy,
surpassing soy wax, which achieves a 6.8% decrease and 12% storage capacity. Soy protein
adhesives containing lauric acid facilitate controlled debonding at 85 ◦C for effective
component recovery. In addition to thermal metrics, these protein adhesive PCMs provide
environmentally advantageous characteristics, acting as non-toxic substitutes for epoxies
and solder pastes by eliminating volatile organic compounds and heavy metals while
establishing them as circular material recovery, making them recyclable and sustainable
electronic materials.

6.4. PHA Biopolymer–PCM for Adsorbable Stents

Polyhydroxyalkanoates (PHAs) have emerged as viable options for bioresorbable scaf-
folds in cardiovascular applications, especially when integrated with PCMs. As depicted in
Figure 20, PHAs can be biosynthesised into particles, fabricated into 3D-printed lattices,
and utilised as resorbable stents that decompose after serving their structural purpose. The
incorporation of encapsulated PCMs adds a novel aspect to thermal regulation, allowing
stents to grow at a physiological temperature and provide regulated cooling effects to
alleviate inflammation during plaque remodelling.
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Figure 20. The revolutionary potential of bio-based encapsulated PCM systems of PHA biopolymer-
PCM for absorbable stents [214–225].

Moreover, Figure 20 demonstrates that PHA biopolymer–PCM stents represent the
incorporation of thermal cycle stability, mechanical functionality, and biodegradability into
a singular biomedical device. Despite the constraints of slow degradation rates, modest
strength, and PCM stability, the system enhances scholarly discourse by demonstrating how
bio-based TES composites might extend beyond conventional energy storage applications
to meet biomedical and therapeutic requirements. Thus, these initiatives will elevate the
function of PCM-loaded PHA scaffolds from experimental prototypes to clinically feasible,
multifunctional solutions for next-generation absorbable stents.

Yuan et al. [228] outline encapsulation strategies (microencapsulation, electrospinning,
and porous frameworks) to improve the reliability of PCMs, hence increasing medical ap-
plications in dressings, medication administration, cold chains, and bio-bone cement, while
also delineating future hurdles. Furthermore, Wu et al. [229] emphasise that shape memory
scaffolds outperform metallic implants through adaptive recovery, facilitating minimally
invasive bone engineering, cardiovascular stenting, and tissue regeneration; PHA–PCM
composites provide thermal modulation and biodegradability, addressing significant clini-
cal challenges. Consequently, encapsulation strategies improve the reliability of PCM for
medical applications, such as dressings and drug delivery, whereas shape memory scaf-
folds incorporating PHA–PCM composites provide adaptive, biodegradable substitutes for
metallic implants in minimally invasive tissue engineering and cardiovascular therapies.

7. Conclusions
TES using PCMs is a promising solution for energy efficiency, but issues like low

thermal conductivity, leakage, and phase instability reduce performance. This review
highlights previous studies on bio-based composite encapsulation as a sustainable way to
improve PCM reliability, thermal conductivity, and structural stability. Materials such as
lignin, nanocellulose, and biochar enhance heat transfer and reduce leakage, while hybrid
nanocomposites, like graphene–biochar blends, create efficient thermal pathways. Bio-
based systems also offer environmental benefits, including biodegradability and reduced
carbon emissions. Applications in solar heating, wind power stabilisation, and building
insulation show improved energy retention and thermal regulation, positioning them as
viable alternatives to petroleum-based solutions.

However, challenges like scalability and cost remain. Most advances are still at the
lab scale, with limited industrial applications. Future efforts should focus on developing
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low-cost methods, such as spray drying and 3D printing, to enable large-scale production.
Long-term durability, especially under extreme conditions, also needs more investigation.
Techniques like nano-reinforcement and crosslinking could help improve resistance to oxi-
dation, moisture, and degradation. There is also potential for developing multi-functional
bio-based PCMs with self-healing, shape memory, or conductive properties. Hybrid sys-
tems combining biochar with aerogels or metal–organic frameworks could further boost
efficiency. Integrating computational modelling and AI-driven design may also optimise
PCM performance for specific applications. In summary, bio-based encapsulated PCMs of-
fer a sustainable path forward for TES. Advancing these materials through interdisciplinary
research could lead to more efficient, scalable, and eco-friendly energy storage solutions.
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