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Abstract: This review offers a critical survey of the published studies concerning nano-enhanced
phase change materials to be applied in energy harvesting and conversion. Also, the main thermo-
physical characteristics of nano-enhanced phase change materials are discussed in detail. In addition,
we carried out an analysis of the thermophysical properties of these types of materials as well as
of some specific characteristics like the phase change duration and the phase change temperature.
Moreover, the fundamental improving techniques for the phase change materials for solar thermal
applications are described in detail, including the use of nano-enhanced phase change materials, foam
skeleton-reinforced phase change materials, phase change materials with extended surfaces, and
the inclusion of high-thermal-conductivity nanoparticles in nano-enhanced phase change materials,
among others. Those improvement techniques can increase the thermal conductivity of the systems by
up to 100%. Furthermore, it is also reported that the exploration of phase change materials enhances
the overall efficiency of solar thermal energy storage systems and photovoltaic-nano-enhanced phase
change materials systems. Finally, the main limitations and guidelines for future research in the field
of nano-enhanced phase change materials are summarized.
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1. Introduction

Nanomaterials have been intensively studied in recent years, given that they possess
great potential for technical breakthroughs and offer beneficial features for the use of
nanomaterials in diverse applications. Nanotechnology can be of relevance in distinct tech-
nological areas of actuation, including IT technologies, medicine, and innovative materials,
among others. Particularly, energy storage and conversion are among the most challenging
nanotechnological areas, given that the use of nanomaterials may give way to remarkable
advances in many applications. The use of nanoparticles and other nanostructures has been
evaluated in-depth in the past few decades because of the great number of possible appli-
cations. The fundamental direction of this overview is focused on energy harvesting and
conversion. Furthermore, the use of nanofluids in solar absorption thermal management
was presented by the authors Nourafkan et al. [1]. The authors emphasized the experi-
mental photo-thermal conversion efficiency using a solar simulator. The research team
added lithium bromide nanoparticles at a weight fraction of 50% wt. to water. The obtained
experimental results indicated that the incorporation of the nanoparticles enhanced the
light trapping efficiency and hence augmented the bulk temperature. The verified efficiency
increase was reported to be between nearly 5% and 12%, and the authors concluded that
the inclusion of the nanoparticles was very suitable for solar absorption cooling ends. Also,
the possible application of nano-improved materials in thermoelectric generation purposes
was inferred by the authors Raihan et al. [2]. A nanostructured bulk alloy at 0.1% vol. of
silicon carbide nanoparticles was employed with respect to the examination of the heat

Molecules 2023, 28, 5763. https:/ /doi.org/10.3390/molecules28155763

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules28155763
https://doi.org/10.3390/molecules28155763
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-7244-8611
https://orcid.org/0000-0001-9801-7617
https://orcid.org/0000-0001-5333-5056
https://doi.org/10.3390/molecules28155763
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28155763?type=check_update&version=1

