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Abstract

The environmental challenges posed by global warming have significantly increased the
global pursuit of renewable and clean energy sources. Among these, solar energy stands
out due to its abundance, renewability, low environmental impact, and favorable long-
term economic viability. However, its intermittent nature and dependence on weather
conditions hinder consistent and efficient utilization. To address these limitations, nano-
particle-enhanced phase change materials (NPCMs) have emerged as a promising solu-
tion for enhancing thermal energy storage in solar thermal systems. NPCMs incorporate
superior-performance nanoparticles within traditional phase change material matrices,
resulting in improved thermal conductivity, energy storage density, and phase change
efficiency. This review systematically examines the recent advances in NPCMs for solar
energy applications, covering their classification, structural characteristics, advantages,
and limitations. It also explores in-depth analytical approaches, including mechanism-
oriented analysis, simulation-based modelling, and algorithm-driven optimization, that
explain the behavior of NPCMs at micro and macro scales. Furthermore, the techno-eco-
nomic implications of NPCM integration are evaluated, with particular attention to cost-
benefit analysis, policy incentives, and market growth potential, which collectively sup-
port broader adoption. Overall, the findings highlight NPCMs as a frontier in materials
innovation and enabling technology for achieving low-carbon, environmentally respon-
sible energy solutions, contributing significantly to global sustainable development goals.
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1. Introduction

Traditional fossil fuel combustion releases substantial carbon dioxide emissions, con-
stituting the dominant source of greenhouse gases. These emissions drive global warm-
ing, ecosystem disruptions [1], and extreme weather events [2]. Simultaneously, in accord-
ance with the 2024 United Nations World Population Prospects, the global population is
projected to reach 10.1 billion by 2061 and continue its growth trajectory, which directly
causes a relentless increase in energy demand [3]. Due to the dual pressures of rapid pop-
ulation growth and surging energy demands, the adoption of abundant, clean, and eco-
friendly renewable energy has become imperative.

Solar energy, which possesses notable advantages in terms of its environmental
friendliness, abundant supply, and high degree of independence, has been widely used
in energy systems such as photovoltaic (PV) power generation [4], solar thermal conver-
sion [5,6], solar cooling [7,8], and solar still [9], thereby offering tremendous potential for
sustainable energy systems. In the domain of solar energy utilization, the intermittent and
non-stable nature of solar energy poses significant challenges, so high-efficiency heat stor-
age technology has emerged as a pivotal breakthrough for enhancing the utilization effi-
ciency of solar energy [10]. In solar energy systems, solar radiant energy is first converted
into thermal energy via heat collection devices, so heat storage technology becomes es-
sential for the spatio-temporal transfer and stable output of this energy [11,12]. Among
various heat storage strategies, the latent heat storage technology founded upon phase
change material (PCM) has set itself apart due to its distinctive operational mechanism
[13,14]. The PCM materials listed in Table 1 were selected for comparison due to their
diverse chemical structures (paraffins, salt hydrates, and eutectic mixtures), varied phase
change temperatures, and widespread use in thermal storage. This selection enables the
systematic evaluation of nanoparticle (NP) dispersion effects on key PCM parameters,
such as thermal conductivity and latent heat.

Table 1. Properties of some PCM.

Temp. Melting

PCM D;‘;sl‘i;y:f D]fi“s‘f-‘fi of Spé“ﬁc Heat L atent Heat zhe:,m,al f;’g T;“;Pc'l °f  ofLig-  Temp. Ref.
quids apacity uctivity ) olids dids Range
Unit kg/m? kg/m? J/(kg-K) kJ/kg W/(m-K) °C °C °C
RT28 880 770 2000 179 0.2 25.98 29.6 3.63 [15]
RT28HC - - 2000 250 0.2 27 28 - [16]
RT35 860 - 2000 182 0.3 - - 15 [17]
RT42 880 760 2000 165 0.2 - - 4 [18]
RT50 876 710 2100 160 0.2 - - 7 [19]
RT55 880 770 2000 170 0.2 6 [20]
RT58 840 - 2100 180 0.2 321 335 [21]
60% NaNOs +
40% KNOs 1980 - 1575 140 0.59 495 519 - [22]
53% NaNOs +
40%KNOs + f)(())ooact - 1500 at 400 °C - - - - - [23]
7%NaNO:
KNOs 2109 - 953 95 0.5 - - - [24]
Dodecyl sulfate - - - 200 - - - - [25]
Lauric acid 940 885 2285 - 0.15 40.48 42.48 2 [26]
HS 29 1681 1530 1510 (S) 2620 (L) 190 0382 (L) - - - [27]
0.478 (S)
Coconut Oil - - 2350 (S) 3230 (L) 70-100 - - - - [28]
. 1900 (S) 0.4 (S)
Eicosane 810 770 2200 (L) 241 0.157 (L) - - - [29]
CasHss - 806 - 254 - - - - [30]

The incorporation of high-performance nanoparticles, such as Cu for reducing melt-
ing time, AlQOs for accelerating solidification, and graphite for enhancing thermal
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conductivity (TC), into phase change materials to form nanocomposite phase change ma-
terials can significantly improve solar energy conversion efficiency and thermal storage
capacity [31,32]. Their core advantages are mainly reflected in the following aspects. The
high heat storage density enables the efficient accumulation of thermal energy within con-
fined spaces, thereby maximizing the utilization of available volume [33,34]. The isother-
mal behavior during the phase change process ensures the thermal stability of the heat
storage system, which is crucial for solar-thermal applications that require a consistent
heat source [35,36]. Meanwhile, the minimal phase change temperature difference signif-
icantly mitigates heat losses during the heat storage cycle, leading to enhanced energy
utilization efficiency [37].

Based on the analysis above, NPCM materials have been widely and intensively
studied and analyzed in the scientific research community. However, the research gaps
lie in the lack of a review paper that summarizes the latest applications of NPCM in high-
temperature thermal energy storage systems, particularly in terms of energy performance
through mechanism analysis, simulation, and algorithm. Therefore, the general aim of this
review article is to systematically introduce various research and analysis methods from
the perspective of NPCM models.

This review is primarily divided into six sections. Section 1 covers the latest develop-
ments in NPCMs reported in recent literature. Section 2 focuses on introducing various
structural characteristics of NPCMs. Section 3 concentrates on the mechanisms and simu-
lation analysis methods of NPCMs, spanning from the material’s microscopic structure to
its comprehensive applications. Section 4 demonstrates the algorithm-driven optimiza-
tion of NPCMs, including machine learning methods and uncertainty analysis. Section 5
discusses techno-economic analysis, including cost-benefit analysis, and policy incentives.
Finally, the conclusions and future research directions in the field of NPCMs are proposed
in Section 6.

2. Nano-Enhanced Phase Change Material (NPCM)

NPCM has high heat storage density for efficient limited space energy storage, iso-
thermal phase change thermal stability, and a minimal phase—change temperature dif-
ference that cuts heat storage cycle losses. These unique properties give PCM-based latent
heat storage technology extensive application potential across a wide range of fields, in-
cluding solar thermal power generation, building energy-efficiency improvements, and
electronic thermal management. As such, it represents a crucial technological pathway for
addressing the intermittent issue of solar energy and facilitating the efficient utilization of
renewable energy resources. From a structural perspective, NPCM can be classified based
on the configuration of the nanomaterial within the composite: thermophysical NPCM
(dispersed NPs), photonic NPCM (NPs with light-responsive surfaces), NPCM fluids (NP
suspensions), nano-encapsulated PCM (core-shell nanostructures), and phase-engineered
nanomaterials (NPs with designed phase interfaces).

2.1. Thermophysical NPCM

Thermophysical NPCM enhances PCM properties by incorporating nanoparticles
(NPs) like graphene and metal compounds, which strengthen thermal conductivity [38].
Abdolahimoghadam designed a bio-based NPCM composed of coconut oil, beeswax, and
graphene-Cu hybrid NPs. Research shows that the addition of graphene nanosheets
(GNP) to the material can significantly increase the melting rate by 5.05% [39]. Gopi se-
lected bismuth oxychloride, CuO, and their mixture (composite) as NPs and stearic acid
as the PCM. They found that the latent heats of NPCMs containing 0.5 wt% bismuth ox-
ychloride, CuO, and the composite were 204.6 kJ-kg™, 198.3 k]-kg™, and 201.7 kJ-kg"!, re-
spectively, and the thermal conductivities increased to 0.19 W/(m-°C), 0.22 W/(m-°C), and
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0.20 W/(m-°C), respectively, which were 5.9%, 29.4%, and 17.6% higher than those of the
pure PCM [40].

2.2. Photonic NPCM

Photonic NPCM enhances photovoltaic-thermal system performance when com-
bined with nanofluids, improving light absorption [41]. Ahmed used 0.6% silicon carbide-
enhanced nanofluid and silicon carbide to enhance the PCM in photovoltaic systems,
thereby improving the photovoltaic-thermal efficiency. The research results show that the
maximum energy power increased from 17.512 W to 26 W [42]. Under the working con-
ditions of 47.94 °C and a flow rate of 5 L/min, Maseer studied a semi-circular absorber-
tube-type solar photovoltaic-thermal (PVT) system with combined cooling of nanofluid
and NPCM. The research results of this study show that the power-generation efficiency
was 12.70%, the heat generation efficiency was 78.99%, and the total efficiency was 91.83%
[43]. Mafiez has developed a simple yet effective reconfigurable all-dielectric metasurface
design that enables full control of the electromagnetic response, including electrical, mag-
netic, and electromagnetic coupling, by changing the refractive index of the PCM layer
[44].

2.3. NPCM Fluids

NPCM fluids are liquid-phase composite materials formed by dispersing NPs, par-
ticularly molten salt compounds, within PCM or base fluids, demonstrating superior spe-
cific heat capacity. Sathishkumar formed NPCM clusters by using the fatty-acid-based
PCM OMO5 and a GNP suspension, which led to research results showing that for the
Oleic-acid-modified (OM) 05-based NPCM with 0.75 wt% GNP, its TC increased signifi-
cantly at 30 °C, the total solidification time was shortened by 32%, and as a result, a more
efficient cooling and charging rate was achieved (Shown in Figure 1) [45]. Baiju devised a
conical-fin latent heat storage system utilizing HS-89 hydrated salt as the matrix, incorpo-
rating 0.5 wt% graphene nanoplatelets (GNP) and 0.5 wt% nano-alumina (nAl20s), achiev-
ing a 56% reduction in charging time [46]. Wu added 5 wt% of OM and nanoAl (3:1) to
binary alkanes, which caused TC to increase to 0.31 W/(m'K) and the melting time to de-
crease by 38.3% [47].

Isothermal bath of
experimental setup

Thermal conductivity PCM encapsulation

Zetasizer Nano ZS DSC measurement measurement = container

Viscometer

Figure 1. The preparation process of the OM05-based NPCM. (Reproduced with permission from
[45], Elsevier, 2025).
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2.4. Encapsulated NPCM

Encapsulated NPCM is a composite PCM that combines NPs or nanomaterials with
PCM, which can effectively prevent liquid leakage during equipment operation. Shijina
added the developed GNE-PCM to an ethylene-glycol-water mixture to prepare a gra-
phene nano-encapsulated composite material, and the research showed that TC, specific
heat capacity, and cooling efficiency of the material were all improved [48]. To study the
effect of GNP on the thermal properties of NPCM for encapsulated heat sinks, Sivashan-
kar added different concentrations of GNP to the OM35 base to prepare NPCM. The re-
search results showed that 0.5 vol% of GNP led to a significant increase in both TC and
thermal diffusivity of NPCM [49]. Sutheesh encapsulated tetradecan-1-ol with polymethyl
methacrylate to form NPCM for thermal regulation of Lithium-ion Battery (LIB). The re-
search results showed that for LIB with added NPCM, heat generation was reduced, and
both the convective heat transfer coefficient and the discharge rate were improved [50].

