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Abstract: Nanofluids, which consist of nanosized particles dispersed in a base fluid, repre-
sent a promising solution to improve the performance of thermal energy storage systems.
This review offers a comprehensive overview of nanofluids and their applications in ther-
mal energy storage systems, discussing their thermal properties, heat transfer mechanisms,
synthesis techniques, and application in latent heat storage systems. Various types of
nanofluids are examined, including metal oxide, carbon-based, and metallic nanofluids,
highlighting their effects on thermal conductivity, latent heat and the phase change tem-
perature. A review of experimental and numerical studies showcases the performance
of thermal energy storage systems incorporating nanofluids and the factors influencing
their thermophysical characteristics and energy storage capacity. Finally, the key findings
of current research are summarized, as well as the challenges and the potential future
directions in nanofluid-based thermal energy storage systems research, emphasizing the
need to optimize nanoparticle concentration and long-term durability.

Keywords: nanofluids; nanoparticles; heat transfer; thermal energy storage; phase
change material

1. Introduction
Currently, the transition to a decarbonized and sustainable energy sector, crucially

facilitated by integration of Renewable Energy Sources (RES) into the energy combination,
is regarded as an essential and urgent strategy for addressing climate change [1]. In fact,
traditional energy systems dependent on fossil fuels pose serious risks to the environment
due to climate-altering emissions. According to the Energy Institute [2], global energy-
related greenhouse gas emissions reached a new all-time high of over 40 gigatons in 2023.
While renewable energy sources continued to expand rapidly, reaching record levels in
2023, the dominance of fossil fuels in the global energy mix remained stubbornly high,
hovering around 80%.

Thermal energy storage (TES) offers a promising solution to address fluctuations in
Renewable Energy Sources (RES) production, particularly on the long-term (up to seasonal)
scale. There is a widespread consensus that TES is one of the most appropriate options
for long-term energy storage systems, primarily because of its low capital investment
requirements [3,4]. By capturing and reserving surplus heat for future use, TES systems
can enhance grid stability, diminish dependence on fossil fuels, and support a sustainable
energy future.

The global demand for TES is influenced by several factors, such as geographical loca-
tion, climate, and energy consumption patterns. Regions rich in renewable energy sources,
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like solar and wind, present greater potential for TES applications [5]. It is also driven
by the need to mitigate climate change impacts, support renewable energy integration,
enhance energy efficiency, and adapt to evolving energy demands in both heating and
cooling applications across diverse regions [6]. The demand for TES is also influenced by
shifting energy consumption driven by urbanization, industrialization, seasonal heating
and cooling requirements, and the addition of intermittent RES [7]. However, TES require-
ments and challenges differ widely by region. For instance, in arid and semi-arid areas, TES
can be employed to accumulate solar thermal energy for heating and cooling applications.
In colder climates, TES is often used to capture excess heat from industrial processes or
district heating systems [8].

TES has diverse applications across multiple sectors, including buildings, industry,
and power generation. In the building sector, TES can capture and store surplus solar
thermal energy for heating and cooling, helping to lower fossil fuel reliance and reduce
energy costs [9]. In industrial settings, TES can recover waste heat from processes, boosting
energy efficiency and decreasing greenhouse gas emissions. Within the power sector,
TES can be combined with renewable energy sources to offer long-term flexible solutions,
thereby enhancing grid stability and reliability [10].

Although TES shows great potential, several obstacles limit its broader adoption.
These challenges mainly include the high up-front costs as well as the limited efficiency
when compared to other types of storage systems. However, ongoing research and devel-
opment efforts are helping to address these issues, making the future of TES increasingly
promising [11]. Government policies and incentives are also vital, as they can encourage
TES deployment by creating supportive market conditions and lowering financial barri-
ers. Augmenting the efficiency of TES is of paramount importance in the changeover to
a sustainable energy landscape [12]. TES efficiency is contingent upon various factors,
including the thermal characteristics of storage materials, system design, and integration
with existing energy infrastructure. The selection of high-capacity materials with favorable
heat transfer characteristics is crucial to improve thermal retention and minimize energy
losses [13].

Nanofluids, a mixture composed of nanoparticles like metal oxides, metals or carbon-
based materials dispersed in traditional heat transfer fluids, have been recognized as
an auspicious solution to the problem of improving the performance of TES systems [14].
These advanced fluids exhibit significantly improved thermal conductivity and heat transfer
capabilities compared to their conventional counterparts, making them particularly well-
suited for applications demanding highly efficient heat transfer [15].

The thermal characteristics of nanofluids are improved with respect to those of tradi-
tional heat transfer fluids due to several reasons, such as the increased surface area, which
enhances heat transfer, and the modified flow properties, that facilitate better convective
heat transfer [16]. The stability aspect and uniform scattering of nanoparticles in base
fluid are vital factors affecting the performance of nanofluids, as they influence thermal
conductivity and help prevent sedimentation. Researchers are actively exploring different
formulations of nanofluids to optimize these attributes, ensuring they maintain stability
and effectiveness across various operating conditions [17].

The number of publications related to thermal energy storage research from 2001
to 2025, as shown in Figure 1, demonstrates a significant upward trend based on data
retrieved from the Scopus database. From 2001 to 2013, the growth in research output was
gradual, with annual publications remaining below 100. However, from 2014 onward, the
field experienced a notable surge, reflecting increased global interest and advancements
in thermal energy storage technologies. This upward trajectory peaked in 2024 with
over 500 publications, marking the highest output within the observed period. The sharp
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decline in 2025 is likely due to incomplete data collection for that year, as it may not yet
fully represent the total number of indexed publications. Overall, the trend underscores
the growing importance of thermal energy storage as a pivotal research area in the context
of sustainable energy and climate change mitigation.
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Figure 1. Nanomaterial research publications for thermal energy storage from the year 2001 to 2025:
an annual analysis.

Overall, the paper seeks to synthesize existing research and provide insights into
how nanofluids can improve the efficiency and effectiveness of TES, thereby helping the
development of sustainable energy solutions. Given these premises, the novelty of this
paper is providing a comprehensive review of TES systems based on nanofluids. The
structure of the paper is as follows: In Section 2, the paper begins by classifying and briefly
describing thermal energy storage (TES) systems, setting the stage for understanding the
challenges that nanofluids might help address. Section 3 explores the topic of nanofluids,
covering their synthesis methods (Section 3.1), thermophysical properties (Section 3.2), and
heat transfer mechanisms (Section 3.3). In Section 4, the paper focuses on how nanofluids
are applied within thermal energy systems. Section 5 discusses the ongoing challenges
in nanofluid research which still need to be tackled. Section 6 states the limitations and
future directions in nanoparticle-based PCM systems and thermal storage systems. Lastly,
Section 7 concludes the paper and looks ahead at the future potential of nanofluids.

2. Thermal Energy Storage Systems
TES systems can be broadly classified into three main categories: sensible heat storage

(SHS), latent heat storage (LHS), and thermochemical heat storage (TCHS), as illustrated in
Figure 2. SHS retains energy by increasing the temperature of a medium, such as water
or rocks without inducing a phase change. LHS relies on phase change materials (PCM)
which absorb and emit energy while in phase transition [18]. These transitions include
solid–liquid, liquid–gas, solid–gas, and solid–solid changes. Among them, solid–liquid
PCMs are increasingly used for their reliability and high energy storage capacity. While
liquid–gas and solid–gas transitions offer higher energy density, they are often limited by
complex system requirements. Solid–solid transitions, which involve changes in crystalline
structure, present unique advantages such as no leakage, enhanced long-term stability, and
simpler containment. Polymers and specific alloys are examples of materials that make
this method suitable for compact and dependable energy storage applications. TCHS uses
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reversible chemical reactions or sorption processes to store and release heat, offering high
energy density and long-term storage capabilities [19].
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2.1. Sensible Heat Storage (SHS)

Sensible heat storage is a highly cost-effective method for storing thermal energy. It
includes storing heat energy inside the material’s sensible heat capacity, as its temperature
changes, as shown in Figure 3. SHS is a TES subcategory that elevates material temper-
ature without phase change to store heat [20]. This versatile and commonly used TES
technology finds applications in space cooling and heating, and domestic hot water as
well as industrial settings. SHS systems capture heat by temperature increment of storage
media such as metals, rocks, concrete, water or molten salts. The quantity of heat cap-
tured through SHS is linked to the material’s weight and its temperature rise [21]. SHS
systems offer a combination of simplicity and affordability, making them a popular choice.
SHS systems boast high efficiency levels, typically recovering between 70% and 90% of
stored energy [22]. While SHS systems excel in efficiency, they typically store less heat per
unit volume compared to other TES technologies like LHS. SHS systems can be primarily
categorized into liquid-based and solid-based depending on their storage medium.
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Liquid-based storage includes water and organic liquids. Water’s widespread avail-
ability, low cost, and effective heat transfer properties make it a preferred option [23].
Organic fluids provide flexibility and store a significant amount of energy [24]. Moreover,
some systems combine water [25] with organic liquids, such as fatty acids or paraffin waxes
to achieve a broader range of temperature and higher density of energy. This elasticity
allows them to be used effectively in applications with considerable temperature swings.

Solid-based storage systems employ materials like concrete [26], rocks [27] or
metals [28] as the heat storage medium. These materials offer distinct benefits compared to
liquid-based SHS. In fact, rocks, readily available and affordable, present a cost-effective
option for heat storage. Concrete’s growing popularity stems from its seamless integration
into building constructions. Moreover, under high pressure and temperature conditions,
solid-based storage systems exhibit minimal leakage risk [29]. In harsh environments, solids
demonstrate exceptional resilience, tolerating a varied temperature range. For effective
cooling and heating, SHS acts as the best source by blending seamlessly with concrete for
building structures [30]. While solid-based heat storage systems offer several advantages,
they also come with certain drawbacks [29] with respect to liquid-based heat storage:

• solid-based SHS can store less heat per unit mass or volume due to inferior specific
heat capacity and energy density;

• because of the formation of hotter and colder regions within the storage medium, it
can be challenging to maintain and achieve constant distribution of temperature;

• factors like conduction and radiation cause self-discharge in solid-based SHS, leading
to a gradual loss of heat periodically;

• while solid-based SHS may be less expensive up-front, they often have elevated
enduring operational and maintenance expenses compared to liquid-based SHS.

2.2. Latent Heat Storage (LHS)

Latent heat storage mainly retains heat through the phase change process, where
temperature remains nearly constant. This method is closely associated with the latent heat
of material, as illustrated in Figure 4. Latent Heat Storage accomplishes heat storage by
employing PCMs. This procedure entails the absorption or release of a substantial quantity
of heat, referred to as latent heat of vaporization or fusion. LHS offers several advantages
over SHS, specifically increased energy storage capacity [31], swift storage and release
capacity [32], sleek and compact design [33] and decreased susceptibility to temperature
variations [34].
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LHS are categorized into organic and inorganic types based on the kind of PCM used.
Organic phase-changing materials undergo a distinctive temperature-based phase trans-
formation, shifting from liquid to a solid state and from solid to liquid state, accompanied
by latent heat release or absorption. Within the realm of TES, organic PCMs have gained
prominence in construction applications, mainly due to their temperature transition phase
falling within the human-safe range. Importantly, PCMs exhibit a broad range of tempera-
ture for changing phase, expanding their versatility in diverse applications. They are also
significantly safer for various applications due to toxic- and corrosion-resistance properties.
Moreover, the versatility of organic phase-changing materials is evident in their diverse
forms, enabling tailored applications to suit various contexts [35]. Commonly employed
organic PCMs are paraffins [36], fatty acids [37], eutectic mixtures [38], polymers [39],
esters [40], sugar alcohols [41] and fatty alcohols [42].

Inorganic phase change materials primarily consist of water, molten salts, hydrated
salts and metal alloys. Hydrated salts and water are predominantly utilized in low-
temperature applications [43]. Metals and alloys offer significant advantages for develop-
ment in latent heat energy storage systems, including high energy storage density, minimal
volume change during melting, excellent thermal conductivity, and thermal stability that
is tens to hundreds of times better than other PCMs [44]. Meanwhile, for cold storage,
inorganic PCMs are primarily composed of hydrated, molten salts, and other inorganic
compounds [45]. Inorganic phase change materials offer advantages over organic ones,
including higher latent heat, a wider high-temperature range, and lower cost [46]. How-
ever, inorganic phase change materials also face challenges such as supercooling and phase
separation, which can directly or indirectly impact their heat storage capacity [47]. The
benefits and disadvantages of organic and inorganic PCMs [48] are listed in Table 1.

Table 1. Benefits and drawbacks of organic and inorganic PCMs [48].

Organic PCMs Inorganic PCMs

Benefits Benefits

Low supercooling High latent heat
Non-corrosive High phase change enthalpy

Stable thermal performance
Wide range of available melting points

Drawbacks Drawbacks

Inflammability Prone to supercooling

Lower thermal conductivity Risk of phase separation and phase
segregation

Potential for degradation over time Can be corrosive
Low phase change enthalpy Lack of thermal stability

2.3. Thermo-Chemical Heat Storage (TCHS)

Thermo-chemical heat storage (TCHS) uses reversible processes of chemical reactions
for heat storage and retrieval [49]. This process includes the exchange of heat between a
chemical reaction and its surroundings, enabling the storage and retrieval of energy. To fully
understand the adsorption or desorption cycle, it is essential to carefully analyze the equi-
librium temperature, which directly influences the cycle process. The release of ions from
solids initiates when the system temperature surpasses the equilibrium temperature [50].
TCHS systems are of two types depending on their interaction with the environment.

Open TCHS System—The material acts as a heat-storing medium, absorbing reactants
during the endothermic phase and releasing them during the exothermic phase. During the
charging phase of the cycle, the adsorbent material undergoes a process of heat absorption
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as it binds with incoming reactants. As discharge progresses, the absence of new reactants
results in the desorption of previously adsorbed reactants, accompanied by the release
of heat. The constant supply of heat makes the open system suitable particularly for
applications like cooling or heating of space. By dynamically controlling reactant flow,
the system can flexibly adjust its heat storing and rate of release, optimizing performance
according to needs. The flexibility of open systems in reactant supply means they are less
dependent on storage capacity [49].

Closed TCHS System—Fixed adsorbent reactants exhibit reversible heat exchange
through chemical reactions [50]. The system exhibits closed-loop thermal management,
maintaining its temperature balance within a defined boundary. This system consists of
two primary phases: charging and discharging. During the charging phase, the reactant
is adsorbed by adsorbent material, primarily through a reversible chemical process or
adsorption. This reaction absorbs heat from its surroundings, saving it as chemical potential
energy within the system. The gathered heat from this exothermic reaction is suitable for
practical implementation in a range of applications, including heating and air conditioning
of space [51].

2.4. Challenges in TES

TES systems encounter various challenges that can significantly hinder their effi-
ciency and overall effectiveness, many of which may be alleviated through the application
of nanofluids.

Challenges in SHS:

• Low Energy Density: Sensible heat storage typically has lower energy storage den-
sity, meaning large volumes of material are needed to store significant amounts of
energy [29].

• Thermal Losses: As SHS systems primarily rely on temperature changes for energy
storage, maintaining consistent heat transfer efficiency is challenging [52].

• Slow Heat Transfer: The rate of heat absorption and release is often slow due to limited
heat conductivity of the storage material [53].