Molecules 2023, 28, 5763

2 of 49

conduction and heat transfer loss into the surroundings. The authors confirmed that the
addition of nanoparticles increased the thermal efficiency in the range of 7.3% to 8.7%.
Moreover, an evacuated tube solar collector system having a parabolic concentrator and
using graphene nanofluids was studied by the authors Natividade et al. [3]. The focus of
their research was to evaluate the thermal efficiency of the system. The obtained results
showed that the thermal efficiency of the solar collector was enhanced by between 31%
and 76% compared to that achieved with the base fluid. The inclusion of nanoparticles
for photovoltaic purposes was studied by the researchers Salem et al. [4], who analyzed
the cooling effect on photovoltaics with the use of phase change materials. In their experi-
mental work, an alumina/phase change material mixture having diverse concentrations
of nanoparticles was added to water. The effect of the occupation ratio in the channels
was evaluated, and from the obtained results, the authors revealed that it was possible
to achieve an increase in the delivered power output from the photovoltaic panel, and a
nanoparticle fraction of 1% wt. maximized the increase in the power output. The impact of
the addition of silica and alumina nanoparticles in low-salinity hot water was addressed by
the authors Ding et al. [5]. The goal of the study was to infer the potential to enhance the
heavy oil recovery process. The numerical simulations showed an increase in the heavy
oil recovery rate by between 2.4% and 7.2% with the inclusion of nanoparticles compared
to the recovery rate of conventional water injection. The authors also reported that it
would be possible to enhance the o0il recovery by about 40%. Furthermore, an innova-
tive thermomechanical fluid composed of nickel-bromine ionic liquid with the addition
of vanadium dioxide nanoparticles was developed by the researchers Chen et al. [6] to
produce an innovative composite film. The incorporation of the nanoparticles provided
a 27% increase in the ultrahigh optical properties compared to the nearly 14% increase
provided by vanadium dioxide film alone. This type of film could be an effective ther-
mochromic material for smart window general ends. Also, the obtained results could
provide thermal efficiency enhancements in residential buildings. Experimental work on a
mineral lubricant with the addition of titanium oxide nanoparticles was carried out by the
authors Adelekan et al. [7] using a liquefied petroleum gas refrigerant. The results showed
that the nanoparticles in the mineral oil enhanced the overall efficiency of the refrigerator.
Also, the results indicated that the engaged power was reduced from 8% to around 15%,
depending on the concentration of the nanoparticles. The inclusion of nanoparticles of
silica in fatty acids was elaborated by the authors Martin et al. [8] to create a potentially
effective nano-enhanced phase change material having enhanced thermal conductivity,
which is adequate for building thermal management applications. The researchers found
that the addition of nanoparticles increased the thermal conductivity and heat transfer
rate. The evaluation of a phase change material melting rate for thermal energy storage
purposes was reported by the researchers Ren et al. [9], who considered the addition of
nanoparticles. The obtained results showed that the energy storage efficiency decreased
with an increasing concentration of nanoparticles. The reasons behind such a result were
the augmented dynamic viscosity of the phase change material together with the poor
energy storage capability. Also, one study of the direct absorption collectors using thermal
fluids enhanced with nanoparticles was published by the researchers Balakin et al. [10].
For this purpose, they performed a CFD analysis, and the fundamental outcome was
that the incorporation of certain nanoparticles caused an efficiency enhancement of the
absorption collector of approximately 10%. In addition, the highest enhancement in the
collector thermal performance was found when a magnetic nanofluid was considered, with
an efficiency increase of nearly 30%. The inclusion of copper oxide and aluminum oxide
nanoparticles and carbon nanotubes in water was numerically investigated by the authors
Bonab and Javani [11] for a solar collector having absorbing pipes. The performance of the
solar collector was enhanced with the incorporation of nanoparticles as compared to that of
the water itself. The highest efficiency enhancement was found at concentrations less than
5% vol. The inclusion of nanoparticles for the amelioration of green hydrogen production
rates by dark fermentation was published by the researchers Kumar et al. [12]. Reviews
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on the nanoparticles of silver, iron, titanium oxide, nickel, and others were obtained, and
in all cases, the production rate of the eco-friendly hydrogen was enhanced. A numerical
performance analysis of the gallium arsenide plasmonic solar cells with the incorporation
of silver and gold nanoparticles was described by the researchers Zhang et al. [13]. The
researchers reported that the inclusion of the nanoparticles enhanced the light absorption of
gallium arsenide solar cells. The highest enhancement of the optical—electrical conversion
rate was attained with the gold nanoparticles. It was also highlighted by the authors
that with the optimization of the nanoparticle properties, it was possible to diminish the
thermalization losses and ameliorate the electrical overall performance. The diversified
factors affecting the thermal performance of flat-plate solar collectors were addressed by
the researchers Zayed et al. [14] using nanofluids. The results indicated that the most
adequate nanoparticles from the energy and exergy standpoints were the carbon-based
ones. The efficiency enhancement ranged from around 6% to nearly 37% compared to those
obtained with the traditionally employed nanofluids, at weight fractions of up to 2% wt.
An analytical study was carried out by the researchers Abdelrazik et al. [15] to evaluate the
thermal performance improvement in hybrid photovoltaic-thermal solar collectors. The
chosen nanoparticles were included above the photovoltaic module and on the backside
of the photovoltaic panel with a phase change material layer. The performed numerical
analysis demonstrated that the performance of the examined photovoltaic/thermal system
decreased by approximately 6.7% with the incorporation of the nanoparticles. Nonethe-
less, when considering an optical filtration above the photovoltaic panel, the efficiency of
the system was enhanced from 6% to 12%. Innovative emulsions of paraffin and water
mixtures were evaluated by the authors Agresti et al. [16] at concentrations between 2%
wt. and 10% wt. The results indicated that the melting heat was decreased compared to
that achieved with the base fluid alone and the thermal capacity was enhanced by up to
40%. An overview of heat transfer improvement was published by the researchers Rehman
et al. [17]. The phase change materials composed of metallic and carbon porous materials
or foams were the focus of the survey. The research team reported that the incorporation
of nanoparticles in porous materials or foams can improve the thermal conductivity by
between 3 and 500 times. Some useful correlations of thermal conductivity were also
highlighted along with the assessed research gaps. The addition of inorganic nanopar-
ticles in the phase change materials was studied by the researchers Sheikholeslami and
Mabhian [18] for energy storage applications. The authors also applied an external magnetic
field, and the results indicated that the addition of nanoparticles at concentrations up to
4% wt. provided a 14% decrease in the solidification time. The combined application of
the magnetic field and nanoparticles turned out to be a very suitable option to drastically
augment the solidification for energy storage purposes. The diagram in Figure 1 sum-
marizes the main criteria and types of the phase change materials. In sum, this review
intends to comprehensively discuss the impact of adding nanoparticles to base phase
change materials’ thermophysical characteristics like thermal conductivity, specific heat
capacity, viscosity, density, latent heat, subcooling, phase change duration, and phase
change temperature. Also, the eventual alterations in the thermophysical properties of the
nano-enhanced phase change materials after being subjected to continuous thermal cycling
are among the main objectives of this work. Additionally, the ideal characteristics of the
nano-enhanced phase change materials, thermal-performance-influencing factors, potential
applications, limitations, challenges, and future research routes regarding nano-enhanced
phase change materials will be addressed in detail.

This review mostly deals with experimental and numerical research of nano-enhanced
phase change materials. A similar overview was performed by the researchers Punniakodi
and Senthil [19]. However, these authors focused on research studies dealing with the
solar thermal energy storage applications of phase change materials with the incorpora-
tion of nano-scaled enhancers. Moreover, the rigid separation between nanofluids and
nanocomposites can be considered outdated because of the wider field of application of
nanomaterials in this context. Many nanofluids can be used as nano-enhanced phase
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change materials and vice versa, depending on the material phase. An example of this
can be water improved with the addition of nanostructures or a paraffin nanofluid. Some
researchers have already incorporated both nanofluids and nanocomposites in their review
articles. Consequently, this review also investigates both types of materials. In this sense,
a review was carried out by the authors Kibria et al. [20], focusing on the study of the
thermophysical properties of nano-enhanced phase change materials, nanocomposites,
and additives. A similar overview was published by the authors Leong et al. [21], in
which they comprehensively addressed the thermal conductivity and latent heat capacity
of nano-enhanced phase change materials along with their main potential applications.
Their focus was on low-temperature energy storage applications between 20 °C and 37 °C.
Accordingly, the authors Teggar et al. [22] published an overview paper concerning the
available works on nano-enhanced phase change materials, their synthesis methodologies,
thermophysical characteristics, and overall cost. The authors also analyzed the latent
heat, specific heat, and thermal conductivity of these materials. The research presented
herein addresses the less-investigated potential applications, pinpointing further research
routes and attempting to fill the existing research gaps. This paper presents guidelines for
researchers dealing with enhanced materials while giving insights into their application in
diverse engineering systems. The main objective of the work was to pinpoint the potential
future nano-enhanced phase change materials applications and to highlight the relevance of
their preparation attained advances in line with the application of these enhanced materials.
When considering nano-enhanced phase change materials for possible applications, the
research community should be aware of their preparation challenges and improvements in
their thermophysical properties. Figure 2 shows the fundamental enhanced properties that
an optimal nano-enhanced phase change material should have.