2.5. Phase-Engineered Nanomaterials

Phase-Engineered Nanomaterials refer to the optimization of the physical and chem-
ical properties of materials themselves by designing the crystal-phase structure of nano-
materials [51,52]. Liu used palladium-selenide as a model system, which was then trans-
formed into PdizSeis and PdsSe phases by thermally regulating the component ratio.
Through precise control of the electrode thickness and spacing, different phase-configu-
ration arrangements could be obtained, which enabled multiple in-situ functions and ex-
tended to 29 elemental combinations between metals and chalcogens, as reported in ref-
erence [53]. Zang developed an amorphous-crystalline CuxS—-Ag2S composite with a sig-
nificant temperature gradient, which achieved a synergistic enhancement of optimal ther-
moelectric therapy and multi-enzyme activity, as indicated in reference [54]. Yang devel-
oped a bismuth-doped ruthenium oxide single-atom alloy oxide catalyst, which achieved
a current density of 1.0 A cm™ at only 1.59 V under industrial conditions, according to
reference [55]. Some NPCM performance improvements are listed in Table 2.

Table 2. Properties of some NPCM.

Reference Materials Set-Up Analysis of Performance Improvement
Graphene-Cu NPs are added to ~ The melting time of the four-tube system with 2 wt% Gra-

Abdoljth;;n[c;%?adam the bio-nano-based materials of phene-Cu hybrid NPs added is shortened by 80.25%, and the
' coconut oil and beeswax. solidification time is shortened by 74.28%.

Kannan et al. CuO NPs are added to stearic "I"he enhanced TC of NPCM with 0.5 wt% CuO NPs is 29.4%

[40] acid. higher than that of pure PCM, and the congruent melting rate

is increased by 31%.

SiC NPs are added to water to ~ When nanofluid with 0.6 vol% and NPCM with 1 vol% are

Ahmed et al. prepare nanofluids, and SiC NPs  added to the collector, the thermal efficiency improves by
[42] are added to paraffin to prepare 86.2%, the electrical energy increases by 11.24%, and the maxi-
NPCM. mum photovoltaic power output grows from 17.512 W to 26 W.
0.1% of Al>:Os NPs are introduced
into water to prepare nanofluids.
Subsequently, 0.65% of paraffin
is introduced into the nanofluids

to prepare NPCM.

The PVT system with NPCM coolant achieves a maximum
Maseer et al. power of 73.25 W, with a thermal efficiency of 70.5%, an electri-
[43] cal efficiency of 16.9% and a maximum overall efficiency of

84.23%.

Manez-Espina et al. Ge, Ge25b2Te5, CaF: Energy coupling efflclency, energy eff1c1enc¥, and unidirec-
[44] tional absorption asymmetry can all be improved.

TC of the cold-heat energy storage system has been signifi-
cantly increased by 54%, and the total freezing time has been

significantly reduced by 32%.

Sathishkumar et al. 0.75% of GNP is added to OM to
[45] prepare NPCM.
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Hydrated salt is prepared with ~ The charging time of the latent heat storage device that uses

Baij ligt al. 0.5 wt% GNP and 0.5 wt% nano- conical fins and NPCM in combination is shortened by 56%,
[46] Al and the annual life-cycle cost is 162.3 euros per year.
Wu et al. Binary alkane containing 5 wt% TC of NPCM with 5 wt% modified NPs is 0.31 W/m * K, and
(47] modified nano-ALOs. the melting time is reduced by 38.3%.
Graphene flakes are affixed to
polystyrene spherical balls en-
Shijina et al. capsulated with a composite ~ The subcooling degree of the coolant is reduced by 50%, and
[48] PCM of 80% paraffin and 20% oc- TC and viscosity of the nanofluid increase by 14.7% and 19%,

tadecane, and then these are dis-  respectively, and the heat capacity is increased by 56.7%.

persed in an ethylene-glycol-wa-

ter mixture to obtain nanofluid.

TC of the solid phase has increased by 93%, the conductivity of
the liquid phase has increased by 78%, the thermal diffusivity
of the solid phase has increased by 119%, the thermal diffusiv-

ity of the liquid phase has increased by 124%, the starting tem-
perature has decreased to 31.21 °C, the peak temperature has
decreased to 37.46 °C, the viscosity has increased by 76%, and

the latent heat has increased by 19.82%.

Sivashankar et al. =~ Organic PCM is prepared with
[49] 0.5 vol% GNP and OM35.

Tetradecan-1-ol serves as the
PCM, while deionized water acts
Sutheesh et al.  as the base fluid. The shell is con-
[50] stituted by polymethyl methacry-
late, and MgO functions as the

The lowest Reynolds number during the highest cell discharge
optimizes the phase transition of PCM. When the Reynolds

number is 121.09 and the discharge rate is 5C, the convective
HTC increases by 4.53 times and 6.15 times for 1% and 4%

filling material. NPCM, respectively.

Through regulating the thickness and the distance between
electrodes on the apparatus, we bring about emerging phases.
These phases display superconducting orders or can be manip-
Liu et al. Pd—Se ulated to produce an ultralow resistance contact for 2D semi-
[53] conductor transistors. Additionally, the phase engineering car-
ried out on-device enables in-situ and customized synthesis of
outstanding electrocatalysts, which has the ability to surpass
the traditional modulation limit of composition proportion.

Abundant active sites are furnished for improving the thera-

Zang et al. peutic activity by the dangling bonds on the amorphous CuxS
Cu:S-Ag . .
[54] surface. Moreover, through non-radiative relaxation, the amor-
phous state boosts the photothermal effect.
The Bi-RuO: single-atom alloy oxide catalyst demonstrates a
relatively low overpotential of 192 mV. It also shows excellent
Yang et al. Bi-RuO stability lasting over 650 h at a current density of 10 mA cm™.
- 2

[55] These properties make possible a practical PEMWE which re-
quires merely 1.59 V to achieve a current density of 1.0 A cm2
under industrial conditions.

3. Analytical Methods for NPCMs

In this section, we will concisely discuss the key methods pivotal for NPCM perfor-
mance analysis. These mainly include Mechanism-oriented Analysis, which delves into
fundamental interactions. Then there is Simulation-based Analysis, using computational
models to accurately predict properties. Finally, Algorithm-driven optimization leverages
algorithms to efficiently find optimal configurations for NPCM. Each method significantly
contributes to a comprehensive understanding and enhances NPCM performance.
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3.1. Mechanism-Oriented Analysis

Mechanism-Oriented Analysis is a crucial approach in understanding the behavior
of NPCM in high-temperature thermal energy storage systems. This method delves deep
into the fundamental mechanisms underlying the material’s performance, aiming to es-
tablish a clear connection between its microscopic structure and macroscopic properties.
At the microscopic level, NPCM consists of a base PCM embedded with NPs. These NPs
can significantly alter the properties of PCMs. For example, they may enhance heat trans-
fer by increasing the effective TC [56]. The mechanism-oriented analysis aims to explore
how the size, shape, and distribution of these NPs interact with the molecular structure of
the PCM, studying the interactions between NPs and the PCM which can affect the atomic
morphology, pore structure, and chemical bond interactions within the PCM, thereby in-
fluencing its heat storage and heat release capabilities [57,58]. By understanding these
mechanisms, researchers can predict and optimize the performance of relevant NPCM.
Commonly used mechanism-analysis methods for studying NPCM include molecular dy-
namics (MD) simulation, density functional theory (DFT), and stochastic simulation ap-
proaches, for which a review and analysis of the most recent relevant literature will be
conducted hereinafter.

3.1.1. Molecular Dynamics (MD) Simulation

MD simulation has become an important tool for studying NPCMs with excellent
performance. In research, MD enables researchers to delve deep into the complex atomic
and molecular-level behaviors underlying the macroscopic properties of materials [59].
As shown in Figure 2, the corresponding atomic arrangement characteristics can be ob-
served. For composite materials that are typically composed of matrix PCMs embedded
with NPs, MD can accurately model the interactions between PCM molecules and NPs,
which are of crucial importance as they significantly influence the thermal, mechanical,
and phase change characteristics of the composite materials [60]. Additionally, MD assists
in understanding the phase change processes in NPCM, which involve the complex phe-
nomenon of PCMs transitioning from the solid to the liquid state or vice versa [61]. With
the help of MD, researchers can track the energy changes, atomic displacements, and in-
termolecular forces during these phase transitions. The analysis of these principles is vital
for optimizing the design of NPCM-based thermal energy storage systems, as it enables
the optimization and regulation of phase change temperature, latent heat capacity, and
other key parameters. In conclusion, MD plays a key role in uncovering the change mech-
anisms of NPCM and promoting the development of advanced thermal energy storage
solutions. The following is an overview of the research on the application of the latest MD
analysis method to the analysis of NPCM.
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Figure 2. Schematic diagram of the atomic arrangement of SA-paraffin of CuO NPs. (Reproduced
with permission from [60], Elsevier, 2025). (a) front view; (b) side view.

Cu NPs are frequently added to PCMs with the aim of enhancing the latter’s thermal
properties. Cu NPs are frequently added to PCMs due to their balanced cost, thermal con-
ductivity, and chemical stability. Karimipour added Cu NPs to paraffin and analyzed the
trends of TC and energy-efficiency transformation of paraffin-Cu-NFs placed between
parallel plates under the influence of different panel temperatures [59]. Liu also used the
same materials in his study, where it was found that when the concentration of Cu NPs
increased from 1% to 7%, the maximum density decreased by 1.62%, the maximum veloc-
ity increased to 0.00493 A/fs, the maximum temperature increased by 3.9%, the heat trans-
fer flux increased by 2.1%, the conductivity increased to 0.68 W/m'K, the charging time
decreased by approximately 1.42%, and the discharging time decreased by approximately
0.14%, yet as the concentration of Cu NPs continued to increase to 10%, these parameters
rebounded [62]. Singh’s research also confirmed that different concentrations of Cu NPs
had an impact on both TC and heat flux, but the turning-point concentration in the re-
search results was 3%, which differed to some extent from previous studies, a difference
caused by factors such as the setup of the simulation model and the force-field analysis
method [63]. Cao carried out molecular-dynamics simulation and analysis using two
types of PCM (hydrocarbon-water composite and paraffin) and three wall-metals (Pt, Cu,
and Al), and found that the thermal performance of the combination of paraffin and Cu
NPs was superior to that of other combinations [64]. Huang added Cu NPs to Sodium
sulfate decahydrate and analyzed the heat and mass transfer process and phonon process
[65].

CuO is also a high-quality NP. Gao analyzed the changing trends of the maximum
velocity, temperature, TC, and heat flux of the SA/PCM/CuO nanostructure within a cy-
lindrical pipe [66]. Yang considered the influence of the concentration of Cuo NPs on the
thermal-performance parameters of the composite material, including density, maximum
velocity, maximum temperature, heat flux, TC, charging time, and discharging time [67].
Ru discovered that when the atomic radius increased from 4 A to 10 A, the maximum
density decreased to 0.0825 atoms/A3, the maximum velocity decreased, the maximum
temperature dropped, TC decreased by 1.57 W/m'K, the charging time shortened by 6.09
ns, and the discharging time decreased by 8.28 ns [68]. An analysis was also conducted to
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evaluate the influence of the radius of NPs on these parameters. Notably, the charging
time increased to 6.28 ns, which was contrary to the previous research results, so the study
on the influence mechanism of the atomic radius on the charging time of the material still
warrants further in-depth analysis [69]. Yu analyzed the influence of CuO NPs on the
density, TC, and melting enthalpy of the lauric-acid PCM (as shown in Figure 3) [70]. Fang
added SiO2 NPs to the fundamental molten salt (a mixture of Na2COs and K2COs) and
analyzed the thermal conductivity and shear viscosity using MD [71]. The main materials

and research contents of the above-mentioned study are listed in Table 3.

Lauric acid (C12H3405)

Figure 3. Schematic diagram of Lauric acid-CuO model (Reproduced with permission from [70],
Elsevier, 2024).

Table 3. The main materials and research contents about MD.