Challenges in LHS:

• Low Thermal Conductivity: Many phase change materials (PCMs) used in LHS sys-
tems have poor thermal conductivity, slowing down the heat transfer process [47,48].

• Supercooling and Phase Separation: Some PCMs exhibit supercooling (cooling below
their freezing point without solidifying), and phase separation (where different phases
of the material separate), which can hinder performance [48].

• Limited Melting and Freezing Cycles: PCMs degrade over time with repeated melting
and freezing cycles, reducing their effectiveness [48].

Challenges in TCHS:

• Low Energy Density: While TCHS systems can store large amounts of energy, the
materials used often suffer from low energy density when compared to SHS and LHS
systems [54].

• Kinetics of Chemical Reactions: The rate of the chemical reactions involved in thermo-
chemical storage can be slow, limiting the system’s responsiveness [55].

• Complex System Design: The need to control reaction conditions, such as pressure
and temperature, makes TCHS systems complex and potentially costly [56].

How Nanofluids Alleviate These Challenges:
While nanofluids are commonly incorporated to augment the performance of LHS

systems by improving heat transfer and reducing supercooling and phase separation, they
also offer potential benefits in SHS and TCHS systems. Nanofluids can enhance thermal
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conductivity, speed up energy transfer, and improve the efficiency and stability of the entire
TES system across all three types.

• Optimized Energy Density: The addition of nanofluids improves heat transfer rate
and thermal response, allowing for higher energy storage density compared to con-
ventional systems [57].

• Improved Heat Transfer Efficiency: The enhanced thermal properties of nanofluids
allow for better heat distribution, minimizing thermal losses during the cycles of
charging and discharging [58].

• Enhanced Heat Transfer: Nanofluids increase thermal conductivity of the liquid phase,
improving heat transfer rate during the phase change process, thus speeding up the
energy storage and retrieval processes [58].

• Enhanced Thermal Conductivity: Nanofluids, which are suspensions of nanoparticles
in liquids, improve the thermal conductivity of base fluids, resulting in faster heat
transfer and more effective energy storage and retrieval [57,59].

• Reduced Supercooling: By adding nanoparticles in PCM, nanofluids can reduce the
degree of supercooling, improving the overall efficiency of the system [60].

• Prevention of Phase Separation: Nanoparticles can act as nucleating agents, pro-
moting a more uniform phase change process and reducing the tendency for phase
separation [61].

• Improved Thermal Stability: Nanofluids improve the thermal stability and lifespan of
PCMs by reducing the repeated thermal cycling effects [62].

• Enhanced Reaction Rates: Nanoparticles can provide a large surface area that promotes
faster chemical reactions, improving the rate of energy storage and release [63].

3. Nanofluids
By incorporating nanoparticles into base liquids, nanofluids are created as advanced

heat transfer media. They exhibit superior thermophysical characteristics and enhance heat
transfer efficiency, making them suitable for various industrial and technological uses. This
section examines the methods of synthesizing nanofluids, their properties, and heat transfer
characteristics. It emphasizes the synthesis approaches, discusses their thermophysical
properties and correlations.

3.1. Synthesis Techniques

The techniques used to prepare nanofluids significantly impact their thermal prop-
erties. A variety of material mixtures can be employed for specific applications. These
include nitrides, metal nanoparticles, metal carbides, oxides and nonmetals without and
with surfactants. These materials can be dispersed into various base fluids like water,
ethylene glycol (EG) and oil [59]. The following equation (Equation (1)) (Stokes’ Law) states
that the terminal velocity of a spherical object falling through a fluid is directly proportional
to the square of its radius, the difference in density between the object and base fluid, and
the viscosity of the fluid.

V =
2R2

9
(ρP − ρL)× g (1)

where V—velocity of sedimentation of particles, µ—viscosity of fluid, R—spherical object
radius, ρP and ρL are the particle and fluid density and g is gravitational acceleration.
From the above equation, it is observed that lower sedimentation velocity of nanoparticles
contributes to improved nanofluid stability. This is due to the reduction in R, elevating µ,
and minimizing the difference between ρP and ρF. To prevent nanoparticle accumulation
while preparing nanofluids, it is essential to ensure the use of smaller-sized nanoparticles.
The latter are characterized by lower sedimentation velocity, thus reducing the risk of
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aggregation and increasing the dispersion of particles in the fluid. These aspects help
uphold uniform properties and thermal performance [64].

Nanoparticle sedimentation is strongly influenced by the Stokes regime, a flow con-
dition where viscous forces control inertial forces, distinctive of low Reynolds numbers.
Within this regime, particles show expectable laminar motion, and their suspension stability
depends on the equilibrium between sedimentation and counteracting forces like Brownian
motion and electrostatic repulsion. The Stokes regime confirms that particles trail the
streamlines of the fluid, avoiding quick sedimentation, which is critical for preserving
nanofluid performance over time [65].

Reducing sedimentation velocity lessens particle clustering and guarantees uniform
dispersion. For example, nanoparticles under 50 nm lead to improved Brownian motion,
which avoids settling and advances stability. The interaction between particle size, Brown-
ian motion and the Stokes regime is very important for nanofluid design [66]. Moreover,
adjusting the base fluid properties, such as increasing viscosity or incorporating surfactants,
further reduces sedimentation, which stabilizes the fluid for longer periods [67].

The Stokes regime also helps in augmenting nanoparticle suspension through the
design of nanofluids along with low sedimentation rates. The Stokes number, defined
as the dimensionless ratio of the particle relaxation time to the characteristic timescale of
the flow, provides an understanding of particle–fluid interactions. The Stokes Number
provides an insight into particle–fluid relations, where St < 1 specifies that particles follow
fluid streamlines and persist in suspension. This equation forecasts and regulates particle
dynamics in nanofluids. Applying the Stokes regime to nanofluids ensures better thermal
properties and operational efficiency in heat transfer applications [68]. The preparation of
nanofluids involves two primary methods: one-step and two-step.

3.1.1. One-Step Method

The one-step method involves directly creating nanomaterials within a fluid without
going through a separate dispersion process. This technique uses either liquid chemistry
or physical methods to achieve this. A team of researchers conducted in-depth research
on this method for preparing metal nanofluids. They developed techniques that involve
condensation through direct evaporation that efficiently create nanofluids [69]. Nanofluids
with enhanced stability can be produced using concurrent production and dispersal of
nanoparticles in base fluid which decreases nanoparticle agglomeration. The one-step
method, while offering certain advantages, is often hindered by the need for sophisticated
and costly equipment. This limitation can restrict its widespread application in industrial
settings. The one-step preparation methods investigated by previous researchers are
reported in Table 2.

Table 2. Summary of studies on one-step methods of nanofluid preparation.

Ref Base Fluids Nanomaterial Key Findings

[70] Water Nanocarbon

The one-step synthesis of nanocarbon utilizes an
O2–C2H2 flame to generate carbon-based nanoparticles,
which are then mixed and condensed with water. The

process includes precise control of flame ratios and water
flow, followed by continuous stirring, homogenization,
and ultrasonic treatment to ensure optimal dispersion

and suspension of the nanoparticles.
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Table 2. Cont.

Ref Base Fluids Nanomaterial Key Findings

[71] EG Cuprous oxide

Cuprous oxide nanofluid was synthesized via reduction
of copper sulfate in ethylene glycol with ammonium

hydroxide and ribose, followed by pH adjustment and
heating at 70 ◦C. Key reaction parameters like reducing

agent concentration and microwave irradiation
were optimized.

[72] Oil Ag/Si

Silica-based nanofluids were prepared using a one-step
method by magnetic stirring at 130 ◦C for 2 h, with silica

concentrations ranging from 0.07 to 4.4 wt%. Silver
nanoparticles supported on silica were similarly

synthesized by adding silver nitrate and silica to the base
fluid, followed by stirring at 130 ◦C for 2 h to prevent

oxidation and facilitate nanoparticle formation.

[73] Oil SiC

Nanofluids in this study were prepared using the
Electrical Explosion Welding (EEW) method, where
electrical explosion of thin wire electrodes in liquid

media (e.g., water, oil, glycerin) simultaneously produces
and distributes nanoparticles. The process allows for the

use of various liquids and surfactants, ensuring
long-term stability of the nanofluid, and is particularly
cost-effective for large-scale nanoparticle production.

[74] Distilled Water NaNO3-KNO3

Metal oxide nanoparticles were synthesized directly in
molten NaNO3-KNO3 eutectic by thermal decomposition
of metal nitrate precursors, ensuring no contamination

due to shared anions with the solvent. Aluminum nitrate
was identified as the optimal precursor.

[75] Oil CuO

EEW method involves using high voltage and current to
convert thin conductive wires into nanoparticles under
liquid, offering the ability to produce a wide range of
metallic nanocolloids. This environmentally friendly

method ensures excellent dispersion of nanoparticles in
various liquids like water, oil, and glycerin, without the

need for surfactants.

[76] Deionized
water Graphene

Graphene nanofluids were prepared by dispersing
graphite powder in deionized water and exfoliating the
mixture using a high-speed homogenizer at 10,000 rpm
for one hour. After centrifugation, the supernatant was

collected as the final nanofluid.

[77] EG Cu

Copper nanofluid was synthesized by reducing copper
sulfate in ethylene glycol with fructose, followed by pH
adjustment and heating to 70 ◦C. Microwave heating was

also tested to examine its effect on synthesis. Copper
nanoparticles were separated by centrifugation, washed,

and dried.

3.1.2. Two-Step Method

Figure 5 represents the two-step method involves two distinct phases: production
stage, which focuses on creating the nanoparticles themselves, and dispersion stage, where
the nanoparticles are introduced into base fluid, and dispersed evenly to form the nanofluid.
The synthesis of nanotubes or nanoparticles using physicochemical techniques should be
performed first, followed by dispersion of the nanoscale powders into the base liquid.
Unlike the single-step methods, the two-step methods inherently involve the formation
of clusters of nanoparticles [78]. The formation of nanoparticle clumps in nanofluids can
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impede their normal fluid dynamics and thermal conductivity. Ball milling and ultrasonic
vibration are among the dispersion techniques essential for achieving optimal results in the
two-step method [79].
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Recently, the two-step method has gained significant popularity in industrial appli-
cations due to lower costs for production compared to the single-step method. Despite
advancements, agglomeration of nanoparticles remains a challenge in the two-step method,
leading to ongoing instability issues in suspensions [80]. A study compared Ag nanofluids
prepared using two different methods for their thermal application [81]. The two-step
preparation methods investigated by previous researchers are listed in Table 3.

Table 3. Summary of studies on two-step methods of nanofluid preparation.

Ref Base Fluids Nanomaterial Key Findings

[78] Water Cu/CuO

Hybrid nanofluids were prepared using a two-step method by
mixing copper and copper oxide nanoparticles with water as
the base fluid. Various weight fractions of nanoparticles (Cu

and CuO) were tested, with concentrations ranging from
2 g/L to 4 g/L to achieve optimal stability for

low-temperature applications.

[82] Water Al2O3

The two-step method involves dispersing nanoparticles like
aluminum oxide (Al2O3) in deionized water using sonication,
homogenization, or magnetic stirring for uniform distribution.

Surfactants may be used to enhance stability, with Al2O3
concentrations ranging from 0.1% to 0.6% in the base fluid.

[83] Oil CeO2/CuO

The CeO2-CuO hybrid nanolubricant was prepared using the
two-step method by dispersing nanoparticles in base fluid to
achieve various volume fractions (0.25% to 1.5%). The mixture

was stirred with a magnetic stirrer for 1 h and exposed to
ultrasonic waves for 1.5 h to prevent agglomeration and

ensure stability.
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Table 3. Cont.

Ref Base Fluids Nanomaterial Key Findings

[84] DI water CuO/GNP

The two-step method was used to prepare hybrid
nanofluid-based phase change materials (NFPCMs) by adding

oxygen-functionalized GNPs and CuO nanoparticles to the
base PCM. The mixture was stirred and ultrasonicated,

followed by probe sonication to enhance stability. A
nucleating agent and surfactant were also added to improve

homogeneity and stability, with no visible sedimentation
observed after three days.

[85] Water TiO2/Graphene Oxide

TiO2 and GO nanofluids were prepared using the two-step
method, where TiO2 nanoparticles at varying concentrations

were dispersed in water with cetyltrimethylammonium
bromide to prevent agglomeration. The mixture was sonicated
and stirred for uniformity, followed by the addition of 20 wt%
GO dispersion. The final mixture was heated in an oil bath at

80 ◦C with magnetic stirring for 6 h.

[86] EG/Oil MWNT

CNT nanofluids were prepared by dispersing multi-walled
carbon nanotubes into ethylene glycol or synthetic engine oil

using magnetic agitation and ultrasonication.
N-hydroxysuccinimide (NHS) was used as a dispersant in the
engine oil-based suspensions. Volume concentrations ranged
from 0.2 to 1.0 vol.% in ethylene glycol and 1.0 to 2.0 vol.% in

engine oil.

[87] Oil MgO/ZnO

ZnO and MgO nanofluids were prepared without surfactants
using the two-step method, with concentrations ranging from
0.125% to 1.5%. The nanoparticles (40 nm) were dispersed by
magnetic stirring for 3 h, followed by ultrasonic processing at
20 kHz for 1 h. The nanofluid showed excellent stability for at

least two weeks, with no visible sedimentation observed.

[88] Water MWCNT/Fe2O3

Hybrid Fe2O3 and MWCNTs nanofluids (80% Fe2O3, 20%
MWCNTs) were prepared using the two-step method.

Dispersion was optimized by adjusting pH, conductivity,
sonication parameters and dispersion to nanoparticle weight

ratios (0.4–1.0) at a 0.1% concentration. Hybrid nanofluids
were then formulated with volume concentrations ranging

from 0.1% to 1.5%.

The one-step and two-step methods have different advantages and limitations that
make them appropriate for diverse use cases. The one-step method leads to improved
stability and control but is often stalled by its high costs and inadequate scalability; the two-
step method is more cost-effective and better suited for large-scale applications, although
at the expense of stability and control [89]. Benefits and drawbacks of the two methods are
summarized in Table 4.

3.2. Thermophysical Properties

Nanofluids, characterized by enhanced thermophysical properties and stability, hold
great promise for a diverse range of applications [90]. This potential is rooted in their ability
to significantly outperform conventional fluids in various domains.
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Table 4. Benefits and drawbacks of one-step and two-step methods.

One-Step Method Two-Step Method

Benefits Benefits

High stability Well-suited for large-scale production
Reduced agglomeration Suitable for oxide nanoparticles

No need for storage, drying, or oxidation Cost-effective
Greater control over the process

Drawbacks Drawbacks

Not ideal for large-scale production Prone to rapid agglomeration
Lower thermal conductivity Limited control over dispersion

Suitable only for low vapor pressure liquids High surface energy requiring
extra treatment

3.2.1. Thermal Conductivity

Thermal conductivity is the measure of a nanofluid’s capability to conduct heat. It is
defined as the rate at which heat passes through a material (unit thickness) when subjected
to a unit temperature gradient. It has been demonstrated that thermal conductivity of
fluids like water, kerosene, and ethylene glycol, has been improved by incorporating little
nano-suspended elements [91]. This is the reason why the use of nanoparticles in PCMs
is often aimed at enhancing thermal conductivity. This property is crucial for efficient
heat transfer and can improve the performance of PCM-based TES systems. Nanofluids,
colloidal dispersions of nanomaterials in base fluid, exhibit unique thermal properties.
Various researchers have developed diverse models to estimate the thermal conductivity of
a nanofluid. A list of these models is presented in Table 5.