Low
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Medium Organic-
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Figure 1. Fundamental criteria and types of phase change materials.
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Figure 2. Main characteristics of an ideal nano-enhanced phase change material.

2. Preparation Methods of Nano-Enhanced Phase Change Materials

It should be noted that most of the published research studies describe their prepa-
ration methods of nano-enhanced phase change materials in an incomplete manner since
important details are usually missing. Such details are often the amounts included in
the final formulation, stirring revolutions, temperature range, duration and sonication
power and frequency, manufacturer and model of the employed equipment, and manu-
facturer of the employed nanomaterials. These absent parameters are vital for a proper
synthesis method and are very useful for the reproducibility of the experiments and the
corresponding repeatability of results. Nonetheless, it can be stated that the main literature
findings showed that diverse parameters affect the thermophysical characteristics of the
final nano-enhanced phase change materials. The morphology of the added nanoparticles
was found to be critical, along with the sonication stage. The following sections will briefly
describe some of the synthesis routes followed. Figure 3 presents the main preparation
methods of phase change materials and nano-enhanced phase change materials.

Microencapsulation
Vacuum
Impregnation Dispersion and
Sonication
Gravity Die
Casti
asting Kneader Mixing
Varnish Layer Autoclave
Method
Melt Blending Melting-Impregnation

Impregnation-Compression-Sintering

Figure 3. Main preparation methods of phase change materials and nano-enhanced phase

change materials.

2.1. Microencapsulation Methods

Encapsulated phase change materials were discussed by the authors De Matteis
et al. [23] as an effective option for residential building thermal management applications.
The researchers confirmed that the use of a nano-encapsulated phase change material can
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reduce the heating/cooling demands in residential buildings by between 1% and nearly
4%. Figure 4 summarizes the main microencapsulation methods for producing phase
change materials.

Physical-

Chemical Chemical

Physical

Interfacial
Polymerization

Spray Drying Coacervation

Sol-Gel
Encapsulation

Suspension
Polymerization

Emulsion
Polymerization

Figure 4. Main microencapsulation phase change materials’ preparation methods.

The microencapsulated phase change materials are produced using physical, physical—-
chemical, and chemical methodologies. Among the physical ones, only the spray-drying
technique can be used to produce microencapsulated phase change materials. Techniques
like air suspension coating are not entirely adequate for the encapsulation of phase change
materials [24]. Other physical methods including centrifugal extrusion, vibrational nozzle,
and solvent evaporation have some potential and should be more profoundly investigated.
The spray-drying technique is cost-effective and enables the preparation of microencap-
sulated phase change materials, which can be easily applied and scaled. Nonetheless,
researchers should be aware of the eventual agglomeration that can occur during this
preparation approach. The sol-gel and coacervation methods are the most employed
physical-chemical methods in the fabrication of microencapsulated phase change mate-
rials. The microencapsulation of phase change materials using inorganic shell materials
can be performed through the sol-gel method. An alternative synthesis route includes
chemical methods that encompass interfacial, suspension, and emulsion polymerization
techniques. Chemical methods are the most employed in the microencapsulation of phase
change materials using a broad variety of shell materials. Moreover, it can be noted that
some advantageous characteristics of microencapsulated phase change materials are their
improved mechanical and chemical stability, extended thermal cycling, and prevention of
chemical reactions with other materials. The main limitations of this type of phase change
material are their high cost, the relative decrease in thermal conductivity, and leakage risk.