Reference Materials Set-Up Analysis of Performance Improvement
Karimipour et al. [59] Cu/paraffin TC and energy-efficiency transformation
Liu et al. [62] Cu/paraffin 7% Cu NPs: density, V'eloc1jcy, ten?peratu.re, h'eat transfer
flux, TC, charging time, discharging time
Singh et al. [63] Cu/paraffin 3% Cu NPs: density, velocity, temperature, heat transfer

flux, TC, charging time, discharging time
hydrocarbon-water composite, and The combination of paraffin and Cu NPs exhibits the high-
paraffin/platinum, Cu, and Al)  est cost-performance ratio in terms of thermal performance
TC, radius, diffusion coefficient, phonon density of states,
phonon resonance, Debye temperature

Cao et al. [64]

Huang et al. [65] Cu, Sodium sulfate decahydrate

Gao et al. [66] Silica aerogel (SA)/PCM/CuO velocity, temperature, TC, and heat transfer flux
The concentration of Cuo NPs: density, maximum velocity,
Yang et al. [67] SA/paraffin/CuO maximum temperature, heat transfer flux, TC, charging

time, and discharging time
The radius of Cuo NPs: density, velocity, temperature, TC,

Rucetal. [68] SA/paraffin/CuO charging time, discharging time
An et al. [69] SA/paraffin/CuO The charging time increased to 6.28 ns
Yu et al. [70] CuO/lauric-acid density, TC, and melting enthalpy

a mixture of Na2COs and K2COs, Thermal conductivity, shear viscosity, test factors, tempera-

F 1. [71
ang etal. [71] SiO2 ture
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3.1.2. Density Functional Theory

In the research of NPCMs, DFT is an important quantum-mechanical method. At its
core, it takes the electron density as the fundamental variable, positing that the ground-
state energy of a system is a functional of the electron density [72]. Solving the relevant
equations to determine the electron density significantly simplifies the computational
complexity of multi-electron systems [73]. In the study of NPCM, DFT can precisely ana-
lyze the interactions between the base PCM and NPs at the atomic scale [74]. This helps
in understanding how these interactions alter the heat transfer capabilities and other
properties of NPCM. Moreover, DFT can delve deep into its phase change processes, fa-
cilitating the optimization of its applications in thermal energy storage and other aspects.
Overall, DFT provides crucial support for unlocking the potential of NPCM in various
applications.

As shown in Figure 4, Liang employed DFT to reveal enhanced van der Waals inter-
actions and elevated non-covalent energy in acetylated lignin/fatty acid systems, achiev-
ing 40.8% particle yield, 57.2% fatty acid loading, and 70 °C phase transition temperature
[75]. Zhang used DFT to demonstrate that graphitized carbon coating transforms non-
uniform electric fields around Nio NPs into spherical uniformity under solar irradiation
[76]. Yao applied DFT to confirm 8.9 nm mesopore concentration in NPCM skeletons,
aligning with scanning electron microscope (SEM) data [77]. Tan leveraged DFT-based
quantum chemistry to prove modified lotus root starch enhances hydrogen bonding in
sodium acetate trihydrate-sodium thiosulfate pentahydrate clusters, boosting water re-
tention and thermal storage [78]. Yuan utilized DFT to characterize MIL-101(Fe) pore
structures, identifying dominant 1.19 nm micropores and 15.17 nm mesopores [79]. Addi-
tional DFT studies include Wang's pore distribution analysis of a Zeolitic Imidazolate
Framework-8 based biocompatible porous material of micron-size [80], Zeng’s calculation
of higher formation energy for C-substituted SbrSes superlattices [81], and Xin’s electronic
density of states examination of Design and synthesize a composite PCM of
Na:HPO4+12H20 (DHPD) —vermiculite nanosheets (VMTNS) systems [82]. The main ma-
terials and research contents of the above-mentioned study are listed in Table 4.

Table 4. The main materials and research contents about DFT.

References Materials Set-Up/References Research Methods Research Points

Lignin fatty-acid capsules were pre-
pared using an anti-solvent method af-
ter lignin was modified with a 6:4 etha-

nol-ethyl acetate mixture.

Liang et al. [75]

Characterization: Transmission electron The solubility matching problem between lignin
microscope (TEM), Dynamic light scatter- and stearic acid.
ing, Fourier transform infrared spectros- The interaction relationship between lignin and
copy (FTIR), Nuclear magnetic resonance, stearic acid.
X-ray photoelectron spectroscopy (XPS), A self-assembly mechanism for acetylated lignin
Differential scanning calorimetry (DSC), and stearic acid.
Thermogravimetric analysis (TGA), DFT. The heat storage performance, supercooling de-
Model: MD, Independent gradient model gree, and thermal stability of the modified lig-
based on Hirshfeld Partitioning. nin-stearic acid nanocapsules
The crystallization characteristics of the PCM
and Ni@C/C.

Characterization: SEM, nitrogen adsorp-  The interaction energy, radius of gyration, ki-
tion-desorption isotherm, TEM, Energy- netic energy, and diffusion coefficient between

Octadecanol (ODA) is encapsulated  Dispersive Spectroscop, X-ray diffraction, the PCM and Ni@C/C.
Zhangetal.  into the hierarchically porous carbon  raman spectroscopy XPS, FTIR, TGA, The crystallization time and relative crystallinity
[76] structure infiltrated with Ni@graphite =~ DSC, UV-Vis-NIR spectroscopy, DFT. of the pristine ODA and ODA/Ni@C/C.
(Ni@C/C). Models: Analytical method for phase The non-isothermal charging and discharging

The radio-frequency polymer frame- Characterization: FTIR, SEM, Nitrogen ad-
Yao etal. [77] work (in-situ polymerized in the pres- sorption-desorption isotherm, Brunauer—
ence of a sodium hydroxide catalyst) Emmett-Teller (BET), DSC, TC Test, Heat

change kinetics, MD, Zhishen Mo method, performance, Localized Surface Plasmon Reso-
mean square displacement. nance effect, photothermal conversion ability,

heat release characteristics, and extreme cold-

heat management capacity of ODA/Ni@C/C-4.

The adsorption effect between the RF frame-
work and phase change component.



Energies 2025, 18, 4516 11 of 46

and the phase change component (res- conductivity coefficient test, Leakage rate Analyzed the mesoporous nanostructure charac-

orcinol (R) and furfural (F) are dis-  analysis, DFT, Flexural strength test, Tem- teristics of RF-PF.
solved in molten phase change compo- perature control test. The mass retention rate, shape stability, TC, and
nent). contact thermal resistance of the RF- composite

PCM specimens.
The temperature and temperature difference of
the RF- composite PCM plates

The composite PCM is prepared by us-
ing high-density carbon-nanofiber en- The pore structure characteristics, interactions
capsulation of modified broad-leaved  Characterization: DSC, SEM, X-ray dif- K p i . T ’
. . <. . solidification characteristics, crystallization char-
Tan et al. [78] root starch enhanced with carbon nano- fractometer (XRD), TC analysis, Viscosity L .
. . acteristics, TC, melting enthalpy, and molecular
fibers and graphene nanosheets and analysis, DFT. . .
. : . structure features of the composite material.
choosing sodium acetate trihydrate and

sodium thiosulfate pentahydrate.
The interaction between MIL-101(Fe) and tetra-

decanol.
The pore characteristics, adsorption characteris-
tics, and crystallization characteristics of the
Tetradecanol is confined in the micro Characterization: BET, DFT, Porosity anal- composite PCM.
sis, SEM, XRD, FTIR, DSC, TGA, Ther- The influence of different concentrations of
Yuan et al. [79] mesopores of the MIL-101(Fe) nanopo- . -
. . mal cycling stability, Phase change load-  tetradecanol on the phase change enthalpy
rous supporting matrix. . . .
ing rate test. transformation process of the composite mate-
rial, weight loss rate and weight loss tempera-
ture, cycle stability, melting process characteris-
tics, hydrothermal tolerance, and material loss
degree.
Drug release behaviors at different pH values

Porous Zeolitic Imidazolate Frame-  Characterization: FTIR, TEM, XRD, SEM, and temperatures.
Wang et al. [80] work-8 Microcrystal/Doxorubicin Hy- Thermal infrared imaging, BET, DFT, Dy-  The morphological characteristics, pore size
drochloride @ Tetraol-Polydopamine namic light scattering, Zeta potential anal- characteristics, drug-loading capacity, and pho-
ysis, Nanodrop one spectrophotometer  tothermal conversion ability of the composite

Composite Material
material.

Characterization: Magnetron sputtering
instrument, XRD, Raman spectroscopy,
near-infrared spectrophotometer, XPS, X-
ray reflectometry, Atomic force micro-
scope, lon thinning process, Dual-beam fo-
cused ion beam process, TEM,
Prepare C/SbrSes thin film using Sb7Ses Model: Utilize a signal system constructed resistance characteristics, crystallization activa-
from an arbitrary waveform generator, a tion energy, crystallization process, grain size,
digital source meter, and a micro-control interactions, and wide bandgap of the thin film
probe observatory. Employ the Vienna ab
initio simulation package, the projector-
augmented wave potential, the general-
ized gradient approximation of Perdew-—
Burke-Ernzerhof, and DFT-D2.
Characterization: X-ray fluorescence, field
emission scanning electron microscope,
TEM, Atomic force microscopy, Zeta po-  The interaction and diffusion mechanism be-
tential, XRD, FTIR, DSC, Constant-temper- tween VMT and DHPD.
Xin et al. [82] DHPD-VMTNS with both surface and ature water-bath method, TGA, DFT. The adsorption characteristics, crystallinity,
confined space using Na2HPO+12H20.  Model: MD, optimization method of compatibility, morphological features, phase
CASTEP software package, universal force change and heat storage properties of DHPD in
field, analysis of electrostatic force and VMTNS.
van der Waals force, Gamma analysis
based on ultrasoft pseudopotential.

Amorphous resistance characteristics, crystalline

Zeng etal. [81] and C materials.
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Figure 4. Analysis diagram of the formation mechanism of lignin-stearic acid capsules (Reproduced
with permission from [75], Elsevier, 2025). (a) 3P NMR spectra of EHL and ACEHL; (b) acetylation
of GCA; (c—e) Isosurface and (f-h) scatter graph of independent gradient model based on Hirshfeld
partitioning (IGMH) of the unacetylated lignin (GCA) dimer (c,f), acetylated lignin (AGCA) dimer
(d,g), AGCA combined with stearic acid (e h).

3.1.3. Characterization Method

Characterization methods, which involve using experimental equipment to collect
relevant signals and conduct principled analyses of specific material properties, are em-
ployed to better observe the microstructure and performance characteristics of NPCMs
when applied to their analysis. This provides crucial support for developing new high—
heat and high—stability NPCMs. Multiple experimental approaches are often combined
with modeling techniques for analyzing a single NPCM material. Common characteriza-
tion techniques include SEM, TEM, XRD, FTIR, DSC, TGA, and Temperature history
methods (T-history methods). SEM is commonly employed to observe the microstructure
and offers a high-resolution surface view [83,84]. TEM is also utilized for microstructure
observation, but it enables internal-structure analysis at the micro-scale [85,86]. XRD is
utilized to determine the crystal structure of NPCM components [87,88]. FTIR identifies



Energies 2025, 18, 4516

13 of 46

functional groups by detecting chemical bond vibrations [89,90]. DSC was employed to
characterize its unique thermal properties, including thermal hysteresis, phase transition
temperature, latent heat, and thermal stability [91,92]. TGA is employed to investigate its
phase change characteristics [93,94]. The T-history method is used to analyze the temper-
ature curves of NPCM and further derive the thermophysical properties of the materials
[95,96]. The main materials and research contents of the above-mentioned study are listed
in Table 5.

Table 5. The main materials and research contents about characterization methods.