Table 5. Developed equations for thermal conductivity of nanofluids.

Ref Nanomaterial Models

[92] Al2O3 & Cu kn f
kb f

=
knp+2kb f +2(knp−kb f )ϕ

knp+2kb f −(knp−kb f )ϕ

[93] Al2O3 & Cu kn f
kb f

=

kCuϕCu+kAl2O3
ϕAl2O3

ϕ +2kb f +2(kCuϕCu+kAl2O3
ϕAl2O3

)−2kb f ϕ

kCuϕCu+kAl2O3
ϕAl2O3

ϕ +2kb f −(kCuϕCu+kAl2O3
ϕAl2O3

)+kb f ϕ

[94] Ag & MgO kn f
kb f

=
0.1747×105+ϕnf

0.1747×105−0.1498×106ϕn f +0.1117×107ϕnf
2+0.1997×108ϕnf

3

[95] Al2O3 & ZnO kn f
kb f

= a0 + a1T + a2T2 + a3R + a4R2 + a5ϕ + a6ϕ2

[96] Al2O3 & TiO2
kn f
kb f

=
knp+2kb f +2ϕ(knp−kb f )

knp+2kb f −ϕ(knp−kb f )

[97] SWCNT & Al2O3
kn f
kb f

= 0.008379 × [ϕ0.4439 × T0.9246] + 0.963

[98] MWCNTs & COOH kn f
kb f

= aTb + cϕd + e(Tϕ) f − g

[99] Al2O3 & Fe kn f
kb f

= (
knp+2kb f +2ϕ(knp−kb f )(1+β)3

knp+2kb f −ϕ(knp−kb f )(1+β)3 )

[100] Al2O3 & Cu kn f
kb f

= (9.6128+ϕ)
−0.00010759T2+9.3885 − 0.0041099

ϕ

[101] Al2O3 & Fe kn f
kb f

= (4.97ϕ2 + 2.72ϕ + 1)

[102] Graphite & SiO2
kn f
kb f

= 0.852870218 × (1 + ϕ)6.591412917 × T0.052797513 × (
mnp2
mnp1

)
0.022254808



Energies 2025, 18, 707 14 of 53

3.2.2. Density

Density is a key factor influencing various fluid properties, such as friction factor,
Reynolds number and pressure loss. A study used blended nanofluid in which lower
pressure drop was observed for a H2O/MWCNT blend in comparison to a H2O/CuO-
MWCNT blend due to the lower CuO density [103]. The study reveals that pressure can
vary when nanofluid density varies. Another group of researchers found that change in
density plays a major role in elevating the pumping power of nanofluid [104]. Adding
surfactant can also have a minor impact on nanofluid density. The hike in nanofluid density
is a result of the nanomaterials occupying space within the base fluid [105]. Also, the
hybrid nanomaterials show lower density when compared to other nanomaterials. Table 6
provides theoretical equations for nanofluid density, which have been investigated through
both experimental and theoretical approaches.

Table 6. Correlation models for density of nanofluids.

Ref Nanomaterial Model

[93] Al2O3 & Cu ρn f = ρCuϕCu + ρb f (1 − ϕ) + ρAl2O3 ϕAl2O3
[106] Al2O3 & TiO2 ρn f = (1 − ϕ)ρb f + ϕρnp

[107] MWCNTs & Fe3O4 ρn f = ρb f (1 + ϕ)0.03279[ T
60 ]

0.0003355

[108] Al2O3 & Fe ρn f = (1 − ϕ)ρb f + ϕρnp

[109] Nanodiamond & Fe3O4 ρn f = ρb f [(1 + ϕ)0.427×10−1
( Tmin

Tmax
)

0.95×10−4

]

[110] Al2O3 & Cu ρn f = ρ f (1 − ϕ) + ρ1ϕ1 + ρ2ϕ2

[111] Nanodiamond & Fe3O4 ρn f = ρb f [(1 + ϕ)0.414×10−1
( Tmin

Tmax
)

0.1106×10−3

]

[112] Ag & MgO ρn f =
(

1 − ϕn f

)
ρb f + ϕAgρAg + ϕMgOρMgO

[113] TiO2 & Cu ρn f = (1 − ϕ2)[(1 − ϕ1) + ϕ1(
ρs
ρ f
)]ρ f + ρs2ϕ2

[114] Al2O3 & Cu ρn f = ρnpϕ + ρb f (1 − ϕ)
[115] Graphite & SiO2 ρn f = ρnp1ϕnp1 + ρnp2ϕnp2 + ρb f (1 − ϕnp1 − ϕnp2)

[116] -
ρn f = (m

V )n f =
mb f +mn f
Vb f +Vnp

=
ρb f Vb f +ρnpVnp

Vb f +Vnp

ρn f = (1 − ϕ)ρb f + ϕρnp

Where: ϕ =
Vnp

Vb f +Vnp
≈ Vnp

Vb f

3.2.3. Viscosity

The viscosity of nanofluids is a crucial factor affecting their application in various ways.
The variation in viscosity directly influences movement characteristics and other associated
factors. For instance, Li et al. demonstrated that by increasing EG/ZnO concentration in
a nanofluid, a hike in viscosity can be observed and when the temperature is increased
there is a decrease in viscosity [117]. Loulijat et al. proved that an Ag-H2O nanofluid’s
shear viscosity decreases as temperature increases, which is due to the improved Brownian
motion of water molecules, which reduces the overall viscosity [118]. The nanofluid’s
viscosity is also significantly influenced by the spacing between particles and the extent
of their combination, rather than solely by their size [119]. According to Hossein et al.,
the viscosity of carbon nanotubes decreases as their aspect ratio increases [120]. As larger
nanofluid particles have elevated thermal conductivity the interfacial thermal resistance is
decreased. Table 7 reports various equations used to estimate nanofluids’ viscosity.
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Table 7. Viscosity equations used by authors for nanofluids.

Ref Nanomaterial Models

[88] MWCNT & Fe2O3
µn f
µb f

= 1.031 + 0.0025T + 0.1386ϕ

[92] Al2O3 & Cu µn f =
µb f

(1−ϕAl2O3
−ϕCu)

2.5

[93] Al2O3 & Cu µn f
µb f

= (k2ϕ2 + k1ϕ + 1)

[94] Ag & MgO µn f
µb f

= (1 − 7214ϕ2
p + 32.795ϕp − 0.1941 × 108 + 714600ϕ3

pϕ4
p)

[106] Al2O3 & TiO2 µn f =
µb f

(1−ϕ)2.5

[113] TiO2 & Cu µn f =
µb f

(1−ϕ2)
2.5(1−ϕ1)

2.5

[121] MWCNTs & SiO2
µn f
µb f

= a4ϕ4 + a3ϕ3 + a2ϕ2 + a1ϕ + a0

[122] MWCNTs & ZnO µn f
µb f

= A + Bϕ + Cϕ2 + Dϕ3

[123] Al2O3, CuO & TiO2
µn f
µb f

= (0.955 − 0.00271 × T + 1.858 × ϕ
100 + (705 × ϕ

100 )
1.223

)

[124] Graphite & SiO2
µn f
µb f

= (1.00527 × (1 + ϕ)9.36265 × (T)0.00035 × (
mnp1
mnp2

)
−0.028935

[125] MWCNTs & SiO2
µn f
µb f

= a0 + a1ϕ + a2ϕ2 + a3ϕ3

[126] TiO2 & SiO2
µn f
µb f

= 37(0.1 + ϕ
100 )

1.59
(0.1 + T

80 )
0.31

[127] MgO & MWCNTs µn f = 3.371 × exp(−0.000371T2 + 0.5782ϕ)

[128] MWCNTs & ZnO µn f
µb f

= 796.8 + 12.88T + 76.26ϕ + 0.7694ϕT + −196.9T−16.53ϕT√
T

3.2.4. Specific Heat Capacity

Specific heat capacity is defined as the quantity of heat required to raise the temper-
ature of a unit mass of nanofluid by one degree Kelvin. In nanofluids, this property is
influenced by the specific heat capacities of both base fluid and dispersed nanoparticles,
along with their respective volume fractions. For this reason, there is no homogeneous
effect on the specific heat of a nanofluid in comparison with the base fluid. For instance,
while comparing specific heat capacity between water and Al2O3 nanofluids, a small devia-
tion was observed by Alade et al. with various volume fractions [129]. Li et al. proved that
adding increasing amounts of β-cyclodextrin carbon nanotubes to ethylene glycol results
in a decrease of specific heat capacity, where a 0.1 vol% EG concentration exhibited the
greatest decrease, 9.07%, which was less than with pure EG [130]. On the other hand, Rizvi
et al. demonstrated an increase in specific heat capacity of Li2CO3-Na2CO3 of up to 25.1%
and Li2CO3-K2CO3 up to 21.1% [131]. As the concentration of particles and the tempera-
ture of activated EG/carbon graphene increases, the specific heat also increases [132]. The
equations for determining the specific heat capacity of nanofluids are presented in Table 8.

Table 8. Correlations proposed by researchers for specific heat of nanofluids.

Ref Nanomaterial Models

[93] Al2O3 & Cu Cp,nn f ρhn f = Cp,CuρCuϕCu + Cp,Al2O3 ρAl2O3 ϕAl2O3 + Cp,b f ρb f (1 − ϕ)
[105] Graphite & SiO2 Cp,n f ρhn = Cp,np1ρnp1ϕnp1 + Cp,np2ρnp2ϕnp2 + Cp,b f (1 − ρnp1ϕnp1 − ρnp2ϕnp2)

[106] Al2O3 & TiO2 Cp,n f = Cp,b f
(1−ϕ)ρb f

ρn f
+ Cp,np

ϕρnp
ρn f

[107] Nanodiamond Cp,n f = Cp,b f (1 + ϕ)−0.0143( T
50 )

0.14×10−4

[109] Nanodiamond & Fe3O4 Cp,n f = Cp,b f (1 + ϕ)−0.148×10−1
( Tmin

Tmax
)
−0.537×10−4

[110] Al2O3 & Cu Cphn f =
(ρCp) f (1−ϕ)+(ρCp)1ϕ1+(ρCp)2ϕ2

ρ f (1−ϕ)+ρ1ϕ1+ρ2ϕ2
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Table 8. Cont.

Ref Nanomaterial Models

[133] Al2O3 & Fe Cp,n f = Cp,b f
(1−ϕ)ρb f

ρn f
+ Cp,np

ϕρnp
ρn f

[134] Al2O3 Cp,n f =
(1−ϕ)·ρb f ·Cp,b f +ϕ·ρp ·Cp,p

ϕ·ρp+(1−ϕ)·ρb f

[135] CuO & SiO2 Cp,n f = Cp,b f (1 − ϕ) + Cpϕ

[136] Al2O3 Cp,n f = 0.8429(1 +
Tn f
50 )

−0.3037
(1 + rp

50 )
0.4167

(1 + ϕp
100 )

2.272

[137] CuO & SiO2 Cp,n f =
(ρCp)pϕ+(ρCp) f (1−ϕ)

ρb f (1−ϕ)+ρpϕ

[138] MgO, ZnO & ZrO2 Cp,b f (T)−Cp,n f (T)
Cp,b f (T)

=
ϕp+A

Cp(T)
Cp,p(T)

B+ϕp

3.2.5. Stability

While a small quantity of nanoparticles can markedly enhance the properties of a
bulk fluid when they are evenly distributed and stable, nanoparticle aggregation is the
primary cause of nanofluid instability [139]. This unexpected phenomenon is attributed to
the intermolecular forces of Van der Waals attraction and the interaction between particles
and their extensive surface area [140]. Agglomeration in nanofluids poses a significant
challenge to their practical applications. The agglomeration process can diminish the
desired thermal conductivity. Additionally, the augmented frictional resistance caused
by agglomeration leads to higher pressure drops, which can adversely impact the flow
behavior of nanofluids [141]. The stability of nanofluids is paramount for achieving optimal
system performance. The challenge of maintaining nanofluid stability hinders the full
realization of their potential applications [142]. The stability of nanofluids can often be
assessed visually. Stable nanofluids typically exhibit a uniform appearance, while unstable
nanofluids may appear heterogeneous.

The sedimentation assessment method comprises images capturing the sedimentation
process in nanofluids to investigate their stability. A lengthier sedimentation time shows
superior nanofluid stability, as stable nanofluids have consistently dispersed nanoparticles
with no precipitation. This method, which is among the easiest nanofluid stability assess-
ment techniques, analyses sedimentation volume over time by adding nanofluid into a
transparent glass tube. Smaller nanoparticles display slower sedimentation rates compared
to larger particles, as their deposition rate is diminished. The sedimentation process can
also be analyzed by photographing the fluid, showing a visual evaluation of stability. Due
to the microscopic size of nanoparticles, visual assessment of nanofluid stability can be
unreliable. Consequently, additional characterization techniques are necessary for accurate
stability prediction [140]. Table 9 summarizes the techniques used for stabilization and its
respective stability indicators.

Table 9. Nanofluid stabilization and its stability indicators.

Ref No Base
Fluid/Nanofluid ϕ (%wt) PS (nm) Surfactants Stabilization

Techniques
Stability
Indicator

[143] DW/MWCNT 0.15 10–20 COOH MS, US ζ = 41.40 mV
[144] Water/GNPs 0.1 2 SDS, CTAB, BS Water bath, US >2 months
[145] Water/Al2O3 1–3 25 SDS USB, US ζ = −47.90 mV
[146] DW/Al & Cu 0.3 80, 40 SDS MS, US ζ = −41.20 and −38.40 mV
[147] Water/Al2O3 1–3 45 SDBS MS, US ζ = −38.60 mV
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Table 9. Cont.

Ref No Base
Fluid/Nanofluid ϕ (%wt) PS (nm) Surfactants Stabilization

Techniques
Stability
Indicator

[148] Water/CNT 0.1–1 10–20 PVP, SDS MS, US ζ = −63.20 mV
[149] Water/SWCNT 0.1 20–50 SDBS US 2 months

[150] Water-EG
(60:40)/Graphene 0.1–0.3 123–424 HCl + NaOH US 3 weeks

[151] DW/rGO-Ag 0.0005–0.05 - SDBS US >2 weeks

[152] Water/MWCNT-
CeO2

0.25–1.5 <30
SDBS, SDS,

CTAB, DDC,
and PVP

US >1 month

[153] DW/Cu, Fe, Ag 0.1 30–50 No surfactant Sonication 5 days
[154] Water/Cu, Zn, Al 40–240 ppm 49 No surfactant MS, Sonication ζ = 34.60 − 38.60 mV

3.3. Heat Transfer

This section reports research on the enhancement of heat transfer which is achievable
via nanofluids. Mechanisms of enhancement include natural convection, forced convection
and mixed convection. The improved heat transfer capabilities of nanofluids can be
attributed to several factors, including the following:

• Increased thermal conductivity: The nanoparticles possess greater thermal conductiv-
ity compared to most base fluids, allowing for more efficient heat transfer.

• Enhanced turbulence: The presence of nanoparticles can initiate fluid flow turbulence,
promoting heat transfer by disrupting thermal boundary layers.