2.2. Dispersion and Sonication

The researchers Liu and Yang [25] analyzed titanium oxide nanoparticles dispersed
in inorganic hydrated salt phase change materials composed of disodium hydrogen phos-
phate dodecahydrate and sodium carbonate decahydrate. The solution had a mass ratio
of 60:40 and the concentrations of the nanoparticles ranged between 0.1% wt. and 0.5%
wt. The solution was first placed inside a beaker in a thermostatic water bath at 55 °C.
After this step, the nano-enhanced phase change material was stirred for two hours at
1500 rpm, followed by ultrasonication for 30 min at 120 W. Moreover, the researchers
Munyalo et al. [26] synthesized an aqueous solution having 24% wt. of BaCl,-2H,O with
the incorporation of magnesium oxide nanoparticles and multi-walled carbon nanotubes at
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weight concentrations between 0.2% wt. and 1% wt. The enhanced solutions were mixed
in a magnetic stirrer and ultrasonicated for 45 min at 50 °C. Nonetheless, the authors did
not report the temperature and revolutions of the stirring procedure followed. On the
other hand, the researchers Wang et al. [27] evaluated the thermophysical characteristics
of paraffin with the addition of alumina nanoparticles. Alumina nanoparticles at volume
concentrations of 0.001% vol., 0.005% vol., and 0.01% vol. were incorporated into the
paraffin and dispersed using 30 min of magnetic stirring and one and a half hours of an
ultrasonication procedure. The utilized equipment and other experimental parameters
were not specified by the authors. The CTAB surfactant was added to avoid the possible
agglomeration of nanoparticles. The published scientific articles reported that the nano-
enhanced phase change materials are usually composed of paraffin wax and other organic
and inorganic phase change materials to which diverse nanomaterials are added. Also, the
authors Warzoha et al. [28] evaluated the temperature dependence on the thermal proper-
ties of paraffin with the addition of herringbone-style graphite nanofibers at volumetric
concentrations between 0.05% vol. and 11.4% vol. A hot plate was employed to melt the
phase change material at 80 °C, and to disperse the nanofibers, a sonicator was used for two
hours at a frequency of 32 Hz. Moreover, the authors Nourani et al. [29] dispersed alumina
nanoparticles at different concentrations from 2.5% wt. to 10% wt. in paraffin wax with
the aid of a surfactant. The nanoparticles were mixed for one hour with the phase change
material employing a magnetic stirrer and a vacuum pump at 600 mm Hg vacuum. After
that, the ultrasonic vibration was used with an operating power of 80 W and a frequency
of 50 kHz for two hours. During the mixing, the solvent petroleum ether was added to
maintain the liquid phase which was then removed by heating the mixture. In addition,
the researchers Motahar et al. [30] carried out an analysis study on the solidification of
n-octadecane phase change material with the addition of titanium oxide nanoparticles at
concentrations from 1.0% wt. to 4.0% wt. The blend was first mechanically stirred and then
placed in an ultrasonic bath at 40 °C for 15 min. Moreover, the authors Wang et al. [31]
evaluated the influence of the addition of graphite nanoparticles at 0.05% wt. and 0.1% wt.
on the photothermal behavior and thermophysical features of a water/paraffin emulsion.
The nanoparticles were dispersed with a rotor—stator homogenizer for five minutes at
12,000 rpm. Nonetheless, the investigation team did not specify the temperature of the
homogenization of the mixture. The authors Chieruzzi et al. [32] fabricated a nitrate salt
eutectic mixture of 60% wt. NaNOj3 and 40% wt. KNO3; with 1% wt. of alumina and silica
nanoparticles. The authors used a twin-screw micro-compounder to mix the material at
high temperatures and evaluated the efficiency of two different settings for the experimen-
tal parameters, one for 15 min at 100 rpm and the other for 30 min at 200 rpm. The authors
reported that the use of 200 rpm for 30 min was the best mixing strategy. In addition,
the researchers Ebadi et al. [33] dispersed copper oxide nanoparticles at concentrations of
0.1% wt. and 1% wt. in coconut oil and examined the melting process and thermophysical
properties. To achieve a uniform dispersion of the nanoparticles, a magnetic stirrer was
used at 60 °C for 12 h. After that, the synthesis was followed by 30 min of ultrasonication.
The temperature and frequency of the ultrasonication stage and the rotations per minute im-
posed in the magnetic stirrer were not reported by the authors. In addition, the researchers
Salian and Suresh [34] investigated the impact of the addition of copper oxide nanoparticles
at concentrations between 0.1% wt. and 0.5% wt. on the thermophysical characteristics of
D-Mannitol. To uniformly disperse the nanoparticles in the phase change material, a ball
mill was employed for two and a half hours at 250 rpm, and after that, the preparation
method was resumed with the use of a sonicator at a frequency of 40 kHz. The authors
did not specify the temperature and time of the ultrasonication procedure. Moreover,
the researchers Praveen and Suresh [35] studied the heat transfer behavior of neopentyl
glycol and copper oxide nanoparticles at concentrations between 0.5% wt. and 3.0% wt.
Neopentyl glycol with the addition of nanoparticles was produced with the help of a ball
mill at 200 rpm for two hours, followed by an ultrasonication stage using a probe sonicator
at 40 kHz for 10 min. However, the researchers did not specify the temperature values of
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the synthesis methodology. Figure 5 schematically represents a typical preparation method
of a nano-enhanced phase change material with the addition of graphene nanoparticles.

Addition of Graphene

Addition of Surfactant in the Nanoplatelets in the Phase Change
Liquid Phase Change Material Material and Surfactant Solution
\
jE L
Temperature
_E y |
Sensor - T ‘ _

e ™ ot = Y
Hot Plate with _,% % m s

Magnetic Stirrer . Ultrasonication — <
Bath

Stirring for 30 Minutes Stirring for 60 Minutes Ultrasonication for 60 Minutes

Figure 5. Schematic illustration of a typical preparation method of a nano-enhanced phase change
material composed of a liquid base phase change material with the addition of graphene nanoparticles.

2.3. Autoclave Method

The researchers Zeng et al. [36] followed the autoclave method to synthesize a nano-
enhanced phase change material and chemically intercalated flake graphite to produce
expanded graphite. The expanded graphite was then expanded by means of microwave
irradiation to obtain expanded graphite. The tetradecanol/expandable graphite nano-
enhanced phase change material was produced by mixing tetradecanol with expanded
graphite through an autoclave method. The nano-enhanced phase change material pro-
duced exhibited excellent thermal energy storage capacity. In detail, the expanded graphite
was prepared with a certain amount of natural flake graphite added to a solution of
glacial acetic acid and nitric acid under stirring in a 35 °C water bath to form a uniformly
distributed mixture. Then, potassium permanganate was added to the mixture with con-
tinuous stirring. During the stirring stage, a nitric acid /acetic acid/ graphite intercalation
compound was formed. Then, this intercalation compound was filtered, washed, and dried
at 50 °C under vacuum to obtain dry expanded graphite. The obtained expanded graphite
was then radiated for 1 min in a microwave oven to obtain the expanded graphite. The
expansion ratio of expanded graphite was measured with the following procedure: 0.20 g
expandable graphite in a 50 mL beaker was irradiated for one minute, and then the volume
of the obtained expanded graphite was recorded. The obtained mean volume value divided
by 0.20 g resulted in the expansion ratio of the expanded graphite of mL/g. After that, the
expandable graphite, tetradecanol, and anhydrous ethanol were mixed in an autoclave,
which was heated at 120 °C for one day and then cooled to room temperature. The mixture
was then heated at 50 °C under reduced pressure to evaporate the ethanol. After that,
the mixture was dried under vacuum for one day to obtain the tetradecanol/expandable
graphite nano-enhanced phase change material.