Research Method Research Content Ref.
Observe the surface morphology and microstructure of NPCM and assess its parti-
SEM . L [83,84]
cle size and distribution.
TEM Analyze the internal microstructure of NPCM and examine its crystalline structure [85,86]
and defects.
XRD Identify the crystalline composition and cryst.alhmty of NPCM and investigate its (87,38]
phase transition.
Detect functional groups and chemical bonds in NPCM and investigate its chemical
FTIR . . [89,90]
structure and interactions.
Analyze the thermal properties of NPCM, including thermal hysteresis, phase tran-
DSC . s [91,92]
sition temperature, latent heat, and thermal stability.
TGA Assess the thermal stability and decomposition temperature of NPCM and investi- [93,94]
gate its thermal decomposition process and composition. ’
T-history methods Analyze the temperature curves of NPCM and research the thermophysical proper- [95,96]

ties of the materials.

3.2. Simulation-Based Analysis

Simulation-based analysis plays a pivotal role in the study of NPCM within high-
temperature thermal energy storage systems. This approach utilizes computational mod-
els to replicate and analyze the complex behaviors of NPCM, offering insights that are
often difficult to obtain through experimental means alone. In Simulation-Based Analysis,
various physical phenomena such as heat transfer, phase transitions [97], and fluid flow
within the NPCM are numerically modeled. For heat transfer, models consider the en-
hanced TC imparted by the NPs in NPCM. They simulate how heat diffuses through the
composite material, taking into account the interactions between the base PCM and the
NPs. When it comes to phase transitions, simulations can precisely capture the tempera-
ture-dependent behavior of NPCM. By inputting the thermo-physical properties of the
components, these models can predict the onset and duration of phase changes, which are
crucial for understanding the energy storage and release processes. Moreover, in systems
where NPCM might be used in flowing configurations, fluid-flow simulations help ana-
lyze how the presence of NPs affects the flow characteristics. This information is valuable
for designing efficient heat exchange systems. Overall, Simulation-Based Analysis pro-
vides a cost-effective and time-efficient way to explore different scenarios, optimize
NPCM-based systems, and guide experimental research. Commonly used simulation-
based analyses for studying NPCM include finite element analysis (FEA), computational
fluid dynamics (CFD), stochastic simulation approaches, and multiphysics coupling mod-
els, for which a review and analysis of the most recent relevant literature will be con-
ducted hereinafter.
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Inlet (Velocity inlet &
constant temperature)

3.2.1. Finite Element Analysis

FEA discretizes complex structures into finite elements to build simulation models,
predicting the temperature field, stress distribution, and energy transfer efficiency of ma-
terials during phase transitions [98,99]. FEA can quantitatively analyze the impact of NP
dispersibility on the thermal performance parameters of PCMs, thereby optimizing the
design of porous encapsulation to reduce the leakage rate. Meanwhile, it simulates the
regulatory mechanism of nanoscale interfacial thermal resistance on phase —change ki-
netics at the micro—scale, providing theoretical support for the efficient thermal manage-
ment of NPCMs in scenarios such as electronic heat dissipation and intelligent buildings.
The following is an overview of the research on the application of the latest FEA analysis
method to the analysis of NPCM.

Glirsoy investigated the thermal performance of RT58-based composites incorporat-
ing spherical, square, and elliptical dimpled fins with varied Al2Os NP concentrations
[100]. Hekmat explored heat transfer enhancement in a spiral circular thermal storage sys-
tem (as shown in Figure 5) using RT-50 with differently dosed NPs [101]. Dora developed
a hierarchical composite by blending nano-silica/coconut fiber with decanol-ethanol-
treated exfoliated vermiculite PCM, subsequently integrating it into foam concrete for
building thermal analysis [102]. Yang engineered graded-porosity foam Cu/paraffin
NPCMs to optimize structural configurations based on porosity uniformity, thermal re-
sponse, and energy storage dynamics [103]. Lastly, Zhao quantified Herringbone Graph-
ite Nanofiber agglomeration effects in paraffin via spherical clustering and linear percola-
tion models, revealing enhanced TC in linear networks under high interfacial conditions
[104]. Sun used artificially cultivated diatom microcrystals to modulate carbilose nano-
fibers to fabricate porous frameworks to fabricate PCMs with stable shapes, and modeled
and studied the influence of pore properties on leakage resistance (as shown in Figure 6)
[105]. Cigek established a symmetric radiator model to analyze the effects of different NP
concentrations and heat flux on thermal performance [56]. Saleh modeled the flexible
structure of a square cavity using the Arbitrary Lagrangian—Eulerian method and ana-
lyzed the effects of temperature, Stefan number, and other factors on the system’s overall
performance [106]. Egami added CuO nano-powders to PCM in a rectangular container
with H-shaped fins, analyzing the effects of nano-powders’ concentration and shape fac-
tor on freezing performance [107]. The main materials and research contents of the above-
mentioned study are listed in Table 6.

>

Outlet (Pressure outlet)

Wall (Adiabatic & no slip)
Wall (Adiabatic & no slip)

TR
BRERER
TR

Interface Inlet (Velocity inlet &

constant temperature)

Inlet (Velocity inlet &
constant temperature)

Figure 5. Schematic diagram of the three-dimensional spiral circular structure (Reproduced with

permission from [101], Elsevier, 2025).
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Figure 6. Simulation analysis of carbilose nanofibers and the impact on leaks (Reproduced with

permission from [105], Elsevier, 2025). (a) Nz isothermal adsorption-desorption curves; (b) pore size
distribution of CCNF, DF, and CCNF/50DF; (c) pore size regulation; (d) FTIR spectra of the CCNF
composite porous framework and BW composites; (e) SEM image of CCNF/50DF/BW. TGA curves
of (f) CCNF, BW and DF as well as (g) the prepared ss-PCMs. (h) Schematic diagram of liquid flow
in the porous framework, along with (i) simplified 2D models constructed.

Table 6. The main materials and research contents about FEA approaches.

Reference Materials Set-Up

Simulation

Analysis Method

Key Parameters

Giirsoy et based metal foam,

al. [100]

RT58 paraffin, Al-

nanoscale parti-
cles of Al:Os

Spherical, square and oval rectan-

rosity method.

gular containers with integrated
structural walls; Based on the finite Melting time, temperature
volume method, the Brinkman—
Forchheimer extended Darcy

difference, Nusselt (Nu), en-

ergy change, energy storage

model and the local thermal equi- parameters.
librium model, the enthalpy-po-
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Hekmat et
RT-50, Al P
al. [101] 50, Al2Os NPs
Nano silica/coir,
decanol-ethanol
Dora et al. .
treated stripped
[102] o
vermiculite, con-
crete
Yang et al. .
[103] Cu foam/paraffin

Cu foam, carbon
Zhao et al. fiber reinforced
[104] plastic composite
and octadecane

Artificially cul-
tured diatom mi-

Sun et al.
[105] crolenses regulate
carbocellulose
nanofibers
FesOs, MgO, ZnO,
and xGNP, added

to RT-35HC with

icek et
Cig volume fractions

[;16'] of 0.02, 0.04, and
0.06. Al6061 as a
heat sink and fin

material
Nano-capsules
are structured
Saleh et th;\;::zha}s)(’i};u;;er
al. [106]

shell and nonade-
cane as the inner
core.

Egamiet CuO nano-pow-
al. [107] ders, PCM

Three-dimensional spiral circular Melting time, solidification
structure; Enthalpy-porosity time, volume fraction NPs,
model and Boussinesq approxi- feed port temperature, Reyn-
mate. olds number.

TC, compressive strength,
melting and freezing param-
eters, latent heat capacity,
mass loss, compatibility and
high heat resistance.

3D heat transfer building model; A
general heat conduction equation
for structures with no internal heat
source.

Tetrahedral models of elements
with different porosities, continu-
ity equations, energy equations,
heat transfer mechanisms.

Porosity uniformity, temper-
ature difference, heat storage
capacity.

A multifunctional thermal man-
agement composite sandwich  Specific strength, specific en-
structure: 3D failure model, uni- ergy, composite plate thick-
versal testing machine, 2D transi- ness, thermal rate, TC.
ent numerical model.

Multi-level pore model, SEM, XPS,
Al Ka radiation, Raman spectros- Shrinkage, specific surface
copy, N2 adsorption and desorp-  area, enthalpy of phase-
tion isotherms, BET, Barrett— change, TC.
Joyner-Halenda, FTIR, TGA

A symmetrical 3D NPCM heat
=== sink (114 x 114 x 25 mm) model
WITTIINTIIIN  was constructed using Ansys flu-
: ent to analyze the effect of the in- NP e, vessel temperature
AR | e 4 typ P

Imﬁ....-llml put heat flux generated by the  profile, melt profile, melting

heater cap (100 x 100 x 1 mm) with time and volume fraction,

I “ || | | II [ | | lI a grid and a duration of 900,000 reference temperature, ther-
II ”l “ | II M ” ” I and 1s. mal conductivity, heat flux.
I-v——---'l | "” lllm ”“” |I Continuity momentum equation,

s energy equation, thermal conduc-

tivity equation, viscosity equation.
] Rayleigh number, Stefan
]
!

== The square cavity filled with
. | nano—encapsulated PCM and a
base fluid has a fin of variable )
. . . number, fusion temperature,
| length at the midpoint of its left )
. . . Capsule PCM concentration,
smmmmd Side. The Arbitrary Lagrangian— .
. . Melting temperature,
Eulerian method, Boussinesq ap- ,
N . Young’s modulus.
proximation, Laplace equation,
and Winslow formula.

A rectangular container with H-  Concentration and shape
shaped fins. Galerkin Method. factor of nano-powders
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3.2.2. Computational Fluid Dynamics

CFD plays a key role in the study of NPCM applications as a powerful tool for sim-
ulating fluid flow and heat transfer phenomena [108,109]. NPCMs use the phase transfor-
mation process to absorb or release a large amount of latent heat, but their thermal prop-
erties are highly dependent on the nanoscale structure of the material itself, its dispersion
stability, and its interaction with the surrounding fluid. By simulating complex multi-
phase flow systems containing NPCM particles or capsules, CFD can reveal micro/mac-
roscale flow, heat transfer, and phase transition coupling mechanisms to guide the design
of NPCMs and evaluate their thermal management performance in energy storage sys-
tems. The following is an overview of the research on the application of the latest CFD
analysis method to the analysis of NPCM.

Olivares-Robles designed a ring thermoelectric cooler composed of semiconductors,
PCM (OM32 and Polyethylene glycol 1500), base fluid (water), and Al2Os NPs, and ana-
lyzed the effects of NP concentration and temperature on the thermal performance of the
cooler [110]. Benyahia developed a simulation model of a finned triangular inner tube and
paraffin PCM enhanced with Cu NPs to analyze the effects of different NP concentrations,
tube eccentricity, and inclination on the thermal properties of materials [111]. Bouzennada
established a simulation model of NPCM fluids contained in different wave side wall cav-
ities to analyze the influence mechanism of different wall structures, cylindrical radii, and
rotational speed (as shown in Figure 7), and NPs concentration on thermal performance
[112]. Glolami built Cu fins and Al heat sinks, analyzed the phase transformation process
of Na25O+10H20, paraffin, and eicosane, and analyzed the efficiency of photovoltaic pan-
els [113]. Nandi used CuO NPs, lauric acid, RT35HC, and P58 materials to analyze the
affected mechanism of improved solar irradiation by designing a rectangular geometry
with different parallel structure shapes [114]. Shaik used CuO NPs, RT82, to analyze the
effects of different liquid fractions and shapes on melting time and melting rate by design-
ing a modified fin (as shown in Figure 8) with different vertical structure shapes [115].
Wagas used multi-walled carbon nanotube (MWCNT), TiO2, and molten-salt PCM mate-
rials to design different rotationally symmetrical fin structures in hollow cylinders (as
shown in Figure 9) to analyze the thermal performance of tubular heat exchangers [116].
Mahdavi designed PV laminates using Cu NPs, porous Cu media, and RT35-HC paraffin,
and analyzed the effects of water pipe placement, NP concentration, and porous media
on the thermal and electrical energy of the PV panels [117]. Alam analyzed the melting
performance of latent heat thermal energy storage units made of different materials and
shaped PCM [118]. Kiyak analyzed the effect mechanism of curvature and different con-
centrations of Cu NPs on the melting and solidification processes of thermal energy stor-
age systems [119]. The main materials and research contents of the above-mentioned
study are listed in Table 7.