• Brownian motion: The random motion of nanoparticles within fluid can increase the
rate of heat transfer by promoting energy exchange.

As with thermophysical properties, numerous researchers have derived heat transfer
correlations for various nanofluid combinations by fitting their experimental or numerical
data. Circular tube geometry offers significant insights into the design of heat exchange
systems. Consequently, it remains the most widely utilized geometry in heat transfer
devices [155]. Convective heat transfer occurs in a tube of circular shape with constant
heat flux due to the temperature gradient between the nanofluid-incorporating working
fluid near the wall of tube and the fluid at its core. This concept allows for the analysis
of the flow’s hydrodynamic and thermal characteristics and their correlation with the
Nusselt number (Nu) [156]. Previous researchers have derived Nusselt number correla-
tions for various modes of heat transfer, like natural convection, forced convection, and
mixed convection.

3.3.1. Natural Convection

Natural convection is the process of heat transfer driven by buoyancy forces, where
fluid motion is caused by temperature differences within the fluid. Nanofluids influence
natural convection heat transfer by enhancing thermal conductivity, viscosity, and heat ca-
pacity, which alter buoyancy forces, flow patterns, and heat transfer rates. While improved
thermal conductivity and modified buoyancy typically enhance convection, increased
viscosity and improper nanoparticle concentrations can suppress fluid motion, making
the overall impact highly dependent on the specific nanofluid composition and operating
conditions [157].

A numerical study of Al2O3-Cu flow through a sinusoidally corrugated chamber
filled with pure water and various hybrid fluids has been developed by Takabi et al.
They investigated the effects of nanoparticle volume fraction (0 vol% to 2 vol%) on heat
transfer rates at various Rayleigh numbers. The results demonstrated that nanofluids
significantly improved heat transfer compared to pure water, augmenting the enclosure
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cooling and lowering temperatures on a heated surface [94]. The convective flow through a
nanofluid across a porous medium (saturated) along a vertically propagating permeable
plate has been explored statistically. It was found that skin friction coefficient increased
and the Nusselt number dropped as the nanoparticle volume % increased [158]. For TES
applications, the behavior of hydrothermal and entropy analysis for a buoyancy of water
and MgO-Ag has been investigated. The fin-equipped octagonal cage was filled with a
nanofluid. The analysis shows that entropy increases with nanoparticle concentrations and
Rayleigh numbers and decreases with magnetic numbers. Additionally, it was shown that
as fin length increases, entropy reduces [159].

The impact of a heat-generating cylinder and an Al2O3/Cu nanofluid with water with
natural convection was studied numerically by Mokaddes Ali. The combination of nanopar-
ticles with base fluid improved heat transfer efficiency by approximately 21.98 percent for
1% concentration and approximately 86.06% for 5% concentration, compared with a pure
base fluid [160]. Nayak et al. conducted a numerical study of TiO2-Cu flow in a C-shaped
enclosure filled with water. The researchers investigated the effects of ϕ (2%) on heat
transfer and fluid flow. The results verified that introducing nanoparticles enhanced the
thermal conductivity of the base fluid (water), leading to increased surface temperatures
and decreased temperature profiles within the nanofluid. At high Rayleigh and Lewis
numbers, the streamline functions became less pronounced [161]. Since the majority of
solar energy-based systems rely on HTF’s natural flow, mono-nano fluids have been used in
multiple investigations as HTF in solar-based TES systems. However, nanofluids provide a
viable alternative to solar-powered thermal storage units. Moreover, studies have shown
that nanofluids outperform natural convection systems in solar collector systems.

An investigation of convective flow of a CuO nanofluid with water in a porous medium
observed that heat transfer was enhanced by higher buoyancy forces [162]. In contrast,
heat transfer diminished with increasing Hartmann number and eccentricity. Based on
numerical results, a Nusselt number correlation was developed for volume concentration
(0 ≤ ϕ ≤ 0.4%), Rayleigh number (100 ≤ Ra ≤ 1000), eccentricity (0.7 ≤ ε ≤ 0.9) and Hart-
mann number (0 ≤ Ha ≤ 20). The correlation (Equation (2)) for natural convective heat
transfer is as follows:

Nun f = −1.410 + 10.820 ε + 0.430 a + 2.3 × 10−4Ran f + 5.30 × 10−3Ha + 5.20 εa
+1.40 × 10−4εRan f − 0.0430 εHa − 4.60 × 10−4aRan f + 6.050 × 10−3aHa
+1.6 × 10−7Ran f Ha − 11.9ε2 − 0.63a2 + 6.5 × 10−7Ra2

n f + 9.1 × 10−4Ha2
(2)

Natural convection of Fe3O4 nanofluid/water was simulated in [163] using a single-
phase numerical model. A correlation for the assessment of Nusselt number was proposed
(Equation (3)) for volume concentration (0 ≤ ϕ ≤ 0.1%), Rayleigh number (102 ≤ Ra ≤ 106),
Hartmann number (0 ≤ Ha ≤ 80), aspect ratio (0.2 ≤ AR ≤ 0.8) and inclination angle
(0 ≤ a ≤ 90◦):

Nun f =
(

C1 + C2Ran f + C3Ran f Ha
)

exp
(

C4ϕAR +
(

C5 + C6Ran f + C7Ran f Ha
)

AR2
)

(3)

A constant heat flux was applied to Al2O3 nanofluid/water, and an experimental
investigation was conducted to study the resulting natural convection [164]. The results
revealed that the primary factor contributing to the improved natural convection heat
transfer of nanofluids was the relative rise in thermal conductivity, compared to other ther-
mophysical properties. A correlation has been proposed, based on least-square regression
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analysis of the Nu results, for volume concentration (0 ≤ ϕ ≤ 4%), and Rayleigh numbers
(6.21 × 105 ≤ Ra ≤ 2.56 × 108).

Nun f = CRan
n f (

Prn f ,hw

Prn f
)

m

(
βn f ,hw

βn f
)

q

(4)

where C, n, q and m are constants.

3.3.2. Forced Convection

Instead of being largely driven by the forces of natural buoyancy, forced convection
occurs when the fluid moves as a result of an external force, allowing a fluid to transfer heat
more effectively. It is crucial to consider that the concentration and type of nanoparticles,
the fluid flow conditions, and other geometrical features of a system all affect how effective
nanofluids are in forced convection heat transfer. To attain intended heat transfer increase,
experimental and numerical investigations have often been done to optimize nanofluid
mixture as well as operating parameters for particular applications.

Khosravi et al. analyzed the rate of generation of entropy in a solar receiver numeri-
cally. They employed Pt-GNP nanofluid as the working fluid and utilized neural networks
to investigate the effects of input parameters, like wave amplitude, nanoparticle concentra-
tion, and Reynolds number. The study revealed that increasing these input factors signifi-
cantly reduced the rate of thermal entropy generation, suggesting that optimizing these
parameters could lead to more efficient and less energy-dissipative solar receivers [165].
Abdelrazek et al. assessed the thermal performance of MWCNTs-Al2O3/distilled water
with nanofluid in a fully developed turbulent flow regime within an annular channel [166].
The study combined experimental and numerical approaches, utilizing ANSYS CFD Fluent
to perform 3D numerical simulations. The researchers focused on the concentric config-
uration of the annular channel and examined the effects of nanoparticle concentration
on convective heat transfer enhancement. They detected that the addition of nanofluids
significantly improved heat transfer compared to the base fluid (DW). The maximum
improvement in convective heat transfer was achieved at nanoparticle concentrations of
0.050 wt%, 0.0750 wt%, and 0.10 wt%, with corresponding increases of 2.98%, 4.86%, and
6.49%, respectively.

As discussed in this section on nanofluids in forced convective systems, the incor-
poration of nanoparticles has demonstrated a remarkable enhancement in heat transfer
efficiency. The presence of these nanoscale particles within the base fluid significantly
improves the system’s ability to transfer heat, leading to a variety of benefits like increased
energy efficiency, diminished system size, and enhanced performance in applications rang-
ing from electronics cooling to solar energy systems. Forced convective heat transfer of
nanofluids chiefly depends on the Re, Pr, particle volume concentration and particle diame-
ter. Nusselt number correlations proposed by various studies for the forced convection of
various types of nanofluids and counterflow heat exchangers are presented in Table 10.

Table 10. Nusselt number correlations for forced convection proposed in previous studies.

Ref No Nanofluid ϕ/ψ (%) and
PD (nm/µm) Correlation Re Boundary

Condition

[167] Cu 0.3 ≤ ϕ ≤ 2.0
(100 nm) Nun f = 0.4328(1.0 + 11.285ϕ0.754Pe0.218

p )Re0.333
n f Pr0.4

n f 800 ≤ Re ≤ 25,000 CHF

[168] Al2O3
1 ≤ ψ ≤ 6
(150 nm) (Nux)n f = 4.36 + [ax−b

+ (1 + ψc)exp−dx ][1 + e.( dp
dre f

)
− f

] 500 < Re < 2000 CHF
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Table 10. Cont.

Ref No Nanofluid ϕ/ψ (%) and
PD (nm/µm) Correlation Re Boundary

Condition

[169] TiO2
0.05 ≤ ϕ ≤ 6

(150 nm) Nun f = 0.00218Re1.0037
n f P0.5

n f (1 + ϕ)154.6471 4.8 × 103 ≤ Re ≤ 3.05 × 104 CWT

[170] Graphitic 2 ≤ ψ ≤ 2.5
(1–2 µm) Nun f = 1.86Re0.333

n f Pr0.333
n f ( Dh

L )
0.333

( µbulk
µwall

)
0.14 5 ≤ Re ≤ 110 CWT

[171] CuO,
SiO2

1 ≤ ϕ ≤ 10
(20–100 nm) Nun f = 0.065(Re0.65

n f − 60.22)(1 + 0.0169ϕ0.15)Pr0.542
n f 3 × 103 ≤ Re ≤ 1.7 × 104 CHF

[172] Fe2O3
0 ≤ ϕ ≤ 0.06

(30 nm) Nun f = 0.02327Re0.8
n f Pr0.4

n f (1 + ϕ)1.969 16,000 < Re < 30,000 CHF

[173] Ag 0.3 ≤ ϕ ≤ 0.9
(100 nm)

Nun f = 0.023Re0.8
n f Pr0.3

n f + (0.617ϕ −
0.135)Re0.445ϕ−0.37P1.081ϕ−1.305

r
900 < Re < 12,000 CWT

[174] MWCNT ϕ = 0.0111%
(20 nm) Nun f = 0.3762Re0.6681

n f Pr0.4
n f 182 < Re < 956 CHF

[175] GNP 0.1 ≤ ψ ≤ 2
(2.5 nm) Nun f = 0.026Re0.806

n f Pr0.401
n f (1 + ϕ)0.5 6.7 × 103 ≤ Re ≤ 2.8 × 104 -

3.3.3. Mixed Convection

Mixed convection occurs when both natural and forced convection are significant
factors in fluid flow. The optimal use and efficiency of nanofluids in mixed convection
systems can vary depending on factors like the specific nanoparticle types, concentra-
tion, and the properties of the base fluid. To determine the best formulation for mixed
convection applications, researchers often conduct numerical simulations and experimen-
tal studies to optimize nanofluid performance. A numerical study of the generation of
entropy with a horizontally flowing nanofluid of Cu-Al2O3 with water was carried out
by Hussain et al. [176]. The study discovered that entropy formation and heat transfer
rates significantly improved through increasing the volume of nanoparticles and Reynolds
number. The Bejan number, on the other hand, showed the reverse pattern, declining as
the Re and nanoparticle concentration increased. Zahan et al. conducted a numerical study
on heat transfer of water-based hybrid nanofluids comprising varying concentrations of
Al2O3 and Cu nanoparticles within a triangular enclosure with a sinusoidal wavy bottom
surface [110]. The results of their investigation revealed a minor rise in the average Nusselt
number for Al2O3-Cu/water hybrid nanofluids compared to conventional nanofluids. This
enhancement in heat transfer could be due to synergistic effect of two types of nanoparticles,
which leads to upgraded thermal conductivity and convective heat transfer within the
hybrid nanofluid.

A numerical investigation of the impact of radiation on MoS2-GO/water nanofluid
flow was conducted. The study found that skin friction increased due to buoyancy-assisted
flow, but decreased in both buoyancy-aiding and buoyancy-opposing flows. The decrease
in skin friction was attributed to the yaw angle [177]. Another numerical study of Cu-
Al2O3/water nanofluid flow through a porous medium under mixed convection conditions
was investigated. The study found that increasing ϕ in the Cu-Al2O3/water nanofluid
led to improved heat transfer performance. The nanofluid outperformed conventional
nanofluids in terms of heat transfer [178].

Hussain et al. numerically examined the heat transfer performance of water-based
hybrid nanofluids having Al2O3 and Cu flowing through a wavy channel within a fixed
cylinder [179]. Their study found that the maximum heat transfer was observed at ϕ 0.05%.
Additionally, as the Re increased, the fluid flow transitioned from slow to fast regime. These
findings highlight the ability of hybrid nanofluids to enhance heat transfer in wavy channel
flows, particularly at higher nanoparticle concentrations and Reynolds numbers. Xiav et al.
used a nanofluid (MWCNT-SWCNT) flow to investigate the effects of nonlinear mixed
convection under varying slip boundaries on heat and mass transfer analysis [180]. The
results show that greater ranges of the mixed convection increase the rate of transmission.
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It was also observed that at nanoparticle concentrations of 0.03% there is an improvement
in both fluid velocity and the thickness of the momentum barrier layer.

While there have been numerous studies on the forced convective heat transfer of
nanofluids, the number of studies proposing models for heat transfer in natural and mixed
convection is significantly smaller. Mixed convective flow of dilute nanofluids considering
a Prandtl number in the range (0.5 ≤ Pr ≤ 7) was mathematically modeled in [181]. A
correlation for Nusselt number prediction (Equation (5)) was developed, incorporating the
thermophoresis parameter (Nt) and Brownian diffusion parameter (Nb).

Nunf = C + CNbNb + CNtNt (5)

where C, CNt and CNb are constants.
A study [182] investigated mixed convection of Al2O3 nanofluids in various regions of

an inclined copper pipe with a diameter of 6.35 mm. In the horizontal part of the tube, heat
transfer decreased with increasing particle volume fraction. However, in the vertical section,
the Nusselt number remained relatively unaffected by changes in particle volume fraction.
The correlations for mixed convection were proposed for both vertical (Equation (6)) and
horizontal (Equation (7)) tube configurations. The correlations are valid for nanoparticle
volume fractions between 0 and 4%, Reynolds numbers between 350 and 900, and Rayleigh
numbers between 5 × 105 and 9.6 × 105.

For vertical tube, Nunf = Nucon (1 + 52 × 104 Gr/Renf)
0.28 (6)

For horizontal tube, Nunf = Nucon (1 − ϕ0.625) (1 + 5.25 × 10−5 Ranf
1.06)0.135 (7)

3.3.4. Turbulent Heat Transfer Using Nanofluids

The study of heat transfer in turbulent flow conditions represents important chal-
lenges due to the involvement of high Rayleigh and Reynolds numbers and because of
its complex fluid dynamics. Nanofluids incorporated with base fluids have resulted in
enhancement of heat transfer performance in turbulent flows due to their unique ther-
mophysical properties [183]. Experimental investigations have highlighted the impact of
γ-Al2O3 and CuO-water-based nanofluids on turbulent heat transfer and associated pres-
sure drop performance in circular tubes. The addition of nanoparticles to the base fluid has
shown a significant enhancement in the convective heat transfer rate under turbulent flow
conditions. However, this improvement is often accompanied by an increase in pressure
drop, attributed to the altered viscosity and density of the nanofluid [184,185].