2.4. Gravity Die Casting

Gravity die casting is a technique that was employed by the researchers Mandal
et al. [37], who reported the effects of using the phase change material paraffin with the
addition of copper oxide nanoparticles as a storage medium on the performance of a solar
water heater. The authors found that with increasing copper oxide nanoparticles, the
temperature of the nano-enhanced phase change material, temperature of the water at
the outlet, and heat transfer capability decreased in the solar water heater. The following
paragraphs will describe the process of producing the nanoparticles and the final nano-
enhanced phase change material. The copper oxide nanoparticles were synthesized through
electrochemical discharge machining using a copper wire as a cathode and a copper sheet
as an anode. Both electrodes were dipped into a 0.5 M potassium hydroxide solution
that acted as an electrolyte. The electrochemical discharge machining technique works
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on the principle of erosive action under which a high potential difference is maintained
between the electrodes. Because of this, the heat is liberated, causing the material to melt
and evaporate from both electrodes. The arc discharge takes place at the cathode surface
by supplying a direct current power supply and maintaining a threshold voltage of 85V
across the electrodes. The molten copper is deposited into the electrolytic solution. The
nanoparticle-mixed electrolyte is centrifuged at 10,000 rpm until the droplets of the molten
copper metal settle down at the bottom of the test tube in the form of black precipitates
because of the sudden cooling. The precipitates are segregated, washed, and dehydrated in
an oven at 80 °C for 24 h. The effect of electrolyte temperature has been investigated by
using an aqueous potassium hydroxide solution, which is heated to 40 °C with a magnetic
stirrer. To ensure optimum mass output rate and to prevent the agglomeration of the
nanoparticles, a magnetic stirrer was rotated at 220 rpm. The copper oxide—phase change
material composite was synthesized by using the gravity die casting process. In the hot-
chamber gravity die casting, the base paraffin wax was utilized and allowed to melt. As the
paraffin wax melted completely, the copper oxide nanoparticles were introduced into the
cavity chamber through the provided passage and finally rotated so that they were mixed
properly with molten paraffin wax with the help of a stirrer. After the mixing, the copper
oxide—phase change material was drained out from the crucible and poured around the
periphery of a copper pipe.

2.5. Vacuum Impregnation

The vacuum impregnation method is used to improve the incorporation of nanopar-
ticles into the base phase change material. It has beneficial features of enhancing the
long-term phase stability of the nano-enhanced phase change materials and preventing the
molten base phase change materials from leaking at high pressure. Additionally, vacuum
impregnation equipment has been developed to produce high amounts of shape-stabilized
phase change materials without the need for extra filtering and crushing processes. The
authors Kim et al. [38] followed a two-step procedure to synthesize a nano-enhanced
phase change material composed of hexadecane with the addition of exfoliated graphene
nanoplatelet nanoparticles by the vacuum impregnation technique. Before the nanocom-
posite preparation, the exfoliated graphene nanoplatelets were prepared by applying cost-
effective exfoliation to commercially available graphite. To produce the nano-enhanced
phase change material, the exfoliated graphene nanoplatelets were placed inside a filter-
ing flask that was then vacuum-pressurized for one hour before the mixing process with
liquid hexadecane. After that, the mixture was filtered and dried in a vacuum drier at
80 °C for one day. Figure 6 schematically illustrates the vacuum impregnation equipment
and procedure.

e v/v Liquid Base Phase
Change Material

Heater

Figure 6. Vacuum impregnation set-up.
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3. Phase Change Material Nanofluid Thermophysical Properties
3.1. Thermal Conductivity