Table 7. The main materials and research contents about CFD approaches.

Reference Materials Set-Up Simulation Analysis Method Key Parameters

OM32 and
Polyethylene
glycol 1500,
ALOs NPs

Olivares-Ro-
bles et al.
[110]

The annular thermoelectric cooler model con-
sists of p-type and n-type semiconductor
components made of bismuth telluride

Coefficient of per-
formance, TC,

. . . Reynolds number,

(BizTes), with the components insulated by a Prandtl number,

Nu, NP concentra-

tion

ceramic plate and cooled using PCM.

Finite difference method discrete transient
equations
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The cylindrical shell of the inner hollow trian-
gular tube was established; the two-dimen-
sional axisymmetric formula was used to sim-
_ - ulate the thermal and flow behavior in the la- The concentration
) | tent heat thermal energy storage (LHTES) ele- of Cu NPs, TC,
~ ment, the numerical solution was obtained by melting time, incli-
the generalized a time integral method, the nation angles, Nu,
second-order Lagrangian finite element was eccentricity, poros-
spatially discretized with a time step of 1 s, ity
Boussinesq approximate, the Carman—
Kozeny relation kinetic energy equation, and
the Carman-Kozeny equation

Benyahia et

al. [111] Paraffin, Cu NP

Volume fraction, cy-

lindrical radius, ro-

tational speed, melt-
ing temperature,

A 2D enclosed body filled with NPCM fluid;
Galerkin weighted residual finite element
method, Galkin weighted residual finite ele-

Polyure-
Bouzennada thane/Nonade-

t al. [112 di di
etal. [112] cane dispersed in flow structure, heat

water ment method
transfer rate, Stefan
number, Nu
Na:SOs10HL0 A photovoltaic Panel and PCM cavity str'uc-
. . ture were established; A first-order upwind .
. . was mixed with . . the concentration of
Gholami et approach for the discretization of the momen- ..
AlOs and MgO . NPs, efficiency and
al. [113] ; tum equation and a second-order approach
NPs, paraffin . temperature
. for the energy equation, and a second-order
and eicosane .
scheme for the energy equation
The concentration
CuO NPs, lauri . ,
Nandietal. 5 autie a rectangular geometry characterized by spe- of NPs, fin struc-
[114] acid, RT-35HC cific dimensions ture, energy stor
and P-58 ¢, energy storage
rate, melting rate
P .
Shaik et al. PISO method, PRESTO, second-order upwind N concen'tratl.on,
CuO NPs, RT82 . . shape, melting time,
[115] methods, second-order upwind algorithms

melting speed

Boussinesq approximation, Semi-implicit

%% 1. MWCNT, Ti
aqaseta CNT, TiOs, method for pressure linked equations (SIM-

Fin shape, compact-
[116] molten-salt PCM - ¢

ness, melting time

PLE), PRESTO system
Cu NPs, porous Electrical efficiency,
Mahdavi et Cu media, and P— Five-layer PV panels; discrete ordinate economic analysis,
al. [117]  RT35-HC paraf- method; Boussinesq approximation pipe placement, NP

concentration
Enclosure geome-
tries, Prandtl num-

fin

n-Octadecane,
Alametal.  Capric acid,
[118] MWCNTs, Cu
metal foam

A two-dimensional computational model of bers, Grashof num-
square geometry, finite volume method  ber, Stefan number,
NPs concentration,

melting rate
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Kiyak et al.
[119]

CuO NPs,
RT19HC

Tl Gl G

7

@

S GG Gl i

Nu, concentration
of NPs, geometric
curvature, phase

change time, melt-

a curved geometry and a straight geometry;
the Navier-Stokes equations, enthalpy-poros-
ity technique. Boussinesq approximation, fi-
nite volume method, SIMPLE, the implicit

I-_j Euler method ing time, discharge

efficiency

Figure 7. Simulation results under different wall structures and speeds (Reproduced with permis-
sion from [112], Elsevier, 2024).
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Figure 8. Simulation results of modified fin with different parallel structure shapes (Reproduced

with permission from [115], Elsevier, 2025).
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Figure 9. Simulation results of different rotationally symmetrical fin structures (Reproduced with

permission from [116], Elsevier, 2025).

3.2.3. System Performance Simulation.

System performance simulation provides core support for design optimization by
building a highly integrated system simulation coupling model to efficiently simulate the
overall dynamic response and comprehensive performance of complex systems in an ex-
perimental or simulation environment. With its high thermal conductivity, latent heat of
phase change, and fast response, NPCMs are often used in the design of various photo-
thermal conversion system materials, which enhance the performance characteristics of
the system in thermal management or electrical efficiency management, accelerate the re-
search and development of photothermal systems, and improve the reliability of the sys-
tem. The following is an overview of the research on the application of the latest system
performance simulation analysis method to the analysis of NPCM.

Amin added graphene to beeswax to make distillation tubes and designed an exper-
imental system for analyzing freshwater production performance by combining K-type
thermocouples, insolation intensity meters, graduated cylinders, and data collectors [120].
Singh added different concentrations of Al20s particles to OM37 to make NPCMs for the
analysis of the thermal performance of solar ponds [121]. Emara integrated the design of
a freshwater system by adding different concentrations of TiO2 and Al:Os nanofluids to
paraffin with a melting temperature of 62 °C [122]. Al-Karboly integrated a twisted band
absorber, a twisted absorption tube, a 1% SiC NP-reinforced paraffin preparation vessel,
and a silicon carbide nanofluid, comprehensively designed a photovoltaic system (Shown
in Figure 10), and analyzed its thermal efficiency [123]. Kamrava used ZnO, CuO, and
AlOs in paraffin wax as NPCM to further construct the floor heating system and analyzed
the thermal performance characteristics of the floor temperature and heat flux of the floor
heating system [124]. Giir added B4C to the RT35HC to design the heat sink, further con-
structed an ultra-low energy consumption home heat sink simulation system, and ana-
lyzed the thermal performance factors such as room temperature and water temperature
[125]. Sathishkumar used GNP and strong nitric acid to prepare NPCM materials to de-
sign the energy storage tank system, and analyzed the thermal performance parameters
such as stored energy and solidification time [126]. Bassam used nanofluids (SiC and wa-
ter preparation) and NPCM (5iC and paraffin preparation) to design micro-finned tubes,
and the comprehensive design of the photovoltaic system showed a 77.5% increase in
thermal efficiency and an increase in output power to 14.5 W [127,128]. Kibria used NPCM



Energies 2025, 18, 4516

21 of 46

(paraffin wax with Al2Os and ZnO NPs) to design a photovoltaic thermal system, and the
analysis results showed that the surface temperature of the system was reduced by 5.4 °C,
the power was increased by 2.75%, the electrical efficiency was increased by 2.71%, the

maximum heat output power was increased by 17.4%, and the overall efficiency was in-
creased by 15.82% [129]. Bharathiraja designed a collector system incorporating MWCNTs
and SiO and discovered that this design led to a higher output temperature and a longer
duration for hot water production [130]. The main materials and research contents of the

above-mentioned study are listed in Table 8.
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Figure 10. Photovoltaic system (Reproduced with permission from [123], Elsevier, 2025).
Table 8. The main materials and research contents about system performance simulation ap-
proaches.
Reference = Materials System Devices Key Parameters
Distillation tubes, K type thermocou- Ambient temperature, solar radia-
Aminetal. Graphene, Freshwater ples, insolation intensity meters, gradu- tion, thermal conductivity, tempera-
[120] beeswax  production ated cylinder connections, data acquisi- ture, freshwater productivity, ther-
tion equipment mal efficiency, energy efficiency
. Latent calorific value, thermal con-
Singh et al. Data collectors, thermocouples, solar .
AlOs, OM37 Solar ponds . ) ductivity, thermal power, thermal
[121] pond installations ..
efficiency
Radiators, water tanks and their heat-
ers, liquid s ly tanks, centrifugal Fl te, rotational speed, heat
Emaraetal. TiOs, ALOs, Distilled wa- 7 10" PPy fan nirtuga ow rate, rorationa’ 5p 2
. pumps, fans, flow meters, thermocou- transfer coefficient, NP concentra-
[122] paraffin ter .
ples, temperature sensors, temperature tion
indicators, solid state relays
Solar simulator, eter, I-V . .. .
olar simuiatol, pyranometer. Electrical efficiency, thermal effi-
Al-Karboly . checker, Laptop, datataker, digital flow . . .
SiC, PCM 1A% . . ciency, overall efficiency, nanofluid
etal. [123] meter, pump, fluid tank, water chiller,

RTD sensors, Themocouples

concentration
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Kamrava et
al. [124]

Giir et al.
[125]

Sathishku-
mar et al.
[126]

Bassam et al.
[127,128]

Kibria et al.
[129]

Bharathiraja
et al. [130]

Zn0O, CuO,
AlLOs, paraf-
fin

B4C, RT35HC

GNP, strong energy stor-

nitric acid

SiC, paraffin,
Polyvinylpyr-
rolidone

ALOs, ZnO,
paraffin,

MWCNTs,
SiO

NP concentration, floor tempera-
ture, heat flux, thermal conductiv-
ity, melting time

Underfloor A structured framework for integrating
heating NPCMs
. PVT collectors, heat sinks, PCM layers, Water temperature, room tempera-
radiator .
Cu tubes ture, heat retention
Flow rate, desolidification time,
charging time, melting time, heat

A chiller unit, energy storage tank, cir- )
transfer rate, temperature, charging

age tank culating pump, flow meter and energy power, voltage drop, latent heat en-
ergy, accumulated energy, specific

energy consumption

meter

Fluid tank, pump, flow meter, data log-

PV ger, photovoltaic panel, pyranometer, I- Electrical efficiency, thermal effi-

V curve checker, computer cooling unit, ciency, temperature
heat exchanger, PCM expansion tank
PV, hot water storage, PVT/PCM, Struc- Thermal conductivity, latent heat
PV ture, PVI/HNPCM, water tap, over- capacity, temperature, electricity ef-
head tank, pipes ficiency
Cup type anemometer, data logger, so-
Collector lar intensity meter, laptop, storage tank, Outlet water temperature, tempera-

copper tube embedded PCM, thermo- ture, hot water time
couple, absorber plate

3.2.4. Magnetic Field Coupling Models

The magnetic field changes the Lorentz and Kelvin forces in the convective heat trans-
fer process through the coupling of the changes in magnetic induction intensity with the
conductivity and magnetism of different NPs. This regulates the melting and solidification
behaviors in the phase transformation process of the NPCM, further altering the relevant
thermodynamic characteristic parameters of the NPCM. Additionally, the coupling effect
can also impact the dynamic behavior between NPs and PCM, resulting in current
changes that adjust the system’s charging and discharging processes, thereby optimizing
the system’s power characteristic parameters [131]. The following is an overview of the
research on the application of the latest magnetic field coupling models analysis method
to the analysis of NPCM.