Using Al2O3-water-based nanofluid as the heat transfer fluid, a 2D axisymmetric-
forced turbulent convection numerical study was conducted in a straight circular tube. The
results were validated with experimental data and concluded that greater nanoparticle
concentrations lead to higher heat transfer coefficients but result in increased pressure
drops [186]. The turbulent heat transfer and pressure drop characteristics of semicircular
and trapezoidal corrugated channels were analyzed using SiO2-water nanofluids with 1%
and 2% volume fractions over a Reynolds number range of 10,000 to 30,000. An increase in
the Reynolds number enhanced turbulent intensity and flow mixing, which significantly
improved turbulent heat transfer performance. Furthermore, a higher nanoparticle volume
fraction in the fluid increased its thermal conductivity, intensifying the heat transfer rate
and resulting in an elevated Nusselt number [187].

The turbulent heat transfer performance was investigated by varying both the
nanofluid concentration (from 0.0625% to 1%) and the flow rate, with Reynolds num-
bers ranging from 3200 to 19,000. It was found that increasing the flow velocity amplifies
turbulence intensity and flow mixing, which enhances turbulent heat transfer performance.
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To further improve the thermal efficiency of the heat exchanger, the nanoparticle volume
fraction was increased. This increase in nanoparticle concentration led to higher density
and viscosity in the working fluid, further intensifying turbulent heat transfer [188]. The
study investigated turbulent heat transfer in nanofluids (MWCNT, GNP, SiO2, ZnO in
water as base fluid) through an axisymmetric abrupt expansion heat exchanger. Experi-
ments were conducted at Reynolds numbers between 4000 and 16,000, with a constant wall
heat flux of 12,128.56 W/m2. The results showed that the Nusselt numbers were higher
than in fully developed pipe flow, indicating enhanced turbulent heat transfer, despite the
recirculating velocities being a small fraction of the bulk mean velocity [189].

The turbulent heat transfer properties of Fe3O4 nanofluids in a circular pipe were in-
vestigated, where the nanofluids consisted of a mixture of Fe3O4, ethylene glycol (EG), and
deionized water (DIW). The Fe3O4 nanoparticles were treated with citric acid to improve
their dispersion. The study examined the performance of these nanofluids over volume
fractions ranging from 0.0 wt% to 1.2 wt%. It was found that effective convective heat trans-
fer (CHT) required significant adjustments in heat flux, fluid flow rate, and temperature.
Additionally, the CHT coefficient of the nanofluid was observed to be 7% lower than that of
the base liquid [190]. The turbulent heat transfer properties of Fe3O4/MWCNT nanofluids
with distilled water were investigated over concentrations ranging from 0.1 to 0.3 wt%. At
a Reynolds number of 22,000 and a 0.3 wt% concentration, a maximum enhancement of
31% in the Nusselt number (Nu) was observed, along with a 1.18-fold increase in pumping
power [191]. The turbulent heat transfer properties of Fe3O4/TiO2/DIW nanofluids were
explored over volume fractions ranging from 0.00625 to 0.3 wt%. The results revealed a heat
transfer enhancement of 26.33% at 0.0125% volume fraction and 24.30% at 0.00625% volume
fraction. The addition of nanoparticles significantly improved the thermal conductivity
of the fluid, contributing to higher convective heat transfer rates. The study suggests that
even at lower nanoparticle concentrations, substantial improvements in heat transfer can be
achieved, highlighting the potential of these nanofluids for applications requiring efficient
thermal management [192].

The use of nanofluids to enhance turbulent heat transfer in channel flows has been
widely studied. Several numerical investigations have focused on the forced convection
of Al2O3-water nanofluids, with volume fractions ranging from 0% (pure water) to 4%,
and Reynolds numbers exceeding 20,000. These studies have shown that the heat transfer
rate increases with larger nanoparticle sizes and higher Reynolds numbers. However, this
improvement in heat transfer is accompanied by higher energy consumption, emphasizing
the trade-off between enhanced thermal performance and increased energy demands [193].
The study found that using single nanofluids (Cu, CuO, Al2O3) with volume fractions
(ϕ) ranging from 0.3% to 1.5% significantly enhanced turbulent heat transfer, with Nus-
selt number increases ranging from 5.06% to 386.63% compared to water. The friction
coefficient increased slightly by 6.71–15.84%, 7.46–14.42%, and 8.25–15.84% for Cu, CuO,
and Al2O3, respectively. The Cu-Al2O3-water hybrid nanofluid exhibited the best per-
formance, with Nu reductions of 20.85–30.61% and energy efficiency coefficient (EEC)
reductions of 20.08–29.02% compared to Cu-water nanofluids at the same ϕ. Nanofluids
demonstrated poor heat transfer enhancement at low Reynolds numbers (Re ≤ 1500),
with optimal performance observed at Re ≥ 2640. Furthermore, total entropy production
decreased by 100.83–405.95% for Cu, 5.82–28.99% for CuO, and 11.28–53.51% for Al2O3 at
ϕ = 0.3–1.5% [194].

The turbulent heat transfer performance of Aviation Turbine Fuel (ATF) with Multi-
wall Carbon Nanotube (MWCNT) nanofluids at concentrations of 0–1% and temperatures
of 30 ◦C and 50 ◦C has been investigated. Results show that the heat transfer coefficient
increases with particle concentration, reaching a maximum enhancement of 23% at 30 ◦C
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and 50% at 50 ◦C at 1% concentration. Two numerical models (single-phase and Eulerian–
Lagrangian) were used, and both showed good agreement with experimental data. The
enhanced heat transfer performance demonstrates the potential advantages of nanofluids
for regenerative heat transfer in turbulent heat transfer applications [195]. A computational
study on turbulent heat transfer was conducted for water and Al2O3 nanofluids in a hori-
zontal corrugated pipe. The study varied parameters such as corrugation height, Kármán
number, corrugation frequency, and nanoparticle volume fraction. The results showed
that the highest thermal efficiency occurred at ϕ = 2%, indicating optimal conditions for
turbulent heat transfer [196]. Produced by pulsed discharge and ultrasound, graphene
nanofluids demonstrate a 35% improvement in turbulent heat transfer performance com-
pared to water. The numerical results indicate a notable 8% increase in turbulent kinetic
energy and velocity gradients near the wall, attributed to the physical interaction between
the continuous phase (water) and the dispersed graphene nanoparticles [197].

The hybrid Al2O3-CuO/water nanofluid significantly enhances turbulent heat transfer
performance in a circular tube. Experimental results show a 2–35% increase in heat transfer
with mass concentrations ranging from 0.5% to 3%, while pressure drop increases by up
to 12%. CFD simulations using various models (Discrete Phase Model, mixture, Eulerian
multiphase) reveal that the choice of thermophysical property model impacts heat transfer
and pressure drop predictions, with the Eulerian model showing the smallest deviation.
The thermal performance factor increases with concentration and decreases with Reynolds
number [198]. Forced turbulent heat transfer in a grooved cylinder with varying groove
spacings (A = 1, 1.1, 1.3) and groove depth-to-cylinder diameter ratios (e/D = 0.1 and
0.2) was analyzed using CuO nanoparticles at volume fractions of 0–4%. Lower Reynolds
numbers resulted in better thermal performance, while higher Reynolds numbers showed
less significant growth in Nusselt number [199]. Nanofluids display notable improvements
in heat transfer performance in turbulent flows due to several mechanisms [183]; their
advantages and limitations at both microscopic and macroscopic levels are as follows:

• Enhanced Thermal Conductivity—Nanoparticles have higher thermal conductivity
compared to normal base fluids, like water or ethylene glycol. When added to a base
fluid, even at low concentrations, these nanoparticles significantly increase the thermal
conductivity, which enables more efficient conduction of heat in the system. This
improvement is significant at higher temperatures, at which the thermal conductivity
of the base fluid increases.

• Boundary Layer Disruption—In turbulent flow, the thermal boundary layer plays a
critical role in heat transfer. The introduction of nanoparticles alters the flow char-
acteristics near the boundary layer, increasing turbulence intensity and reducing
its thickness. This disruption enhances the temperature gradient at the wall-fluid
interface, leading to improved convective heat transfer coefficients.

• Brownian Motion-Induced Convection—Nanoparticles in suspension exhibit contin-
uous random motion (Brownian motion) due to collisions with surrounding fluid
molecules. This motion generates localized micro-convection, which enhances the
overall convective heat transfer process. The intensity of Brownian motion increases
with smaller particle size and higher temperatures.

• Particle Aggregation Effects—Nanoparticles may form clusters or aggregates, espe-
cially at higher concentrations. While aggregation is often considered a limitation,
small-scale clusters can create secondary turbulence structures within the flow, which
further enhance the mixing of fluid layers and increase heat transfer rates.

• Thermophoresis and Diffusiophoresis—Thermophoresis refers to the movement of
nanoparticles under temperature gradients, while diffusiophoresis results from con-
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centration gradients. Both phenomena contribute to the redistribution of nanoparticles,
leading to improved thermal performance in turbulent systems.

• Turbulence Intensification—The addition of nanoparticles modifies the flow behavior,
increasing Reynolds stresses and intensifying turbulence. This effect becomes more
pronounced in high Reynolds number flows, where turbulence dominates the heat
transfer mechanism.

• Reduced Thermal Boundary Resistance—At the nanoparticle–fluid interface, ther-
mal boundary resistance is reduced due to the high surface area-to-volume ratio of
nanoparticles. This reduction facilitates efficient energy exchange between the particles
and the surrounding fluid.

• Advantages of Nanofluids in Turbulent Systems—Nanofluids exhibit significantly
higher Nusselt numbers and convective heat transfer coefficients compared to base
fluids under turbulent conditions, due to enhanced thermal conductivity, boundary
layer disruption, and increased turbulence. This results in improved heat dissipation
capabilities, making nanofluids ideal for high-performance applications such as heat
exchangers, cooling systems, and energy systems. Additionally, nanofluids show
consistent performance improvements across various flow velocities and turbulence
intensities, offering versatility for a wide range of engineering applications.

• Limitations of Nanofluids in Turbulent Systems—The addition of nanoparticles to flu-
ids increases their effective viscosity, leading to higher pumping power requirements,
creating a trade-off between enhanced heat transfer and increased flow resistance. Fur-
thermore, the stability of nanofluids can be compromised over time as nanoparticles
aggregate or settle, requiring stabilizing agents or surfactants to maintain thermal
performance. Additionally, existing predictive models, such as the Dittus-Boelter and
Gnielinski equations, may not accurately capture nanofluid behavior under turbulent
conditions, highlighting the need for the development of more accurate models to
ensure reliable performance predictions.

3.3.5. Heat Transfer Behavior of Hybrid Nanofluids

Hybrid nanofluids are advanced heat transfer fluids that consist of a base fluid com-
bined with two or more types of nanoparticles, offering enhanced thermal conductivity
and improved performance in various engineering applications. Table 11 offers a sum-
mary of the applications of hybrid nanofluids in natural, forced and mixed convective
systems. Hybrid nanofluids have not been widely reviewed in natural convection heat
transfer systems in the literature. While various studies focus on mono-nanofluids as HTF
in solar-based thermal energy storage systems, where natural HTF flow is essential, hybrid
nanofluids present a feasible alternative for such systems. Moreover, research has shown
that hybrid nanofluids perform well with natural convection systems in solar applications.
Consequently, more investigation is desirable to explore the practical application of hybrid
nanofluids in natural convection systems.

Hybrid nanofluids in forced convective heat transfer systems emphasize their increas-
ing role in enhancing heat transfer performance. The findings indicate that the addition
of hybrid nanoparticles substantially improves system efficiency. Forced convective heat
transfer is essential in a wide range of applications, and hybrid nanofluids, with their
superior thermal properties, are increasingly used as heat transfer fluids (HTFs) to achieve
higher heat transfer rates and greater overall system efficiency.
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Table 11. Hybrid nanofluids in natural, forced and mixed convective systems proposed in
previous studies.

Ref No Hybrid
Nanofluid Base Fluid ϕ (%) EXP/NUM Key Findings

N
at

ur
al

C
on

ve
ct

io
n

[93] Al2O3-Cu Water 0 ≤ ϕ ≤ 0.12 NUM

Compared to the Al2O3/water nanofluid, the
Al2O3-Cu/water hybrid nanofluid provides better

thermal performance. The buoyancy effect related to
the hybrid nanofluid improves the mean Nusselt

number, hence enhancing the heat transfer efficiency
compared to mono nanofluids.

[161] TiO2-Cu Water 0 ≤ ϕ ≤ 0.02 NUM

The introduction of hybrid nanoparticles to the base
fluid enhances its thermal conductivity, resulting in an

increment in surface temperature. At high Rayleigh
numbers (Ra), the streamline functions deteriorate,
indicating a decrease in fluid flow efficiency under

these conditions.

[200] Cu-SWCNT Sodium
alginate 0.01 ≤ ϕ ≤ 1 NUM

Hybrid fluid models are appropriate when the
nanomaterial concentration reaches 0.3% of the volume.
Also, the heat transfer rate for SWCNT-Cu nanofluids
increases with increasing nanoparticle volume fraction

and Prandtl number, resulting in thermal
performance enhancement.

[201] Al2O3-Cu Water 0 ≤ ϕ ≤ 0.2 NUM
As the size of the heating element decreases, the

Nusselt number increases, indicating improved heat
transfer efficiency.

[115] SiO2-
Graphite Water 0.5 ≤ ϕ ≤ 1 EXP & NUM

At moderate Reynolds numbers (4500 < Re < 7000), a
1% hybrid nanoparticle concentration increases the

Nusselt number by up to 6%, while at higher Reynolds
numbers (7500 < Re < 10,000), Nusselt numbers rise

consistently with higher concentrations.

[191] Fe3O4-
MWCNT Water 0.1 ≤ ϕ ≤ 0.3 EXP

Experimental testing of MWCNT–Fe3O4 nanofluids
showed that Nusselt numbers increased with higher
particle concentrations and Reynolds numbers, with

enhancements ranging from 9.35% to 31.10%. The
improved heat transfer performance was due to the
nanoparticles’ high thermal conductivity, Brownian

motion, and increased surface area.

[202] Ag-GNP Water 0.5 ≤ ϕ ≤ 1 EXP

Nusselt number for GNP–Ag nanofluids increased with
both Reynolds number and nanoparticle concentration,
due to the higher conductivity and Brownian motion of

the nanoparticles. The enhancements ranged from
8.29% to 32.70%, depending on particle fraction and

Reynolds number.

[203] TiO2-CuO Water 0 ≤ ϕ ≤ 0.06 NUM

The local Nusselt number increases with the
Falkner-Skan power law parameter and nanoparticle
mass, with moving wedges enhancing heat transfer

more than static ones. The highest nanoparticle mass in
hybrid nanofluids results in the best thermal

performance, while spherical nanoparticles led to the
lowest local Nusselt number.