A major part of the available scientific articles is focused on the thermal conductivity
increase as a direct consequence of the addition of nanoparticles to the base phase change
materials. One exception is, for example, the experimental work performed by the authors
Colla et al. [39], in which the addition of alumina nanoparticles to a base of paraffin
provoked up to 8% lower thermal conductivity when compared to that of the paraffin
itself. However, the authors did not provide a clear interpretation of such a fact. Broadly
speaking, because of the superior thermal conductivity of nano-enhanced phase change
materials, it is expected to decrease the heating, melting, and solidification durations.
Also, the reported thermal conductivity enhancements were up to 100% or even more.
This was the case for, e.g., lauric acid base phase change material with the inclusion of
graphene nanoplatelets [40], carbon phase change materials [41], or magnesium chloride
hexahydrate phase change materials [42]. Usually, it can be concluded that an increment
in the concentration of the nanoparticles in the phase change materials will increase the
thermal conductivity. Nonetheless, there is a limiting concentration of added nanomaterials
in the base phase change material, given that the excessive values of concentration beyond
this limit induce the avoidable agglomeration of the nanostructures. Such an agglomeration
effect led to enhanced thermal conductivity in some published cases and reduced thermal
conductivity in others. This dual impact on the thermal conductivity of the nano-enhanced
phase change materials could be misleading and lead to inconsistent conclusions. It is
difficult to accurately predict when the agglomeration of nanoparticles will happen, given
that this effect depends on several factors like the morphology and concentration of the
nanoparticles, and type, phase time, and temperature of the base phase change materials.
The authors Harish et al. [40] observed the thermal conductivity of lauric acid phase
change material augmented with increasing concentrations of graphene nanoplatelets. The
researchers found a drastic increase of about 230% for the nano-enhanced phase change
material at 1% vol. of graphene nanoplatelets. On the other hand, the authors Sharma
et al. [43] fabricated a nano-enhanced phase change material of palmitic acid with the
addition of titanium oxide nanoparticles and stated that the increasing concentration of the
nanoparticles caused the thermal conductivity of the nano-enhanced phase change material
to increase. Also, the authors reported that at 5% wt. of titanium oxide nanoparticles, the
maximum thermal conductivity increment of nearly 80% was reached. Nonetheless, at the
same concentration of nanoparticles, the authors reported a 15.5% decrease in the latent heat
of fusion compared to that of the phase change material itself. Additionally, the researchers
Lin et al. [44] examined the thermophysical characteristics of nano-enhanced phase change
materials composed of paraffin wax and copper nanoparticles. The research team found that
the resultant thermal conductivity increased with increasing concentrations of nanoparticles.
The authors also observed that increasing the concentration of the nanoparticles decreased
the latent heat. The peak thermal conductivity enhancement of nearly 46% was obtained
at 2% wt. of nanoparticles. Furthermore, the researchers Wang et al. [31] fabricated a
phase change material of OP10E and water emulsion and graphite nanoparticles. The
authors argued that the supercooling effect of the emulsion could be prevented for a
concentration greater than 2% wt. of graphite nanoparticles. The research team also
confirmed that the incorporation of the graphite nanoparticles into the OP10E/water
emulsion did not affect the latent heat capacity of the system. It was also observed that the
inclusion of 2% wt. of nanoparticles led to a thermal conductivity enhancement of nearly
89%. Additionally, the researchers Sami and Etesami [45] investigated the thermophysical
properties of a nano-enhanced phase change material composed of paraffin and titanium
oxide nanoparticles and verified a thermal conductivity increase of nearly 48% with 2% wt.
of nanoparticles. Also, the authors observed no considerable alterations in the temperature
of melting and latent heat capacity after pre-defined thermal cycling. Moreover, the authors
Barreneche et al. [46] argued that the shape and size of carbon black nanoparticles, multi-
walled carbon nanotubes, and graphene oxide nanosheets considerably influenced the
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thermal conductivity of nano-enhanced phase change materials. They determined thermal
conductivity increases of 8%, 14%, and 7% at 0.1% wt. of carbon black/water, multi-
walled carbon nanotubes/water, and graphene oxide/water, respectively. Moreover, the
researchers Harikrishnan et al. [47] investigated the thermophysical properties of myristic
acid with the incorporation of silica nanospheres. The highest reported enhancement
in the thermal conductivity of the nano-enhanced phase change material was around
87% and it was attained at 1.0% wt. of incorporated silica. Furthermore, the researchers
Salyan and Suresh [34] evaluated the thermophysical properties of D-Mannitol with copper
oxide nanoparticles. The inclusion of 0.5% wt. of the nanoparticles to the phase change
material led to a 25% enhancement in thermal conductivity. The incorporation of the
nanoparticles induced a minor decrease in the latent heat of the D-Mannitol base phase
change material. The researchers Mayilvelnathan and Arasu [48] found that the thermal
conductivity of erythritol, measured with the laser flash method, was enhanced with
the incorporation of graphene nanoparticles between 0.1% wt. and 1% wt., before and
after thermal cycling periods. The thermal conductivity of erythritol was 0.733 W/mK,
whereas the thermal conductivity of the final nano-enhanced phase change material was
increased to 1.074 W/mK, 1.095 W/Mk, and 1.122 W/mK at 0.1% wt., 0.5% wt., and 1%
wt., respectively. After the thermal cycling, the thermal conductivity was 0.692 W/mK for
erythritol, and 0.899 W/mK, 0.921 W/mK, and 1.020 W/mK for erythritol with graphene
nanoparticles at 0.1% wt., 0.5% wt., and 1% wt., respectively. Additionally, the authors
Putra et al. [49] studied the thermophysical characteristics of nano-enhanced phase change
materials composed of Rubitherm™ paraffin wax, RT22 HC, with the inclusion of graphene
nanoplatelets. The thermal conductivity of the paraffin wax was increased by nearly 90%
with the addition of 0.3% wt. of graphene nanoplatelets. In addition, the researchers Yadav
et al. [42] synthesized nano-enhanced phase change materials of magnesium chloride
hexahydrate and nano-graphite. The nano-enhanced phase change material at 0.5% wt. of
nano-graphite particles exhibited a substantial thermal conductivity enhancement of 308%.
It also showed increases in the melting and solidification rates of 22% and 75%, respectively,
compared to those achieved with the base phase change material itself. Additionally,
the authors Praveen and Suresh [35] performed experimental research studies on the
heat transfer behavior of neopentyl glycol enhanced with copper oxide nanoparticles.
The researchers conducted thermal storage and release experiments and determined the
thermal conductivity of the nano-enhanced phase change material. At 3% wt. of copper
oxide nanoparticles, the storage time was decreased by nearly 34%, and at the same
concentration, the thermal conductivity of the base phase change material experienced
a 4-fold increase. Furthermore, the authors Nourani et al. [29] enhanced paraffin with
different weight concentrations of alumina nanoparticles. The researchers claimed that
the correlation between the effective thermal conductivity and increasing concentration of
alumina nanoparticles was nonlinear. The increment in the effective thermal conductivity
was 31% in the solid phase and 13% in the liquid phase for the nano-enhanced phase change
material incorporating 10% of alumina. At the same weight fraction of nanoparticles, the
authors also reported a 27% decrease in the heating and melting times in the base phase
change material. Finally, the researchers Wang et al. [50] measured the thermal conductivity
of paraffin and titanium oxide nanoparticles at distinct concentrations and temperatures.
The research team confirmed that the thermal conductivity decreased with increasing
temperatures up to 60 °C because of the randomly wised motion of the nanoparticles in
the base fluid. The authors also observed that the thermal conductivity increased with
increasing titanium oxide concentrations and estimated the theoretical thermal conductivity
of the nano-enhanced phase change materials given by Equation (1):