Izadi added different concentrations of Al:Os nanoadditives to paraffin wax to con-
struct a hexagonal heat storage unit and analyzed the convective melting mechanism of
the tilt angle and magnetic field strength [132]. Hassan designed a U-shaped baffle cavity
for the nano-encapsulated PCMs and analyzed the mechanism of the natural convection
effect of the inclined magnetic field on the structure [133]. Younis designed a cavity struc-
ture to analyze the mechanism by which magnetic field strength affects the thermal prop-
erties of nano-encapsulated PCMs [134]. Selimefendigil designed a triangular-shaped
structure containing Ag-MgO hybrid nanofluids to analyze the convective influence
mechanism in a heterogeneous magnetic field [135]; designed a multi-jet impingement
system to study the numerical effects of Ag-MgO nanofluids on the thermal properties of
PCMs under different magnetic field strengths and clarity [136]; studied the phase transi-
tion and convective heat transfer mechanisms of different types of NPs and encapsulated
PCMs under magnetic fields [137]. Nguyen designed an external magnetic field for the
analysis of the thermal performance effects of NPCM capsules incorporated into roof
structures [138]. Lu designed a stable rotating magnetic field applied to paraffin wax
doped with FesOs to analyze the effect of the magnetic field on the melting mechanism
[139]. Li added Al2Os and FesOs to paraffin wax to prepare NPCMs, and analyzed the
melting and energy storage mechanisms inside the materials using ultrasonic and
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magnetic fields (Shown in Figure 11) [140]. Zhuang added Al20s and FesOs to paraffin wax
to prepare NPCMs, and analyzed the heat transfer mechanism of NPs to the materials by
thermochromic liquid crystal combined with a magnetic field [141]. Farahani analyzed the
effects of fin factors and FesOs EMPs concentration on the thermal performance of energy
storage systems under the application of magnetic fields [142]. The main materials and
research contents of the above-mentioned study are listed in Table 9.
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Figure 11. Ultrasonic experimental system diagram (Reproduced with permission from [140], Else-
vier, 2024). (a) Schematic diagram; (b) experimental setup of the ultrasonic and magnetic fields ex-

perimental system; (c) Boundary conditions under different cases.

Table 9. The main materials and research contents about the magnetic field.

Physical Initial and

Refi M ial ing E i A h Key P
eference aterials Model Boundary Conditions Governing Equations pproac ey Parameters
0(%,9,0) =0,
U(%,9,0) = 9(£,9,0)=0;  Continuity, momentum The tilted angle and intensity

Izadietal. ALQOs, paraf-

Ahexagonal g(%,9,7) = 0, The enthalpy- porosity

in two coordinate direc- of the magnetic field, the

heat storage 4(%,9,7) = D(%,9,7) = 0; method, the finite ele-
[132] fin orag ag A ) = 05T =0 tions and energy equa- Hartmann number, Nu, the
unit (%,9,7) _ . ment method " .
3N =0, tions nanoadditives concentration
%, 9,1)=0%9,1) =
The Arbitrary Lagran-  Rayleigh number, Stefan
Shell-core t=0u=x=0: L. . . .
structured U =X ’ Continuity, momentum glan—Eulerlan ap- number, fusion temperature,
Hassan et al. K A U-shaped b, =1 conservation with addi-  proach, the defor- NP volume fraction, oscilla-
particles sus- . 6, =0; . . . . . ,
[133] . baffled cavity 90 tional source terms, and mation gradient tensor  tion amplitude, Young's
pended in _ .
P 0. energy balance and the second Piola— modulus, Hartmann number,
water n . . .
Kirchhoff stress tensor the variable time

Younis et al.

[134] lated by a

A graphene A prism
core encapsu- cover drive

Reynolds number, Darcy
number, Darcy number, the
angle of deflection

Continuity, momentum

! Galerkin method, Bous-
0. conservation, and en-

sinesq approximation
chamber ergy balance 44pp
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Port size, Reynolds number,

Reynolds number.

Lagrange FEs of vari- Nu, Reynolds number, mag-
netic field strength and incli-

nation

Reynolds number, Hartmann
number, inclination parame-

NP loading.

conductivity of ferro- Capsule location, Hartmann

number,

NP mass fraction, magnetic
field rotational speed

Nu, filling height, melting
time, melting rate

polyurethane
shell
Kozeny-Carmen
model, method, the fi-
Selime- Water-Ag- A trianeular Continuity, momentum nite element method,
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al. [135] NF P ergy balance trov-Galerkin ap-
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Gradient Stabilized
finite element method,
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Li et al. [140] experimental - - .
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alized experi-
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Zhuang et AlQOs, paraf- tems based
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4. Algorithm-Driven Optimization

Algorithm-driven optimization has become an important research strategy for en-
hancing the performance of NPCMs in high-temperature thermal storage systems [143].
This strategy utilizes the powerful computational capability of algorithms to finely opti-
mize parameters such as the composition and structural design of NPCM, in pursuit of
maximizing thermal efficiency and thermal stability. In the NPCM field, algorithms play
a critical role in determining the ideal mass ratio of the base PCMs to NPs. They filter
optimal solutions from numerous combinations of NP characteristics and PCM properties
based on preset material performance benchmarks, which may encompass multiple di-
mensions ranging from maximizing thermal conductivity and energy storage capacity to
enhancing thermal and electrical efficiency [144]. Furthermore, algorithm-driven optimi-
zation extends to the manufacturing processes of NPCM. During the synthesis of compo-
site materials, algorithms take into account parameters such as mixing intensity, temper-
ature regulation, and pressure control. By optimizing these factors, it is possible to
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enhance the performance of NPCM while also reducing costs, making NPCM more attrac-
tive for large-scale applications in high-temperature thermal storage and thus promoting
the development of more efficient and sustainable energy solutions [145].

4.1. Machine Learning Methods

Machine learning methods serve as a system analysis and prediction paradigm based
on the inherent laws of massive data. By deeply mining the hidden correlations within
complex systems, these methods break through the simplification dependence of tradi-
tional physical models on complex boundary conditions and multi-field coupling mecha-
nisms. In the thermal performance study of NPCMs, this approach demonstrates signifi-
cant advantages: through high-dimensional data analysis of the synergistic effects of mul-
tiple parameters, it can accurately capture the distribution of NPs, the evolution of phase
change interfaces, and the nonlinear response patterns of flow within porous media, re-
vealing cross-scale coupling mechanisms that are difficult to quantify with traditional the-
oretical models. This data-centric research paradigm not only optimizes the thermal man-
agement performance prediction of nano PCM in complex geometric structures but also
provides a new pathway for the intelligent design of industrial-grade phase change en-
ergy storage systems. The following is an overview of the research on the application of
the latest machine learning methods to the analysis of NPCM.

Shakibi uses CFD simulation to design key factors, construct an Artificial neural net-
work (ANN) model (Shown in Figure 12), and integrate long short-term memory (LSTM),
grey wolf optimizer (GWO), Particle swarm optimization (PSO) and other methods to an-
alyze and solve the intelligent model of the optimal thermal performance parameters
[146]. Aly explored the heat and mass transfer properties of NPCM in a wave porous cav-
ity using the incompressible smoothed particle hydrodynamics method and the extreme
gradient boosting (XGBoost) machine learning model, Darcy number, Rayleigh number,
Fusion temperature, Soret number, Dufour number, Hot zone length, Hot zone Key pa-
rameters such as height reveal the influencing characteristics of internal thermal perfor-
mance [147]. Abdolahimoghamad established the multilayer perceptron (MLP)-ANN
model for estimating the optimal melting and solidification time of Gr-Cu hybrid NPs and
latent heat, thermal conductivity of bio-based NPCMs [148,149]. Gao established an auto-
matic correlation determination model to predict liquid-state thermal conductivity, k-
nearest neighbor and polynomial regression composite models to predict the thermal con-
ductivity of NPCMs, and minimum absolute shrinkage and choice operators to predict
freezing-state latent heat [150]. Ghasemi established an ANN model and input heat flux,
Reynolds number, and concentration to predict performance evaluation criterion and av-
erage Nu [151]. Kiaghadi used four models: linear regression, lasso regression, polyno-
mial regression, and auto-regressive integrated moving average to verify the correlation
between time and liquid fraction, and confirmed that the data analysis method can be
effectively applied to the prediction of phase transition behavior [152]. The auto-regres-
sive integrated moving average algorithm was used to predict parameters such as solar
unit time, PV temperature, melting fraction, NPCM temperature, electrical efficiency, and
other parameters based on historical data [153]. Yang established an ANN model with
Reynolds number and porosity of nickel foam as inputs, which could effectively predict
the maximum temperature of LIB [154]. Xu established an ANN model with shear rate
and mass fraction as inputs, which could effectively predict the dynamic viscosity, den-
sity, and shear stress of the LIB of the NPCM [155]. Salari established a Harris Hawks
optimizer model optimized by a random forest algorithm to predict printed circuit board
(PCB) temperature [156]. Khadem established a GWO-support vector regression with a
hybrid composite model (Shown in Figure 13), and predicted the chipset temperature pa-
rameters through the melting point, thermal conductivity, specific heat capacity, and
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enthalpy parameters of the system [157]. Fini developed a composite model of an ANN-
multiobjective genetic algorithm for predicting the Nu and pressure drop of microencap-
sulated PCM fluid [158]. The main materials and research contents of the above-men-
tioned study are listed in Table 10.
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Figure 12. Schematic diagram of machine learning model (Reproduced with permission from [146],
Elsevier, 2023).

Table 10. The main materials and research contents about the machine learning methods.

Mean Abso-
Reference Materials Model Approach Input Output lute Percent-
age Error

CFD, LSTM, Ex-
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Surface temperature, Surface tempera-
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Figure 13. Support vector regression with hybrid model (Reproduced with permission from [157],
Elsevier, 2023).

Monte Carlo methods, which often conduct research by leveraging the Bayesian ap-
proach optimized by Markov chain Monte Carlo, play a crucial role. Regarding data pro-
cessing, the distribution of independent variables, such as normal distribution or log-nor-
mal distribution, is set according to different scenarios, and the corresponding dependent
variables are determined [159]. Multiple models are established, and a large amount of
input—output data is utilized, with the training set and the test set divided in a specific
proportion, and metrics such as mean squared error, root mean squared error, and coeffi-
cient of determination are employed to analyze the prediction accuracy of the models
[160]. Some studies also use the mean value, the standard deviation of the number of iter-
ations, and the standard deviation for precise data analysis. In the research on the disper-
sion of highly conductive nanomaterials in D-mannitol to enhance heat transfer in the
LHTES system, parameters related to the thermophysical properties of NPCM and the
inlet conditions of the heat-conducting fluid are set as independent variables following a
normal distribution, with the Fourier number (Fo) as the dependent variable. Based on
153 CFD data, four models are established by dividing the training set and the test set into
an 8:2 ratio. The curves of the Fo values predicted and the actual Fo values by the four
models are shown in Figure 14. Eventually, a model that can best predict the Fo of the
actual dataset is constructed based on relevant metrics [161]. In the study of graphite
nanosheets reinforcing dodecanol (C12Hz60), the melting rate and the surface-average Nu
are set as independent variables with a normal or log-normal distribution, and the Stefan
number, Grashof number, and Fo are set as dependent variables. Based on 573 melting-
rate datasets and 516 surface-average Nu-number datasets, five models are established by
dividing the training set and the test set in a 7:3 ratio. Subsequently, the models that can
best predict the dataset values and the Nu values are analyzed, fully demonstrating the
application of the Monte Carlo method in practical research [162]. The main materials and
research contents of the above-mentioned study are listed in Table 11.
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Figure 14. The curves of the Fo values by the four models (Reproduced with permission from [161],
Elsevier, 2022). (a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4.

Table 11. The main materials and research contents about the Monte Carlo Method.

Ref.

Materials Set-Up

Analysis Method

nomaterials dispersed

The Bayesian method optimized by Markov chain Monte Carlo is implemented.
Independent variables (normally distributed): TC, density, specific heat capac-
Highly conductive na-ity of the thermophysical properties of NPCM, as well as Reynolds number and

Alazwari et al. in D-mannitol can be

[161]

Goodarzi et al.
[162]

Graphite nanosheets
reinforcing dodecanol

utilized to enhance
heat transfer in
LHTES systems

inlet temperature of the inlet conditions of the heat conducting fluid.

Dependent variable: Fo.

Data analysis: Four models are established with 153 input-output CFD data.
The ratio of the training set to the test set is 8:2. Mean Squared Error, Root
Mean Squared Error, and Coefficient of Determination (R?) are used to analyze

the accuracy of the model’s predicted values. A model that can best predict the
Fo of the actual dataset is established to predict the dimensionless melting time.
The Bayesian method optimized by Markov Chain Monte Carlo is imple-

mented.