[204] Cu-TiO2 Aqueous 0.1 ≤ ϕ ≤ 2 EXP

At 1.0 vol.% concentration of Cu-TiO2, the Nusselt
number increased, reaching its maximum, but a
decrease was observed at 2.0 vol.%, with a drop
ranging from 2.3% to 11.2%. This reduction is
attributed to the higher dynamic viscosity and

increased thermal boundary layer thickness at higher
particle loading.

[205] Al2O3-Cu Water ϕ = 0.1 NUM

The hybrid nanofluids showed a notable increase in the
average Nusselt number, with an enhancement of

4.73% compared to Al2O3/water and 13.46% compared
to pure water, demonstrating their superior heat

transfer performance.

M
ix

ed
C

on
ve

ct
io

n

[110] Al2O3-Cu Water 0 ≤ ϕ ≤ 0.05 NUM

A small rise in the mean Nusselt number was observed
in Al2O3-Cu/water hybrid nanofluids compared with

regular nanofluids. This augmentation resulted in
enhanced heat transfer performance, contributing to

higher overall thermal efficiency in heat
transfer applications.

[179] Al2O3-Cu Water 0.01 ≤ ϕ ≤ 0.05 NUM At a volume fraction of 0.05, the maximum heat
transmission was observed.
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Studies on mixed convective heat transfer systems incorporating hybrid nanofluids
have been discussed. Al2O3 has been used as an important constituent for producing
hybrid nanoparticles in the reviewed literature, though other elements have been explored
less. To optimize the performance of a system, it is recommended to select the hybrid
nanoparticle that offers the highest performance. Further studies focusing on all three types
of convective heat transfer systems using hybrid nanoparticle types are also recommended
for better results.

3.3.6. Role of Nanoparticle Concentration in Heat Transfer Optimization

In terms of heat transfer, the concentration of nanoparticles plays a significant role. It
is influenced by various thermophysical properties like thermal conductivity, viscosity and
stability. Based on the type of nanoparticles, size and base fluid, the effect of nanoparticle
concentration on heat transfer performance varies [206]. Hence, it is critical to consider the
advantages and limitations involved with concentration variation in various applications.

Effect of Nanoparticle Concentration on Heat Transfer: Increasing the nanoparticle
concentration normally improves the thermal conductivity of a nanofluid due to the greater
surface area available for heat transfer. However, this improvement is not continuously
linear. As the concentration rises, the viscosity of the nanofluid also increases, which can
undesirably affect the flow behavior and lead to a reduction in heat transfer efficiency.
Furthermore, at higher concentrations, the nanoparticles may lead to agglomeration or
sedimentation, resulting in instability patterns in the nanofluid and a potential decrease in
thermal conductivity [207].

Range of Volumetric Concentration Leading to Slurry Formation: Nanofluids naturally
change to a slurry-like state when the nanoparticle concentration surpasses a certain level,
at which point the particles start to cluster and hinder dispersion. The exact concentration
at which slurry formation occurs depends on the material, size and the effectiveness of the
nanoparticles [208]. The development of a slurry in nanofluids is not only exhibited by
the volumetric concentration but also influenced by nanoparticle size, shape and surface
details [209]. Smaller nanoparticles need a higher concentration to reach the slurry state
due to their increased surface area. But, when the concentration rises, even well-dispersed
smaller nanoparticles may commence to agglomerate. Meanwhile, the larger nanoparticles
may reach the slurry formation level even at lower concentrations, because they have
a lower surface area, which leads to clustering. The use of surfactants can enlarge the
concentration range at which nanoparticles remain well-dispersed, which can delay slurry
formation and enhance the overall stability of the nanofluid [210].

Influence of Volumetric Concentration in Temperature-Dependent Thermo-Physical
Properties Systems: Thermophysical properties of nanofluids like viscosity and thermal
conductivity are temperature-dependent; here, the impact of nanoparticle concentration is
highly complex. At low concentrations, the dispersion of nanoparticles improves thermal
conductivity because of the increased surface area, which helps to improve heat trans-
fer. When the concentration of nanoparticles increases, the properties display non-linear
characteristics [211]. Initially, the thermal conductivity continues to improve, but when a
certain concentration level is reached, aggregation of nanoparticles occurs. This aggregation
decreases the effective surface area for heat conduction, leading to a decrement in thermal
conductivity. Concurrently, the viscosity of the fluid increases, which also reduces the
convective heat transfer characteristics; this is especially significant in forced convection
systems where fluid movement is essential for effective heat transfer [212].

In systems characterized by large temperature gradients, such as heat exchangers or
solar thermal applications, the influence of nanoparticle concentration on thermophysi-
cal properties plays a vital role. As the temperature increases, the viscosity of the base
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fluid decreases, which would improve heat transfer [213]. Meanwhile, higher concentra-
tions of nanoparticles lead to an increase in viscosity, which counters this effect, obscur-
ing the relationship between temperature and heat transfer performance. Also, higher
nanoparticle concentrations worsen the potential for aggregation, resulting in instability
and sedimentation, which hinder the nanofluid’s capability to uphold high thermal conduc-
tivity. Thus, defining the optimum nanoparticle concentration that maximize heat transfers
is challenging.

Advantages: Higher nanoparticle concentrations can improve the thermal conductivity
of nanofluids, which leads to higher heat transfer performance in applications such as heat
exchangers, cooling systems and thermal energy storage. Especially in those operating
at lower temperatures, even a small increase in nanoparticle concentration can result in
prominent improvements in performance [214].

Limitations: However, increased nanoparticle concentration frequently leads to higher
fluid viscosity, which can increase the pumping power required to circulate the nanofluid in-
side the system, resulting in a reduction of overall efficiency of the system. Also, nanoparti-
cle agglomeration at higher concentrations can lead to instability. In temperature-dependent
systems, these variations in nanoparticle behavior can introduce additional complexity in
the system’s performance [215].

4. Nanofluids in Thermal Energy Storage Systems
For TES applications, nanocomposites composed of nanoparticles and PCMs are being

widely investigated in the literature. These nano-enhanced PCMs (NEPCMs) undergo
characterization and optimization to achieve desired thermal properties. They are then
integrated into TES systems to facilitate efficient charging and discharging cycles. NEPCMs
are emerging as a promising solution for storing both sensible and latent heat in TES
systems. The key findings from earlier investigations of NEPCMs are presented below.
Previous studies have shown that NEPCMs are fabricated by dispersing nanoparticles or
nanocomposites into PCMs. These NEPCMs are considered promising materials for TES ap-
plications. NEPCMs can significantly improve their overall performance by affecting three
key properties [216]: thermal conductivity, storage capacity and phase change temperature
in LHS systems.

4.1. Effect on Thermal Conductivity

Nanoparticles with higher thermal conductivity can augment the heat transfer rate
within PCM. This is mainly useful in applications where quick heat transfer is required,
such as TES systems. Several investigations have been conducted to study such effects in
LHS systems. In [217], graphene nanoparticles at a concentration of 0.3% by weight were
incorporated into a beeswax-based PCM. This strategic addition resulted in a substantial
enhancement in the thermal conductivity of around 0.25–2.89 W/mK. Nanoparticles with
larger surface area enhance heat transfer, thereby improving thermal conductivity of PCMs.
A myristic acid PCM was modified by incorporating 1.0 wt% SiO2 nanoparticles. This
addition led to a substantial 87.27% increase in the thermal conductivity compared to the
original material. The latent heat remained largely unaffected, and the phase transition ki-
netics were slightly altered, with a minor increase in melting and solidification temperatures
of 1.13% and 1.30%, respectively [218]. Qu et al. conducted experiments using EG-MWCNT
and EG-CNF with Paraffin wax. The key findings demonstrated that EG-MWCNT/PCM
exhibited greater thermal conductivity compared with EG-CNF/PCM [219]. Paraffin waxes
(PW) were enhanced with the addition of aluminum oxide (Al2O3) and carbon black
nanoparticles in [220].
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Incorporating a 1% concentration of carbon black nanoparticles significantly improved
thermal conductivity by more than 35%, outperforming Al2O3 in terms of augmenting
thermal conductivity. Lin et al. investigated the impact of incorporating hexagonal-shaped
copper nanoparticles, ranging in size from 15 to 125 nm, into paraffin wax. The investiga-
tion found that increasing the nanoparticle concentration to around 0.5–2% resulted in a
significant improvement in thermal conductivity, ranging from 14% to 46.3% [221]. The
impact of nanoparticles, including copper (Cu), aluminum (Al), nickel (Ni), silver (Ag),
copper oxide (CuO), aluminum oxide (Al2O3), titanium dioxide (TiO2), silica (SiO2), and
graphene nanoplatelets, on eutectic salt have been evaluated by Singh et al. [222]. They
found that graphene had the least detrimental effect on latent heat in the NEPCM and
exhibited improved thermal conductivity. A stearic acid-based PCM was modified with
expanded graphite nanoparticles. The thermal conductivity increased significantly by
9.6 times compared with pure PCM when 6% wt of nanoparticles were added. The latent
heat of NEPCM decreased slightly, from 189.7 J/g to 163.5 J/g, while the phase transition
kinetics and temperature effects remained largely unaffected, with a variation of less than
1 ◦C in melting and freezing temperatures [223].

Incorporating graphite-based nanoparticles into paraffin wax significantly enhanced
thermal conductivity, as described in [224]. Paraffin wax with graphene nanoparticles
exhibited the highest thermal conductivity among all the tested samples [225]. Krishna et al.
incorporated aluminum oxide (Al2O3) nanoparticles into tricosane (C23H48) at 0.5% to 2%
by volume. The investigation found that the incorporation of nanoparticles significantly
enhanced the thermal conductivity of the PCM, increasing it by up to 32% [226].

In [227], erythritol was modified with the addition of Al2O3, Cu, TiO2 and SiO2

nanoparticles. Copper and aluminum nanoparticles were found to have significantly
higher thermal conductivity compared to the others tested, improving thermal conduc-
tivity by approximately 8%. In [228], the thermal properties of ethyl trans-cinnamate
were improved by incorporating silver and titanium nanoparticles at concentrations be-
tween 0.1 and 1.5 wt%. Singh et al. demonstrated that incorporating SiO2, Al2O3, and
MgO nanoparticles with paraffin wax at 0.5 wt% significantly improves thermal conduc-
tivity [229]. This enhancement raises the thermal conductivity from an initial value of
0.20–0.26 W/m·K, which can contribute to faster heat transfer and potentially increase the
efficiency of TES systems.

Moein-Jahromi et al. also proved that incorporating 3 wt% of graphene nanoplatelets
(GNP) and CuO nanoparticles into polyethylene glycol PCM significantly enhances thermal
conductivity, augmenting it from 0.234 W/m·K to 0.45 W/m·K [230]. In another investiga-
tion [231], nano-graphene nanoparticles, at a concentration of 3% by weight, were dispersed
within a paraffin wax-based PCM. This specific formulation resulted in a notable enhance-
ment in thermal conductivity from 0.123 to 0.303 W/mK. Maher et al. demonstrated
that in paraffin wax PCM, the addition of 15 wt% silicon carbide and silver nanopar-
ticles significantly enhances thermal conductivity, augmenting it from 0.248 W/m·K to
0.392 W/m·K [232]. Moreover, Qian et al. proved that in polyethylene glycol PCM, the
integration of 2 wt% SWCNT leads to a notable improvement in thermal conductivity,
increasing it from 0.24 W/m·K to 0.87 W/m·K [233]. This significant enhancement in
thermal conductivity could facilitate more efficient heat transfer, making the modified
PCM particularly advantageous for applications in TES and management, where rapid
thermal response is essential. Figure 6 illustrates similar studies on the thermal conductivity
variation for various PCMs incorporating nanomaterials.



Energies 2025, 18, 707 29 of 53
Energies 2025, 18, x FOR PEER REVIEW 30 of 57 
 

 

 

Figure 6. Studies on variation of thermal conductivity (W/mK) with PCM–nanomaterials. 

4.2. Effect on the Latent Heat 

Overall, the incorporation of nanoparticles into PCMs offers a viable method of en-
hancing their thermal performance and increasing their suitability in various fields. While 
some studies have recommended that the addition of nanoparticles can enhance latent 
heat capacity, others have found that the existence of nanoparticles can reduce the quan-
tity of PCMs, leading to a reduction in latent heat capacity. However, the impact of nano-
particles on latent heat capacity can be complex, with small proportions potentially bene-
fiting latent heat capacity while larger proportions may have the opposite effect [234]. 

For instance, in paraffin wax PCM, the addition of SiO2, Al2O3, and MgO nanoparti-
cles at 0.5 wt% resulted in a slight decrease in latent heat, reducing it from 260 J/g to 258.30 
J/g [229]. This minor reduction suggests that while the nanoparticles affect thermal con-
ductivity, their impact on LHS capacity is minimal, preserving the PCM’s effectiveness in 
TES applications. In [230], GNP and CuO nanoparticles, at a concentration of 3% by 
weight, were dispersed within a polyethylene glycol-based PCM. This specific formula-
tion led to a slight reduction in latent heat, ranging from 178.35 to 168.70 J/g. While this 
alteration in LHS capacity may influence the overall thermal performance of a PCM, fur-
ther investigation is required to fully understand the implications of these changes. 

Figure 6. Studies on variation of thermal conductivity (W/mK) with PCM–nanomaterials.

4.2. Effect on the Latent Heat

Overall, the incorporation of nanoparticles into PCMs offers a viable method of
enhancing their thermal performance and increasing their suitability in various fields.
While some studies have recommended that the addition of nanoparticles can enhance
latent heat capacity, others have found that the existence of nanoparticles can reduce the
quantity of PCMs, leading to a reduction in latent heat capacity. However, the impact of
nanoparticles on latent heat capacity can be complex, with small proportions potentially
benefiting latent heat capacity while larger proportions may have the opposite effect [234].

For instance, in paraffin wax PCM, the addition of SiO2, Al2O3, and MgO nanopar-
ticles at 0.5 wt% resulted in a slight decrease in latent heat, reducing it from 260 J/g to
258.30 J/g [229]. This minor reduction suggests that while the nanoparticles affect thermal
conductivity, their impact on LHS capacity is minimal, preserving the PCM’s effectiveness
in TES applications. In [230], GNP and CuO nanoparticles, at a concentration of 3% by
weight, were dispersed within a polyethylene glycol-based PCM. This specific formulation
led to a slight reduction in latent heat, ranging from 178.35 to 168.70 J/g. While this alter-
ation in LHS capacity may influence the overall thermal performance of a PCM, further
investigation is required to fully understand the implications of these changes. Similarly,
Ali et al. demonstrated that the addition of 3 wt% nano-graphene to paraffin wax PCM
results in a decrease in latent heat, lowering it from 230.08 J/g to 216.1 J/g [231]. In [232], a
paraffin wax-based PCM was enhanced with a combination of silicon carbide (SiC) and
silver (Ag) nanoparticles at a 15% weight concentration. This specific formulation led to a
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reduction in latent heat, ranging from 206.94 to 170 J/g. However, the authors highlighted
that while this alteration in LHS capacity may influence overall thermal performance of
PCM, further investigation is mandatory to understand the implications of these changes,
particularly considering the potential benefits of enhanced thermal conductivity and other
properties that may arise from the addition of these nanoparticles. The thermal properties
of paraffin were enhanced by adding TiO2, CuO, and GO nanoparticles, as investigated.