knepem = @y X kp + (1 — Dy) x k¢ (1)

where @y is the volumetric concentration of the included nanoparticles, and ky, k¢, and
knepcw are the thermal conductivity of the nanoparticles, phase change material, and nano-
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enhanced phase change material, respectively. In addition, the volumetric concentration
and mass fraction @, can be calculated by Equation (2):

®y = Dy x (pNEPCM/ Pp) (2)

where pNgpcy is the nano-enhanced phase change material density and pj, is the nanopar-
ticle density. The estimated thermal conductivity was higher than the experimentally mea-
sured one for high nanoparticle concentrations. Additionally, the authors Wang et al. [50]
noted that Equation (1) can accurately estimate the thermal conductivity at nanoparticle
concentrations less than 3% wt. At higher concentration levels, Equation (1) overestimates
the resulting thermal conductivity. At higher concentrations, nanoparticle clustering is facil-
itated because of the attractive and repulsive forces between the nanoparticles themselves.
The clustering often increases the thermal resistance, provoking a negative impact on the
thermal conductivity improvement. Figure 7 summarizes the main influencing parameters
of the thermal conductivity of the nano-enhanced phase change materials.

Brownian | Nanoparticles
Motion Concentration

NE-PCM Thermal
Conductivity
Influencing Factors

Temperature

Figure 7. Main thermal conductivity influencing factors of the nano-enhanced phase change materials.

3.2. Specific Heat

It should be emphasized that only a few more studies addressed the results for the
specific heat of the nano-enhanced phase change materials. Moreover, the authors Chieruzzi
et al. [32], as already mentioned, fabricated a 60% wt. NaNO3-40% wt. KNOj3 nitrate salt
eutectic mixture with the addition of alumina, silica, and alumina/silica nanoparticles at a
concentration of 1% wt. The best specific heat results were obtained with the alumina/silica
nanoparticles, for which an increase of around 52% was verified for the solid phase and
an increase of around 19% was observed for the liquid phase. Also, the amount of stored
heat was enhanced by 13.5% compared to that achieved with the phase change material
alone. Finally, the researchers Liu and Yang [25] improved the specific heat of an inorganic
hydrate salt with titanium oxide-P25 nanoparticles. At 0.3% wt. of nanoparticles, the
specific heat was increased by up to nearly 84% in the solid phase and around 15% in the
liquid phase.

3.3. Latent Heat

When heating or cooling a material, two distinct types of energy under the form of
heat should be considered: latent heat and sensible heat. Latent heat does not entail a
temperature alteration during heat absorption or dissipation and is normally employed to
overcome the intermolecular forces of a material during its melting. The heat is released
during the solidification process, and consequently, the molecules of the material can be
orderly rearranged. Oppositely, sensible heat alters the temperature of the material. Also,
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latent heat can be divided into latent heat of fusion of solid-to-liquid or liquid-to-solid
phase changes and latent heat of vaporization of liquid-to-gas, or, alternatively, gas-to-
liquid phase changes. The research community has been fundamentally concerned with
the latent heat of fusion, given that the application of the phase change materials is lim-
ited to the solid and liquid states. One of the most prominent thermophysical properties
of phase change materials is their inherent latent heat capacity. Hence, any inclusion of
nanostructures should not deteriorate the latent heat of the base phase change material.
Concerning the latent heat behavior of the nano-enhanced phase change materials, the
researchers usually explained their latent heat alterations based on the different interac-
tion between the molecules of the phase change material and nanoparticles and on the
concentration of the latter, given that an excessive fraction of nanoparticles may induce a
latent heat deterioration. The concentration and morphology of the nanoparticles and their
intermolecular interaction with the phase change materials are factors to consider in the
latent heat behavior of nano-enhanced phase change materials. Additionally, an increased
surface-to-volume ratio of the nanoparticles and the addition of surfactants promote the
increase in the latent heat of the phase change material. Apart from these characteristics, it
should be mentioned that some researchers observed that the nanoparticles decreased the
latent heat of the phase change material [6,12,28,51]. Such a reduction trend was observed
even at low concentrations of nanoparticles up to 1% wt. Some of the decrement can
be taken as negligible, whereas others can be up to 5%. For instance, the latent heat of
fusion of paraffin decreased by only 0.9% when multi-walled carbon nanotubes up to
2.0 wt.% were added [52]. Also, as it is declared in a major part of the published works,
the incorporation of nanoparticles provoked a reduction in the latent heat, except in the
works conducted by the authors Shaikh et al. [53] and Mohamed et al. [54], who observed
increases of approximately 13% and 2%, respectively. Figure 8 presents a plot with the
optimal curves of the temperature variation in the phase change materials during the
heating and cooling processes.
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Figure 8. Plot depicting the optimal curves of the temperature variation of the phase change materials
during heating and cooling.