Independent variables (normally distributed or log-normally distributed): Melt-

ing rate and surface-average Nu.

Dependent variables: The Stefan number, which is the ratio of sensible heat to
latent heat and represents the driving force for melting. The Grashof number

(C12H260)

indicates the intensity of natural convection of liquid PCM during the melting
process. Finally, the Fo represents the dimensionless time in transient prob-
lems. The model that can best predict the dataset values was analyzed. Another
model that can best predict the Nu values was analyzed.

Data analysis: Five models are established, using 573 melting-rate datasets and
516 surface-average Nu-number datasets. The ratio of the training set to the test
set is 7:3. The mean, the standard deviation of the number of iterations, and the
standard deviation are used for precise data analysis. The coefficient of deter-
mination, root-mean-squared error, and mean-squared error are used to evalu-
ate the accuracy of the predicted values of the proposed models.
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4.2. Uncertainty Quantification Techniques

The uncertainty quantification techniques are uncertain to comprehensively assess
the impact of uncertainty factors in systems on outcomes [163]. By meticulously identify-
ing and precisely quantifying various sources of uncertainty, including measurement er-
rors, model assumptions, and parameter variability, they provide strong assurance for the
accuracy and reliability of models, enabling effective improvements on this basis [164]. In
many fields, uncertainty quantification techniques play a crucial role, particularly in the
research and application of complex systems based on NPCM materials. They assist re-
searchers in gaining a deeper understanding of the intrinsic uncertainty mechanisms
within the system, thereby allowing for a full consideration of uncertainty factors in model
construction, optimization, and decision-making processes, ensuring the scientific and ra-
tional nature of the results. The following is an overview of the research on the application
of the latest uncertainty quantification techniques to the analysis of NPCM.

Al-Aasam calculated that the error value of the PVT system caused by temperature,
mass glow rate, solar irradiance, voltage, and current is 3.83% [165]. Daneshazarian deter-
mined that the error value of the ground source heat pump system resulting from tem-
perature outlet, temperature inlet, and flow rate is 0.5% [166]. Giir analyzed the error
value of the electronics system attributed to the temperatures of the PCM and the temper-
atures of the empty system, which is 1.5% [167]. Venkatesh conducted an analysis of the
error in the heat exchanger system using parameters of radiation, temperature, wind ve-
locity, and flow rate [168]. Ganeshkumar examined the error values of parameters such as
mass flow rate, Nu, Convective heat transfer coefficient (CHTC), heat gain, solar energy,
and energy efficiency for the solar air heater [169]. Amin adopted the Holman method to
calculate the error values caused by solar radiation, temperature, and productivity in the
freshwater production system, which were +1.55%, +1.2%, and +1.58%, respectively [120].
Singh analyzed that the total error of the thermal performance system of solar ponds using
NPCM was 2.59% [121]. Al-Karboly integrated the design of the photovoltaic system and
analyzed that the total error caused by sensors or instruments was less than 4% [123].
Bassam utilized SiC and water to prepare nanofluids, and SiC and paraffin to prepare
NPCMs, comprehensively designed photovoltaic systems, and analyzed the error values
caused by temperature, radiation, voltage, and flow measurements [127,128]. The main
materials and research contents of the above-mentioned study are listed in Table 12.

Table 12. The main materials and research contents about uncertainty quantification techniques.

Total Uncer-
Reference Materials System Parameters ot noc e
tainty (%)
T t 1 te, solar irra-
Al-Aasametal. [165]  SiC, paraffin PVT eriperatuire, mass glow rate, soat itta 3.83
diance, voltage and current
Ag, Cu, ALOs, .
Daneshazarian et al. & AT Ground source Temperature outlet, temperature inlet,
[166] Cu0, TiO:, GNP, heat pum flow rate 05
MWCNT, paraffin pump
Gir et al. Y205, myristicacid  Electronics The temperatures of PCM, the tempera- 15
[167] tures of empty system

Venkatesh et al. [168]

GaneshKumar et al.

[169]

Amin et al.
[120]

Radiation, temperature, wind velocity,

SiC, Ag, paraffin Heat exchanger -

flow rate

Mass flow rate; Nu; CHTC; heat gain; +2.5;£3.9; +4.1;

ALQOs, paraffin  Solar air heater . +4.32; +5.45;
solar energy; energy efficiency 401
Graphene, bees- Freshwater pro- Intensity of solar radiation, tempera- 2. 40.1; 45

wax duction ture, productivity


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/heat-transfer-coefficient
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/silicon-carbide
https://www.sciencedirect.com/topics/engineering/ground-source-heat-pump-system
https://www.sciencedirect.com/topics/engineering/ground-source-heat-pump-system
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Singh et al.
[121]

Al-Karboly et al. [123]

Bassam et al. [127,128]

Magnetic stirrer, weight of NP and
PCM, thermal analysis in DSC, hot disk

Al2O3, OM-37 Solar ponds . 2.59
thermal constants analyzer, solar inten-
sity, wind speed, temperature
Sic PV temper.ature, mass flow rate, solar irra- 380
diance, voltage and current.
. . Lo +0.1; +1.5; £1.0;
SiC, paraffin PV Temperature, radiation, voltage, flow

+0.5

5. Techno-Economic Analysis

The techno-economic analysis within the framework of NPCM is a comprehensive
evaluation that combines considerations of both technological and economic feasibility
[170]. This analysis delves deeply into the specifics of NPCM-related technologies, explor-
ing everything from fundamental scientific principles to practical applications, and accu-
rately assesses the costs and potential benefits associated with research and development,
production, and maintenance. It not only predicts short-term financial impacts but also
evaluates long-term economic sustainability. By integrating technological and economic
dimensions, techno-economic analysis provides stakeholders with a holistic view, assist-
ing them in making informed investment decisions in NPCM projects and ensuring the
efficient allocation of resources in this emerging field [171].

5.1. Cost-Benefit Analysis

Cost-benefit analysis is a systematic decision-making tool, the core logic of which lies
in quantifying and comparing all expected costs and benefits of an NPCM product over
its entire lifecycle, while considering the time value of the product [172,173]. Ultimately,
it calculates key indicators to evaluate the economic feasibility of the product as well as
the relative advantages of different proposals [174]. For NPCM products, cost-benefit
analysis effectively avoids resource waste by preemptively identifying projects where ex-
pected benefits will not cover costs, thus preventing the allocation of valuable funds to
inherently unprofitable innovations. Furthermore, in the context of limited resources, it
optimizes resource allocation by horizontally comparing the net benefit priorities of vari-
ous NPCM proposals, ensuring investments are directed towards the avenues with the
highest economic potential. This transforms innovation risks into measurable investment
propositions, maximizing the likelihood of creating long-term value [175]. The following
is an overview of the research on the application of the latest cost-benefit analysis method
to the analysis of NPCM.

Sharshir analyzed that the hemispherical solar still device with metal organic frame-
work is the most cost-effective and efficient, with the highest unit production cost and life
cycle cost for producing fresh water [176]. Rasaiah studied multiple nanofluid improved
double slope solar still devices and found that CuO nanofluid has the highest cost-effec-
tiveness in terms of economy and environmental protection [177]. Kumar’s study found
that the configuration of aluminum foam and PCM with microchannels helps maintain
efficient flow conditions but has higher maintenance costs [178]. Giirbiiz designed a col-
lector embedded with S NPs and analyzed it from multiple perspectives, such as effi-
ciency, energy, and cost [179]. Mohtasim studied the energy recovery period and eco-
nomic and environmental factors, such as CO:z reduction of solar still systems and PVT
systems with different structures [180]. Singh combined multiple NPCMs, the configura-
tion of the device, and the analysis of daily freshwater production and investment pay-
back period parameters under various conditions were carried out [181]. Anika compre-
hensively analyzed the performance, economy, environment, and other factors of the dis-
tiller constructed with mixed NPCMs and proposed improvement suggestions [182]. Rad
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designed a PVT system using nanofluid as a coolant and found that the unit production
cost was 0.134 $/kWh [183]. Essa placed PCM and Ag NPs under the absorber to design
the best-performing solar still, and the research results showed that the use of the device
increased freshwater productivity by 245% [184]. Paul regarded different NPs as im-
portant factors affecting the thermal and environmental economic performance of the so-
lar distiller [185]. Elamy combined Ag NPs for comprehensive solar still research; the re-
sults showed that the productivity of the slipped material increased by 233%, and both
the environmental and economic cost-effectiveness were improved [186]. Attia’s work
demonstrated that incorporating graphene materials into the design of solar stills led to a
remarkable 574.1% enhancement in energy efficiency [187]. El-Gazar combined the char-
acteristics of TiO2 and SiO: to design a solar still system and found that the production
cost of distilled water was lower in summer than in winter [188]. The main materials and
research contents of the above-mentioned study are listed in Table 13.

After delving into a series of cases where the latest cost-benefit analysis method was
applied to NPCM analysis, the remarkable practical advantages and potential of this
method are evident. These cases span multiple industries like freshwater, photovoltaic,
and electric power, and involve complex NPCM scenarios. They offer decision-makers
clear, intuitive, and actionable references. This approach effectively overcomes the blind
spots and limitations of conventional analysis. By applying it, businesses can optimize
resource allocation in NPCM implementation. This, in turn, enhances economic efficiency
while advancing sustainable development goals.

Table 13. The main materials and research contents about cost-benefit analysis.

Unit Production

System Product Cost Life Cycle Cost Payback Period CO2 Reduction Ref.
Distilled wa-
Solarstill —° lt:’r wa 0.0115 $/L. 130$ - 1.57 ton/year [176]
Solar still Dlsmtleef was 0.09 $/L 219$ 496 days 16.80 ton/payback period  [177]
Battery Flow condi- - 49-70% - - [178]
tion
Electrical en-
Collector ecerr‘gC; " 0.0138 €/kWh 3.6624€ 0.058 year - [179]
Solar Distilled wa- 3322.12 kg (emissions),
sll/PVT ter; electrical 0.01495 $/L; - - 7.263 year; 0.26 year  564.82 kg (mitigation); 6.98 [180]
energy ton/payback period
. Distilled wa-

Solar still ter 0.012 $/L - 129 days - [181]
Solar still Distilled wa- 0.0192 $/L ) 7.26 year 322.12 kg (e.n.uss%ons); 565 kg [182]
ter (mitigation)

Electrical en-
PVT CEICAlen™ () 134 §/kWh - - - [183]
ergy
Distilled wa-
Solarstill —° lteer wa 0.011 $/L - - - [184]
Solar still Dlstlltlee:l was - - - 448 kg/m?year [185]
Solar still Dlsm::f we 0.01 $/L 420 days 288 ton/year [186]
Distilled wa-
Solarstill —° lt:r wa 0.00713 $/L 65.85% - - [187]
. 0.0156 $/L (in sum- ]
Solar still Distilled wa- mer), 0.0264 $/L (in i i 16.38 ton/year (1r.1 surTlmer), [188]
ter 19.47 ton/year (in winter)

winter)



https://www.sciencedirect.com/topics/engineering/lifecycle-cost
https://www.sciencedirect.com/topics/engineering/payback-period
https://www.sciencedirect.com/topics/engineering/payback-period
https://www.sciencedirect.com/topics/engineering/payback-period
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5.2. Policy Incentives and Market Growth Potential