The study found that graphene oxide decreased thermal latency, while other research
has indicated that nanoparticles can increase thermal latency [235]. In [236], the thermal
properties of palmitic acid (C17H34O2) and lauric acid (C12H24O2) were enhanced by the
addition of graphene platelets at a concentration of 10% by weight. It has been detected
that incorporation of nanoparticles changed latent heat from 177.9 J/g to 165.6 J/g. Copper
oxide nanoparticles were added to d-mannitol, a PCM. The addition of 0.5 wt% CuO
improved the thermal conductivity of PCM from 1.308 W/mK to 1.637 W/mK. However,
the latent heat (melting point) reduced slightly from 281.89 kJ/kg to 273.20 kJ/kg [237]. In
study [238], paraffin combined with graphene demonstrated highest phase change enthalpy
for both melting and solidification when compared with the pure PCM and other tested
nanocomposites having MWCNT, aluminum, and TiO2 at a concentration of 20 vol% [238].
Incorporating Al2O3, CuO, and TiO2 nanoparticles into paraffin wax PCM reduces its latent
heat from 116.75 J/g to 110.78 J/g [239].

MWCNTs, at 1% by weight, were dispersed within an RT-35HC PCM. This specific
formulation led to a slight reduction in latent heat, ranging from 255.88 to 230.82 J/g [240].
The addition of GNP-Al2O3, GNP-CuO, and GNP-TiO2 nanoparticles to a PCM composed
of a blend of lauryl alcohol and capric acid resulted in reduction of latent heat, lowering
it from 170.7–159.1 J/g [241]. The incorporation of Al2O3, CuO, and ZnO nanoparticles
into a chloride salt mixture of MgCl2, KCl, and NaCl caused a decrement in latent heat,
reducing it from 283.3 J/g to 276.5 J/g. This reduction indicates that while the nanoparticles
may enhance other thermal properties, they also slightly diminish the LHS capacity of
PCMs, which could affect their overall efficiency in TES applications [242]. Figure 7
represents similar research on the latent heat variation for various PCM incorporated
with nanomaterials.

4.3. Effect on the Phase Change Temperature

The phase change temperature (PCT) of a PCM could be slightly varied by the addition
of nanoparticles, depending on the specific nanoparticle and PCM combination. While the
improved thermal conductivity enhances heat transfer efficiency, the lower phase change
temperature may influence the PCM’s performance in specific applications where precise
temperature control is necessary.

For instance, as proved in one study [232], incorporating 15 wt% silicon carbide and
silver nanoparticles in paraffin wax resulted in significant augmentation of its thermal
conductivity, increasing from 0.248 W/mK to 0.392 W/mK. However, this modification also
led to a decrease in phase change temperature, reducing it from 53 ◦C to 49.3 ◦C. A similar
result was observed in [233], in which a polyethylene glycol-based PCM was enhanced with
SWCNTs at a 2% weight concentration. This specific formulation resulted in a decrease in
the phase change temperature, from 62.1 ◦C to 59.6 ◦C. In [241], a PCM composed of lauryl
alcohol and capric acid was enhanced with graphene nanoparticle–metal oxide composites
(GNP-Al2O3, GNP-CuO, and GNP-TiO2). This specific formulation resulted in a decrease
in the phase change temperature, from 4 ◦C to 3.8 ◦C. In another analysis [242], a PCM
composed of magnesium chloride, potassium chloride, and sodium chloride was enhanced
with aluminum oxide, copper oxide, and zinc oxide nanoparticles. This specific formulation
resulted in a decrease in the phase change temperature, from 399.7 ◦C to 398.8 ◦C.
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Conversely, the PCT of the PCM remained nearly unchanged after dosing with CuO,
as observed in [237]. In other cases, an increase in PCT was observed, as in [239], in which
the dosing of Al2O3, CuO, and TiO2 nanoparticles to paraffin wax PCM resulted in a
small rise in phase change temperature, from 62.54 ◦C to 63.56 ◦C. The addition of 1 wt%
MWCNT into RT-35HC PCM led to a minor increase in phase change temperature, rising
from 36.09 ◦C to 36.17 ◦C. This slight adjustment may improve the thermal stability of the
PCM, potentially improving its performance [240].

Paraffin wax was determined to be less effective for TES applications due to its lower
operating temperature and limited heat absorption. Erythritol is well-suited for temper-
atures near 150 ◦C, while nitrate salt is preferable for temperatures between 200 ◦C and
230 ◦C [243]. The addition of MWCNTs to paraffin wax was found to lower the phase
change temperature by about 1 ◦C, as reported by Wang et al. [244]. An experimental
study on thermal performance of a cold TES system employing Ni-ZnO nanocompos-
ites added to oleic acid has been performed. This study found that incorporating 0.3,
0.6 and 1.2 wt% of nanocomposites improved heat transfer properties of a heat transfer
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fluid (HTF), resulting in a decrease of melting and also solidification times by around
29.69% and 28.52%, respectively [245]. The addition of alpha-aluminum oxide (α-Al2O3)
to petroleum wax was found to lower the phase change temperature by 2.2 ◦C, as reported
by Mohamed et al. [246].

The combination of MWCNT-CuO nanoparticles and paraffin wax in a parabolic
dish-type solar collector has been investigated using both theoretical and experimental
approaches. The study compared both charging and discharging rates of NEPCM to pure
paraffin wax, and found that the NEPCM’s phase change time was reduced by 66.6% [247].
Adding 0.3 wt% graphene nanoparticles to beeswax PCM resulted in a slight increase in
phase change temperature, from 62.28 ◦C to 62.42 ◦C. This small adjustment in temperature
could increase the thermal stability of the PCM, making it more suitable for applications
that benefit from precise phase transition control [248]. Figure 8 represents similar studies
on the phase change temperature variation for various PCMs incorporating nanomaterials.
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The application of nanomaterials has led to the following impacts:
Increase in Thermal Conductivity

• Enhanced heat transfer because of the presence of nanoparticles that provide a larger
surface area for conduction [239].

• Improved dispersion of nanoparticles increases the effective thermal conductivity of
the PCM [232,238–243].

• Nanoparticles can generate a network that facilitates thermal energy transfer [249]. No
evidence of decrease in thermal conductivity has been found from previous studies.

Potential increase in Latent Heat

• Improved microstructural properties of the PCM due to nanoparticles can lead to a
higher latent heat of fusion [248].

• Some nanoparticles can enhance the energy storage capability of the PCM by stabiliz-
ing the phase change process [250].

• Nanoparticles may create a composite structure that can absorb more energy during
phase transitions [251,252].

Potential decrease in Latent Heat

• Increased thermal conductivity may result in faster phase transitions, reducing the
amount of energy stored as latent heat [223].

• Presence of nanoparticles can disrupt the crystallization process, resulting in lower
latent heat of fusion [232,239].

• Some nanoparticles may change the thermodynamic properties of PCM, resulting in
lower energy storage efficiency [253,254].

Potential increase in Phase Change Temperature

• Nanoparticles can modify the nucleation sites and promote a more uniform phase
change, shifting the melting temperature upwards [240].

• Improved thermal stability of the PCM due to the incorporation of nanoparticles can
lead to a higher phase change temperature [255].

• The interaction between nanoparticles and the PCM can result in enhanced thermal
stability under varying temperature conditions [256].

Potential decrease in Phase Change Temperature

• Addition of nanoparticles may lower the PCT by altering the intermolecular forces
within the PCM [229,247].

• Certain nanoparticles can introduce impurities that destabilize the solid phase, leading
to a lower melting point [240].

• The modified thermal behavior of the PCM caused by nanoparticles can lead to earlier
phase transitions [233,242,257].

Table 12 represents the various studies on thermophysical properties of nanomaterials
incorporated PCM.

4.4. Influence of Nanoparticles on Latent Heat and Temperature Control in PCM Systems:
Beneficial and Adverse Effects

As highlighted in the comparative Table 12, adding nanoparticles to PCMs can have
both beneficial and unfavorable effects on the latent heat capacity of the material, which
determines the energy stored or released during phase transitions. The primary advan-
tage of nanoparticle incorporation is the enhancement of thermal conductivity, leading
to improved heat transfer during the charging and discharging cycles. However, this
improvement does not always correlate with an increase in latent heat. In some cases, the
presence of nanoparticles can lead to adverse effects, such as the following:
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• Premature Phase Change: Nanoparticles can act as nucleation sites, which may cause
the PCM to solidify or melt prematurely. This disrupts the desired phase change
process, leading to a reduction in the amount of energy that can be stored or retrieved.

• Increased Viscosity: Higher concentrations of nanoparticles can increase the viscosity
of the PCM, impeding heat transfer by slowing down the movement of the material.
This can result in less efficient charging and discharging cycles, reducing the overall
performance of the PCM.

• Thermal Conductivity vs. Latent Heat: While nanoparticles enhance thermal conduc-
tivity, this does not always correlate with an increase in energy storage capacity. In
some cases, the higher thermal conductivity can lead to faster melting or solidification,
thus reducing the time the PCM stays in the phase change state and impacting its
overall latent heat capacity.

Table 12. Review of studies on nanoparticle-enhanced thermophysical properties of TES.

Ref No EXP/NUM
Nanoparticle

PCM
Variation in
Latent Heat

Variation in Phase
Change Temperature

Variation in Thermal
Conductivity

Material Concentration (J/g)
↑ or ↓

(%)
↑ or ↓

(◦C)
↑ or ↓

(%)
↑ or ↓

(W/m K)
↑ or ↓

(%)
↑ or ↓

[193] EXP Graphene 0.3 wt% Beeswax 45.25 ↑ 31.98 ↑ 0.14 ↑ 0.22 ↑ 2.64 ↑ ≈150 ↑
[223] EXP EGr - Stearic acid 26.2 ↓ 13.81 ↓ 0.6 ↑ 1.13 ↑ 2.24 ↑ ≈800 ↑

[229] EXP &
NUM

Al2O3,
MgO, SiO2

0.5 wt% Paraffin wax 1.7 ↓ 0.65 ↓ 9.72 ↓ 22.6 ↓ 0.06 ↑ 30 ↑

[230] EXP GNP-CuO 3 wt% Polyethylene
Glycol 9.65 ↓ 5.41 ↓ 4.2 ↓ 9.74 ↓ 0.216 ↑ 92.31 ↑

[231] EXP Nano
Graphene 3 wt% Paraffin wax 13.98 ↓ 6.08 ↓ 1.71 ↓ 5.73 ↓ 0.18 ↑ ≈150 ↑

[232] EXP Ag, SiC 15 wt% Paraffin wax 36.94 ↓ 17.85 ↓ 3.7 ↓ 6.98 ↓ 0.144 ↑ 58.06 ↑

[233] EXP SWCNT 2 wt% Polyethylene
glycol 78.3 ↓ 41.62 ↓ 2.5 ↓ 4.02 ↓ 0.63 ↑ ≈250 ↑

[239] EXP &
NUM

TiO2,
Al2O3,CuO 3 wt% Paraffin wax 5.97 ↓ 5.11 ↓ 1.02 ↑ 1.63 ↑ 0.348 ↑ 59.39 ↑

[240] EXP &
NUM MWCNT 1 wt% RT-35HC 25.06 ↓ 9.79 ↓ 0.08 ↑ 0.2 ↑ 0.229 ↑ ≈100 ↑

[241] EXP
GNP-(TiO2,

Al2O3,
CuO)

0.3 wt% Capric acid 11.6 ↓ 6.79 ↓ 0.2 ↓ 5 ↓ 0.09 ↑ 60.81 ↑

[242] EXP CuO, Al2O3
ZnO 0.5–3 wt% Chloride salts 6.8 ↓ 2.4 ↓ 0.9 ↓ 0.23 ↓ 0.22 ↑ 62.86 ↑

[248] EXP &
NUM TiO2 2 wt% RT-35HC 28.14 ↓ 10.99 ↓ 0.04 ↓ 0.11 ↓ 0.27 ↑ ≈100 ↑

[250] EXP Ag 1 wt% Paraffin wax 1.6 ↑ 1.01 ↑ 0.5 ↓ 0.9 ↓ 0.228 ↑ ≈100 ↑

[251] EXP SiC 0.075 wt% Stearic acid,
Lauric acid 3.4 ↑ 2.79 ↑ No

Change
No

Change 0.16 ↑ 75.83 ↑

[252] EXP &
NUM Graphene 1 wt% Erythritol 27.6 ↑ 8.87 ↑ 7.51 ↓ 5.89 ↓ 0.389 ↑ 53.07 ↑

[253] EXP SiO2, EGr - Chloride salts 78.5 ↓ 38.82 ↓ 1.8 ↓ 0.46 ↓ 5.96 ↑ ≈1000 ↑

[254] EXP Mg 2 wt% Carbonate
salts 6.3 ↓ 3.79 ↓ 5.99 ↓ 1.52 ↓ 0.602 ↑ 45.33 ↑

[255] EXP EGr 15 wt% Paraffin wax 21.3 ↓ 13.83 ↓ 0.3 ↑ 0.64 ↑ 0.891 ↑ ≈400 ↑

[256] EXP
SiO2,

SiO2-CuO,
SiO2-EGr

0.2–0.6 g Stearic acid,
Capric acid 8.5 ↓ 5.15 ↓ 1.87 ↑ 6.5 ↑ 0.698 ↑ ≈300 ↑

[257] EXP
NG,

MWCNT,
GNP

3 wt% Myristic acid 7.71 ↓ 3.96 ↓ 0.1 ↓ 0.18 ↓ 0.385 ↑ ≈150 ↑

[258] EXP CuO, Al2O3 1 wt% Paraffin wax 6 ↓ 4.3 ↓ 1.8 ↓ 2.81 ↓ 0.109 ↑ 60.56 ↑

[259] EXP TiO2,
MWCNT, 1 wt% Paraffin wax 17.5 ↓ 70.45 ↓ 0.04 ↓ 0.14 ↓ 0.574 ↑ ≈200 ↑

[260] EXP SiO2,
MWCNT 1 wt% Paraffin wax 12.7 ↓ 6.44 ↓ 3 ↓ 4.78 ↓ 0.21 ↑ 87.5 ↑

[261] EXP CeO2, SiO2 1 wt% Paraffin wax 6.5 ↓ 4.64 ↓ 0.93 ↓ 1.46 ↓ 0.08 ↑ 44.44 ↑
Note: ↑ Increment, ↓ Decrement.
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The effect of temperature on PCM performance varies significantly depending on the
system in which the PCM is applied:

• Systems with Beneficial Temperature Control: In systems where temperature control
is less critical, the improved thermal conductivity from nanoparticles can enhance
PCM performance by accelerating the melting and solidification processes. This is
particularly useful in applications like thermal energy storage in solar power plants or
industrial heat recovery systems, where quicker response times are beneficial.

• Systems Requiring Precise Temperature Control: In applications where maintaining a
stable temperature is crucial, such as in electronic cooling, the addition of nanoparticles
may cause instability. The faster melting and freezing induced by higher thermal
conductivity could lead to unwanted temperature fluctuations, which can impair
the effectiveness of the PCM in controlling temperature. In such cases, nanoparticle
concentration must be carefully optimized to avoid these adverse effects.

5. Challenges
Integrating nanomaterials with PCM presents multifaceted challenges, including com-

patibility issues, thermal performance optimization, and scalability for practical applications.

• The release of nanoparticles into the environment can have serious detrimental ef-
fects, posing significant risks to human health and harming ecosystems [262]. These
nanoparticles may exhibit toxic properties, potentially leading to respiratory issues,
neurological damage, and other health concerns. Moreover, the introduction of heavy
metals, often found in some nanoparticle formulations, can result in severe damage to
vital organs. Given these consequences, it is imperative to explore sustainable methods
for recycling and repurposing nanoparticles [262]. This not only helps mitigate the
negative environmental impacts but also allows for the recovery of valuable materials.
By prioritizing the development of recycling techniques, the scientific community can
contribute to safer nanotechnology practices while enhancing the overall sustainability
of nanomaterials [263].

• Preparing mono and hybrid nanofluids comes with several challenges. One of the key
issues is achieving a stable and uniform dispersion of nanoparticles, as they tend to
clump together due to Van der Waals forces, which can affect their stability and thermal
performance. Another challenge is finding the right combination of nanoparticles and
base fluids, as some combinations may react chemically, leading to instability. It is
also tricky to determine the ideal nanoparticle concentration—higher concentrations
can boost thermal conductivity, but they also make the fluid thicker, reducing flow
efficiency. On top of this, advanced synthesis methods like the one-step technique
are expensive and not always practical for large-scale applications. Preparing hybrid
nanofluids, which use two or more types of nanoparticles, is even more complex,
requiring careful methods to ensure stability, prevent separation, and maximize the
combined benefits of the different materials.

• The disposal of nanomaterials poses significant environmental challenges, especially
when these materials are deposited in landfills. The incineration of such materials can
release harmful emissions into the atmosphere, contributing to air pollution and po-
tentially affecting human health and local ecosystems [264]. Furthermore, the leaching
of nanoparticles from landfills into soil and groundwater can lead to contamination,
which poses long-term risks to environmental quality and public safety [265]. Research
into alternative disposal methods and the development of biodegradable nanomate-
rials could play a vital role in addressing these issues and promoting a sustainable
approach to the lifecycle of nanofluids in energy applications [266].
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• Maintaining an optimal concentration of nanoparticles is vital for achieving high ther-
mal conductivity in nanofluids, as excessive concentrations can lead to agglomeration.
This clustering reduces the effective surface area for heat transfer and can increase
viscosity, resulting in higher pumping power requirements and energy losses. There-
fore, careful selection of nanoparticle concentration is essential, along with strategies
to prevent agglomeration, such as using surfactants or stabilizers. By optimizing both
concentration and dispersion, it becomes possible to enhance thermal conductivity ef-
fectively while minimizing the negative impacts of agglomeration, thereby improving
the efficiency of TES systems and heat exchangers [267,268].

• Numerical studies of nanofluids come with their own set of challenges, largely due to
the complex interactions between nanoparticles and the base fluid. This becomes even
more difficult in turbulent or multiphase flows, where traditional models struggle
to accurately capture the detailed dynamics. Adding to the complexity, factors like
Brownian motion, thermophoresis, and sedimentation require advanced physical
models, which not only increase computational demands but also make simulations
harder to manage. Another hurdle is the temperature-dependent nature of nanofluid
properties, like viscosity and thermal conductivity, which introduces uncertainties—
especially since experimental data for validation are often limited. These studies
are also highly sensitive to assumptions and boundary conditions, meaning that
oversimplified models might not reflect real-world scenarios. Lastly, most numerical
simulations are done on a lab scale, making it tough to apply the results to industrial
systems, as experimental validation at larger scales is both expensive and complicated.

• The widespread application of nanoparticles is constrained by their high purchasing
cost, which can deter manufacturers and investors from adopting this technology [266].
The cost of nanofluid PCMs increases with increasing nanoparticle concentration. The
nanofluid’s total cost (EUR) CT is calculated by previous researchers [269,270] as
(Equation (8)):

CT = CBase-fluid + CNano + COther (8)

where CBase-fluid is cost of the base fluid, CNano is the cost of the nanoparticles, and COther is
the extra cost of preparing the nanofluid. As an example, Figure 9 shows the total nanofluid
costs corresponding to different nanofluid volume fractions.
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6. Limitations and Future Directions in Nanoparticle-Based PCM
Systems and Thermal Storage Systems

Nanoparticle-based phase change materials (NPPCMs) and thermal storage systems
utilizing nanofluids have garnered significant attention due to their potential to enhance
thermal performance, particularly in renewable energy applications. However, despite their
promising benefits, several challenges persist in their implementation. These challenges
stem from issues related to the preparation of nanofluids, stability, optimal nanoparticle
concentration, and the cost-effectiveness of large-scale production. Additionally, while
theoretical and numerical advancements have contributed to a deeper understanding of
these systems, practical limitations remain that hinder their widespread application. In
this section, we explore the limitations of NPPCM systems, the challenges in nanoparticle
integration for thermal storage, and the future directions that could potentially overcome
these barriers.

6.1. Limitations of Nanoparticle-Based Phase Change Material (NPPCM) Systems

• Thermal Conductivity Enhancement: While adding nanoparticles improves thermal
conductivity, this enhancement is often limited and highly dependent on particle size,
shape, and concentration.

• Agglomeration and Stability: Nanoparticles in PCM systems tend to aggregate over
time, reducing the overall effectiveness and stability of the material.

• Cost and Scalability: The preparation and integration of NPPCMs are cost-intensive,
limiting large-scale adoption in industrial applications.

• Environmental Concerns: Many nanoparticle materials are non-biodegradable and
pose environmental and health risks during production, use, and disposal.

• PCM Compatibility: Ensuring compatibility between nanoparticles and the PCM
matrix without altering its phase change properties is a persistent challenge.

6.2. Limitations of Nanoparticles in Thermal Storage Systems

• Optimal Nanoparticle Concentration: The enhancement in thermal performance is
concentration-dependent, but high nanoparticle volumes can lead to increased viscos-
ity, sedimentation, and reduced system efficiency.

• Heat Transfer Limitations: While nanoparticles improve thermal conductivity, the
actual enhancement in heat transfer rate may not always justify the added complexity
and cost.

• Sedimentation Issues: In fluid-based systems, nanoparticles tend to sediment over
time, requiring additional stabilization mechanisms.

• Compatibility with Existing Systems: Retrofitting thermal storage systems to accommo-
date nanoparticle-based fluids can be challenging due to potential chemical reactions,
wear, or clogging issues.

6.3. Limitations of Volumetric Nanoparticle/Volume Fraction in Nanofluids

• Viscosity Increase: Higher concentrations of nanoparticles significantly increase vis-
cosity, leading to higher pumping power requirements and reduced flow efficiency.

• Clustering and Agglomeration: Beyond a certain threshold (often 5–10% by volume),
nanoparticles begin to cluster, transitioning the nanofluid into a slurry state, which
adversely affects heat transfer properties.

• Thermal Saturation: The thermal conductivity improvement plateaus at higher con-
centrations, reducing the benefit of adding more nanoparticles.
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6.4. Numerical and Theoretical Developments in Thermal Storage Systems

Advantages:

• Predictive Insights: Numerical models provide valuable insights into nanoparticle
behavior, phase change dynamics, and thermal properties, enabling optimization
without costly experiments.

• Customizable Simulations: Advanced numerical tools allow researchers to simulate
specific conditions and configurations, reducing the time and resources required for
experimental validation.

Limitations:

• Complex Interactions: Capturing the full range of nanoparticle-fluid interactions (e.g.,
Brownian motion, thermophoresis) is computationally expensive and often requires
simplifying assumptions.

• Validation Challenges: Numerical results are often based on idealized condi-
tions, which may not match real-world scenarios, leading to discrepancies with
experimental findings.

• Scalability Issues: Translating results from small-scale numerical studies to industrial-
scale systems is fraught with uncertainties and requires extensive testing.

6.5. Future Directions

To comprehensively grasp the capabilities of nanofluids within TES systems, it is
essential to conduct additional investigations. Future research directions suggested by the
current literature include the following activities:

• A major challenge in using NEPCMs is the high cost of preparation and synthesis.
To mitigate this issue, the authors suggest adopting the economical two-step process,
where readily available nanoparticles are added into PCM and base fluid. However,
this method can lead to sedimentation problems, which can be addressed through
techniques like magnetic stirring, surfactant addition and ultrasonication, enhancing
the stability of the dispersion.

• Research findings indicate that incorporating nanoparticles into PCM improves ther-
mal conductivity, although in some instances, a higher concentration of nanoparticles
resulted in reduction of latent heat. Therefore, extensive investigation is necessary to es-
tablish the optimal nanoparticle concentration, ensuring that the benefits of enhanced
thermal conductivity outweigh any adverse effects, such as decreased latent heat.

• A key concern regarding the use of nanoparticles is their environmental impact, which
can be mitigated through recycling processes. This issue is critical and requires
further research to fully understand the risks associated with nanofluids and NEPCM.
To ensure environmental sustainability, it is essential to develop and implement
mitigation techniques before applying these materials in TES systems.

• Nanofluids and NEPCMs show promise in improving TES systems. However, their
long-term stability remains a concern, limiting their widespread application. Further
research is needed to ensure their durability and effectiveness in these systems.

7. Conclusions and Future Perspectives
This review has highlighted the significant findings related to the incorporation of

nanofluids in TES systems. The integration of nanoparticles into LHS systems has demon-
strated considerable potential for enhancing thermal conductivity, altering latent heat
characteristics, and optimizing overall energy storage performance. By synthesizing cur-
rent knowledge and identifying key trends, this review aims to deliver a comprehensive
understanding of the role of nanofluids in TES, paving the way for future developments that
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can contribute to more efficient and sustainable energy systems. The primary conclusions
are as follows:

• Few studies indicate that the addition of nanoparticles can enhance latent heat of
enthalpy, improving the efficiency of TES systems. This enhancement is often at-
tributed to the increased surface area, and better thermal conductivity provided by
the nanoparticles. However, in certain cases, particularly with the inclusion of carbon-
based nanoparticles, a decline in latent heat has been observed. This reduction may be
linked to factors such as nanoparticle agglomeration or changes in the microstructure
of the PCM. Understanding these contrasting outcomes is essential for optimizing
the formulation of nanofluids and ensuring the effective performance of TES sys-
tems. Further investigation into the interactions between nanoparticles and PCMs
is needed to develop strategies that maximize the benefits while minimizing any
potential drawbacks.

• The incorporation of nanoparticles has demonstrated significant improvements in the
thermal conductivity of PCMs, making them more effective for TES applications. This
enhancement in thermal conductivity allows for faster heat transfer, which is crucial for
the efficiency of systems utilizing PCMs. Also, the addition of nanoparticles can help
optimize the phase change process by facilitating quicker melting and solidification, ul-
timately leading to improved energy management. As research in this area progresses,
the continued exploration of different types and concentrations of nanoparticles will
be essential for maximizing the benefits of PCMs in various applications.

• The nanoparticles used in conjunction with the PCMs can either be fabricated in-house
or sourced from commercial suppliers. It is important to assess the costs associated
with integrating these nanoparticles with PCM, as this can lead to significant expenses.
Nonetheless, a comprehensive economic analysis should be conducted, taking into
account not only the initial investment but also the potential energy savings and
overall efficiency improvements that the system may achieve. By evaluating these
factors, one can determine the long-term financial viability of using nanoparticles in
TES applications.

• Economic flexibility is significantly influenced by the market availability of nanoparti-
cles. The accessibility of these materials directly impacts their pricing; when nanopar-
ticles are readily available, costs tend to be lower, which suggests greater economic
sustainability. This situation encourages the adoption of technologies that utilize
nanoparticles, as it enhances reliability while making them more financially feasible
for various applications. Thus, a stable supply chain for these materials is essential for
promoting innovations in TES and other related technologies.

• Nano-based technology is currently experiencing widespread adoption across various
fields, including medicine and solar applications, due to its significant potential.
However, its extensive use also presents environmental challenges. The entire lifecycle
of nanomaterials, from laboratory fabrication to disposal, involves multiple stages
and can be costly. Improper disposal can lead to toxicity and harm ecosystems.
Consequently, substantial research efforts are being directed towards developing
methods for recycling used nanoparticles instead of discarding them. Ultimately, while
the benefits of nano-based technology are considerable, addressing the associated
risks through thorough research and innovation is essential to safely harness its
full potential.
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Although substantial progress has been made in understanding the thermophysi-
cal properties and operational efficiencies of nanofluids, challenges remain in achieving
long-term stability, minimizing environmental impact, and improving cost-effectiveness.
Continuous research is essential to address these issues, refine nanoparticle formulations,
and establish sustainable recycling practices. Harnessing the benefits of these innovative
materials can drive the expansion of more efficient and environmentally friendly energy
solutions, fostering a sustainable energy future.
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Nomenclature
Abbreviations
AR Aspect Ratio
BS Benzene Sulfonate
CA Capric Acid
CFD Computational Fluid Dynamics
CNF Cyanuric fluoride
CNT Carbon Nano Tube
CHF Constant heat flux
CSP Concentrated Solar Power
CTAB Cetyl Trimethyl Ammonium Bromide
CWT Constant wall temperature (K)
DDC Distearyl Dimethylammonium Chloride
DW Distilled Water
EG Ethylene Glycol
EG-CNF Expanded Graphite-Carbon Nano-fiber
EG-MWCNT Expanded Graphite-Multi-walled Carbon Nano-tubes
GNP Graphene Nanoplates
GO Graphene Oxide
HTF Heat Transfer Fluid
LA Lauric acid
LHS Latent Heat Storage
MWCNT Multi-Walled Carbon Nanotube
MS Magnetic Stirring
NEPCM Nano-Enhanced Phase Change Materials
NF Nanofluid
NG Nano graphene
PCM Phase Change Material
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PCT Phase Change Temperature
PD Particle Diameter (µm)
PV Photovoltaic
PVP Polyvinylpyrrolidone
PW Paraffin Wax
RES Renewable Energy Sources
SDS Sodium Dodecyl Sulphate
SDBS Sodium Dodecyl Benzene Sulfonate
SHS Sensible Heat Storage
SWCNT Single-Walled Carbon Nanotube
TES Thermal Energy Storage
TCHS Thermo-Chemical Heat Storage
US Ultrasonication
USB Ultrasonic Bath
Dimensionless Numbers
Gr Grashoff number
Nu Nusselt number
Pr Prandtl number
Ra Rayleigh number
Re Reynolds number
Symbols
D Diameter (m)
L Length (m)
ζ Zeta potential (volts)
β Coefficient of thermal expansion (1/◦C or 1/K)
ε Eccentricity (no units)
ϕ Volume concentration (%)
ψ Mass fraction (%)
µ Viscosity (N·s/m2)
ρP Object density (kg/m3)
ρL Liquid density (kg/m3)
g Acceleration due to gravity (m/s2)
R Spherical object radius (m)
h Convective heat transfer coefficient (W/m2·K)
k Thermal conductivity (W/m·K)
∆H Change in enthalpy (J)
T Temperature (K)
R Radius (m)
m Mass (kg)
Cp Specific capacity (J/kg.K)
Subscripts
bf Base fluid
hw Hot wall
nf Nanofluid
p Particle
np Nanoparticle
f Fluid
min Minimum
max Maximum
s Channel/tube surface
con Convection
Nt Thermophoresis parameter
Nb Brownian diffusion parameter
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