Policy incentives are constructing a multi-level environmental governance system,
driving the global green transition. Under the UN framework, conference of the parties
(COP) 29 established the climate finance target, mandating developed countries to pro-
vide $300 billion annually in public funds by 2035 to leverage $1.3 trillion in support for
developing countries’ infrastructure development [189]; COP30 proposes establishing a
carbon tariff revenue-sharing mechanism and a deforestation accountability mechanism
to ensure biofuel and mineral development do not harm the ecological rights of develop-
ing countries [190]. At the international institutional level, the International Energy
Agency (IEA) demonstrated through its Strategy for an Affordable and Fair Clean Energy
Transition that renewable energy costs are lower than fossil fuels [191], and its 2023 En-
ergy Efficiency Report requires doubling the global annual energy efficiency improve-
ment rate to 4% by 2030 [192]; the tripling renewable energy capacity target (to 11.2 TW
by 2030) jointly advanced by the IEA and International Renewable Energy Agency
(IRENA) has shown tangible results that China contributed 64% of the 585 GW global new
installations in 2024 [193]. The EU established a 40% minimum domestic clean energy
production capacity target by 2030 through its Net Zero Industry Act [194], comple-
mented by the Batteries and Waste Batteries Regulation mandating full lifecycle carbon
footprint disclosure (implementing a battery passport by 2027) [195], combined with the
Carbon Border Adjustment Mechanism imposing comprehensive tariffs on six high-car-
bon import sectors [196]. Supported by the Critical Raw Materials Act aiming to increase
strategic raw material processing to 40% and recycling rates to 25% [197], and augmented
by the EU Wind Power Action Plan streamlining permitting processes (targeting 120 GW
for North Sea wind power by 2030) [198], this forms a tripartite “technological autonomy-
supply chain decarbonization-resource circularity” system. The US revised the Inflation
Reduction Act, raising clean electricity tax credits to 35% (with domestic manufacturing
requirements) and removing battery mineral restrictions [199], while New York State en-
acted the Climate Change Superfund Act, imposing a $75 billion levy on fossil fuel com-
panies [200]. Developing countries are advancing concurrently: China’s Energy Law es-
tablished a renewable energy consumption guarantee mechanism and initiated a unified
energy market [201], while its Draft Ecological Environment Code consolidated over 30
laws to create a dedicated “Green and Low-Carbon” chapter [202]; India launched a na-
tional carbon market covering power and petrochemical sectors, paired with a 280 GW
solar target [203]; Vietnam’s Revised Electricity Law introduced direct green power pur-
chase agreements exempting them from bidding [204]; Brazil invested R$21 billion in its
National Hydrogen Program [205]; the UAE’s National Biofuel Policy established produc-
tion standards promoting waste cooking oil conversion, targeting a 20% increase in bio-
diesel consumption by 2050 [206]. These policies, relying on mandatory fund allocation,
technical standards, market mechanism restructuring, and ecological rights protection,
transform global environmental commitments into enforceable binding rules, highlight-
ing the critical role of policy-driven approaches in environmental governance. The main
research contents of the above-mentioned study are listed in Table 14.
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Table 14. The main research content about policy.
Policy/Legislation Coun.- Effectlve/Re- Core Content Ref.
Name try/Region vised Date
New Collective Quanti- UN Requires developed countries to provide $300 billion in
fied Goal on Climate Fi- (COP29) Nov 2024 public funding annually by 2035, mobilizing $1.3 trillion  [189]
nance annually to support developing countries.
A carbon tariff revenue-sharing and deforestation ac-
UN countability mechanism; Biofuel production and mineral [190]
(COP30) extraction do not sacrifice the ecological rights of devel-
oping countries.
Strategies for Affordable Argues clean energy costs less than fossil fuels; proposes
and Fair Clean Energy IEA May 2024 energy efficiency subsidies, promotion of efficient appli-  [191]
Transitions ances, and clean transport.
2023 Energy Efficiency [EA Nov 2023 Requires d'oubhng the global armoual energy efficiency [192]
Report improvement rate to 4% by 2030.
Renewable Energy Ca- IEA/IREN 2023-2025 Global renewable energy capacity to reach 11.2 TW by [193]
pacity Tripling Goal A (Progress) 2030; 585 GW added in 2024 (China accounted for 64%).
} ) . S A0 _
Net Zero Industry Act EU 2025 (Irr}ple Foc;al net-zero tech produc’Flon capaaty >40% by 2030; [194]
mentation) limits dependence on any single third country to >50%.
Batteri'es and Was.te Bat- EU Feb 2025 Mandatt?s di'sclosure of f}llll—lifecycle carbo’fl footprint for [195]
teries Regulation batteries; implements “battery passport” from 2027.
Carbon Border Adjust- BU 1January  Full carbon tax implementation on imports across six [196]
ment Mechanism 2025 sectors (steel, Al, etc.).
By 2030: 10% d tic extraction, 40% d ti -
Critcal Raw Materials st ecydling capacy for se: (197
Act (Adopted) essing, a o dome ecycling capacity for strate
gic raw materials.
EuropearT Wind Power EU Oct 2023 Simplifies wind perml.ttmg; targets 120 GW North Sea [198]
Action Plan offshore wind capacity by 2030.
Inflation Reduction Act 2025 (Revi- Rais.es clean electr%city tax credit to 35% (r?quirei do-
USA i mestic manufacturing); removes battery mineral “For- [199]
Amendments sion) . . . .
eign Entity of Concern” restrictions.
Climate Change Super- USA 2025 New York State to levy $75 b11110r.1 over 25 years on fossil [200]
fund Act fuel companies.
Energy Law of the Peo- ' 1 January Est?blishes rer.lewable energy Consum.ption gu'a%’antee;
) ) ) China defines financial energy attributes; builds a unified en- [201]
ple’s Republic of China 2025
ergy market.
Ecological and Environ- China Apr 2025 (Re- Consolidates over 30 environmental laws; first-ever [202]
mental Code (Draft) view) “Green and Low-Carbon Development” chapter.
. . Apr2025 Covers power and petrochemical sectors; coupled with
1 k I 2
National Carbon Market ndia (Launch) 280 GW solar PV target. [203]
Revised Electricity Law  Vietnam 1 February Introduc?s Direct Pow.er Purchase Agr.eerr}ents, allow- [204]
2025 ing green projects to bypass bidding.
National Hydrogen Pro- Brazil 20232025 Invests BRL 21 bllhc.)n; alm's to est.abhsh a low-carbon [205]
gram hydrogen industrial chain by 2030.
Apr 2024 Sets biofuel production standards and trading rules; tar-
National Biofuels Policy = UAE P gets 20% increase in biodiesel consumption by 2050; [206]
(Approved)

promotes waste cooking oil conversion to biofuel.

6. Conclusions and Future Work

This review comprehensively analyzes NPCM'’s high thermal performance research

methods and economic benefits, delves into its melting mechanisms, and optimal design

configurations. Starting with the fundamental types of NPCM, it offers in-depth
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explanations of these mechanisms and designs, highlighting their advantages in thermal
energy management. The review also incorporates cost-benefit analyses of application
systems and the latest international environmental policies to fully assess NPCM’s en-
ergy-saving and eco-friendly attributes. These findings demonstrate NPCM’s great poten-
tial in materials innovation and low-carbon environmental protection, strongly support-
ing sustainable development.

6.1. Key Findings and Contributions

(1) NPCMs improve thermal conductivity, reduce supercooling, and accelerate melt-
ing/solidification rates.

(2) Various NPCM structures, such as thermophysical, photonic, fluid-based, encapsu-
lated, and phase-engineered, enable targeted applications across different solar ther-
mal systems.

(3) Mechanism-level analysis using MD and DFT provides critical insights into nanopar-
ticle-PCM interactions and nano-scale heat transfer behavior.

(4) Techno-economic analyses confirm that NPCMs offer high cost-effectiveness, im-
proved energy efficiency, and extended lifecycle benefits for solar energy systems.

(5) The identical Cu NPs and paraffin-based NPCM structure exhibit analogous thermal
property inflection points at significantly disparate Cu NP concentrations. Conse-
quently, it is imperative to establish a rigorous simulation model to analyze the cor-
relation between nanoparticle concentration and the thermal performance character-
istics of NPCM.

(6) The unit production cost of distilled water for solar distillers using NPCM can be as
low as $0.00713/L, and other models of solar distillers also demonstrate good, low-
carbon, and environmentally friendly economic performance.

(7) The combined use of mechanistic analysis methods and simulation methods is more
conducive to studying the phase change mechanism of NPCM during the melting
process.

(8) The combination of a finite element analysis model and experimental data is more
advantageous for the analysis of the melting phase transition mechanism of NPCM
under the action of a magnetic field.

(9) The application of algorithm optimization and analysis methods, particularly inte-
grated algorithmic models based on artificial neural networks (ANNSs), can be har-
nessed to more effectively project the material configurations of devices or systems
that achieve high thermal efficiency performance.

(10) The incorporation of graphene materials significantly enhances the performance
characteristics of PCMs. For instance, in solar still applications, it improves energy
efficiency by 574.1%. Therefore, graphene and other high-performance materials
should be prioritized in future NPCM research.

(11) Increasing policy incentives, clean energy mandates, and investments in renewable
infrastructure are accelerating the commercial potential of NPCM-based solutions.

6.2. Remaining Challenges and Future Opportunities

Although NPCM exhibits strong thermal performance in melt heat transfer, the de-
sign and selection of its nano materials or structures face challenges in practical applica-
tions. As different researchers have discussed NPCM from various research perspectives,
integrating innovative research ideas into the design of NPCM application systems has
become a mainstream research direction. Research on NPCM holds extensive promise,
and future leading research methods are likely to be associated with it.

(1) The accuracy of ideal model simulation methods, which is related to mesh size, mod-
els, quantities, and solution methods, necessitates further research to design high-
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2)

(©)

(4)

©)

(6)

precision physical simulation models and reduce interference from inaccuracies in
real-world models.

In algorithm optimization analysis, which demands extensive data collection with
accuracy being critical, the impact of varying parameter choices in different algo-
rithms on model outcomes necessitates further exploration into constructing high-
quality datasets and developing efficient, accurate algorithmic models.

During the experiment, the inaccuracy caused by measuring devices is inevitable,
highlighting the necessity for more precise system accuracy control and making it
necessary to conduct uncertainty analysis on key steps.

In actual solar energy system applications, unforeseen circumstances often arise dur-
ing operation, so future research could integrate simulations of additional weather
factors to develop a more realistic and production-oriented simulation model.

An intelligent optimization model for solar-powered freshwater production systems
should be established, since the study of nanomaterials within a single system is lim-
ited in scope, failing to take into account the substitutability of materials and the ac-
ceptability of economic costs.

Although significant progress has been made in the research of thermodynamic melt-
ing associated with magnetic field convection across various fields, it is necessary to
further explore the economic benefits of these findings and address the insufficient
studies on the impact of eddy current characteristics in magnetic fields on the thermal
properties of materials.
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Abbreviations

ANN Artificial neural network

BA Bat algorithm

BBO Optimization based on biogeography

BET Brunauer—-Emmett-Teller

CFD Computational fluid dynamic

CHTC Convective heat transfer coefficient
cor Conference of the parties

DFT Density functional theory

DHPD Na:HPO+12H20

DSC Differential scanning calorimetry

F Furfural

FEA Finite element analysis

Fo Fourier number

FTIR Fourier transform infrared spectroscopy
GNP Graphene nanosheets

GWO Grey wolf optimization

IEA International energy agency

IRENA International renewable energy agency
L Liquid

LHTES Latent heat thermal energy storage
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LIB Lithium-ion battery

LSTM Long short-term memory

MA Myristic acid

MD Molecular dynamics

MLP Multilayer perceptron

MWCNT Multi-walled carbon nanotube

NG Nano-graphite

Ni@C/C The hierarchically porous carbon structure infiltrated with Ni@graphite
NP Nanoparticle

NPCM Nanoparticle-enhanced phase change material
Nu Nusselt

ODA Octadecanol

oM Oleic-acid-modified

PCB Printed circuit board

PCM Phase change material

PSO Particle swarm optimization

PV Photovoltaic

PVT Photovoltaic-thermal

R Resorcinol

RBF Radial basis function

S Solid

SA Silica aerogel

SEM Scanning electron microscope

SIMPLE Semi-implicit method for pressure linked equations
SH Sherwood number

TC Thermal conductivity

TEM Transmission electron microscope

TGA Thermogravimetric analysis

TLC Thermochromic liquid crystal

VMTNS Vermiculite nanosheets
XGBoost Extreme gradient boosting

XPS X-ray photoelectron spectroscopy
XRD X-ray diffractometer
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