Moreover, the researchers Warzoha et al. [28] reported that the latent heat of organic
paraffin decreased with increasing amounts of herringbone graphite nanofibers. The latent
heat of fusion of the pure paraffin was 271.6 ] /g, whereas the latent heat of fusion of the
nano-enhanced phase change material at 11 vol% of graphite nanofibers was 242.7 ] /g. The
researchers Colla et al. [39] incorporated carbon black and alumina nanoparticles in the
RT20 and RT25 paraffin waxes from Rubitherm®. The alumina nanoparticles incorporated
in the RT20 paraffin wax improved its latent heat by nearly 11%, whereas the carbon black
nanoparticles enhanced the latent heat of the same paraffin wax by only around 3%. More-
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over, the inclusion of carbon black nanoparticles in the RT25 paraffin wax caused a nearly
12% reduction in the latent heat. Additionally, the authors Ebadi et al. [33] incorporated
copper oxide nanoparticles into coconut oil to synthesize a nano-enhanced phase change
material. At 1% wt., the enhanced material exhibited a nearly 8% decrease in the latent
heat of fusion as compared to that of the phase change material alone. Also, the authors
Wang et al. [50] found that the addition of 0.7% wt. of titanium oxide nanoparticles to
the base paraffin wax produced an increment in the latent heat. Nonetheless, a weight
concentration greater than the mentioned one caused the latent heat to deteriorate. The
researchers Harikrishnan et al. [47] reported that the latent heat during the melting and
solidification of myristic acid with 1% wt. of silica nanoparticles was reduced by around
1% and 0.6%, respectively, compared to myristic acid itself. Additionally, the researchers
Lin and Al-Kayiem [44] found a reduction of around 15% in the latent heat of fusion at 2%
wt. of copper nanoparticles incorporated in paraffin wax. The authors also verified that the
latent heat of solidification decreased by nearly 13% at the weight fraction. Moreover, the
researchers Shaikh et al. [53] found that concentrations up to 1% vol. of single-walled car-
bon nanotubes, multi-walled carbon nanotubes, and carbon nanofiller increased the latent
heat of fusion of the paraffin wax base phase change material. The reported enhancements
were nearly 13%, 10%, and 7% for the single-walled nanotubes, multi-walled nanotubes,
and nanofiller, respectively. This approach was also adopted by Israelachvili [55], who ad-
dressed the enthalpy alteration caused by the interaction between the surface of the carbon
nanotubes and the base phase change material. Usually, if the different molecules at stake
are not likely to interact, the short-range forces where the molecule centers are separated
by up to 3 A are repulsive forces, and the long-range or van der Walls forces are attractive
forces. The potential energy of the van der Walls forces that is in ionic and in covalent bonds
is recognized by latent energy. In the solid-to-liquid phase change transition, the energy
under the form of heat that is absorbed is employed to overcome the weak intermolecular
attractions. It should be noted that a high enough addition of nanoparticles in the base
phase material may change the long-range forces. Hence, a latent heat enhancement is
expected when the interaction potential between the included nanostructures (e.g., carbon
nanotubes) and the base paraffin wax is greater than the potential between the molecules
of the paraffin themselves. Additionally, the authors Wang et al. [52] evaluated the effects
on the latent heat of multi-walled carbon nanotube dispersions in water and concluded
that the latent heat inconsistency increased with increasing concentrations of multi-walled
carbon nanotubes. Similar characteristics were also observed by the researchers Li et al. [56],
who dispersed multi-walled carbon nanotubes in stearic acid. The main cause for these
characteristics may be the fact that the multi-walled carbon nanotubes employed by Wang
et al. [52] were large, 30 nm, and the surface area was small, and hence, the latent heat
enhancement was less considerable in comparison to those reported by, for example, the
researchers Shaikh et al. [53]. Hence, it can be said that the variation in diameter of the
carbon nanotubes impacts the latent heat of the phase change material. In the study carried
out by the authors Zeng et al. [57], it was found that the latent heat would drastically
decrease as compared to that of palmitic acid as the concentration of multi-walled carbon
nanotubes was enhanced. When the concentration of the carbon nanotubes reached the
limiting value, the latent heat increased unexpectedly, achieving a peak value. With a fur-
ther increase in the content of nanotubes, the latent heat decreased linearly with increasing
concentrations of carbon nanotubes. According to the authors Zeng et al. [57], low fractions
of multi-walled carbon nanotubes will disperse more uniformly in the base palmitic acid,
making the carbon nanotubes absorb more palmitic acid in the process. This will lead
to more palmitic acid molecules losing their phase change capability. This is why the
latent heat of the enhanced materials would substantially decrease at low carbon nanotube
concentrations. Nevertheless, when the fraction of carbon nanotubes is increased, it will
cause the clustering of the nanotubes. This will lead the multi-walled carbon nanotubes to
absorb less palmitic acid. Consequently, the latent heat will be increased to a maximum.
Further concentration increases in the multi-walled carbon nanotubes would not affect



Molecules 2023, 28, 5763

15 of 49

their agglomeration, so the latent heat would decrease. Hence, it may be assumed that the
latent heat of nano-enhanced phase change materials will vary with the concentration of
carbon nanotubes. Additionally, the authors Meng et al. [58] synthesized fatty acids with
the addition of carbon nanotubes. The employed fatty acids were a combined formulation
of lauric acid, capric acid, and palmitic acid, and the authors found that the phase change
energy was reduced for higher fractions of carbon nanotubes. The porous structure of the
carbon nanotubes decreased the crystal formation of the fatty acids during freezing. Such
an effect was reduced when the weight fraction of the fatty acids was augmented. Moreover,
the authors do not explain in a clear way how the surface modification of nanoparticles
could impact the latent heat capacity of the base phase change material. Already reported
in the literature was the deterioration of the latent heat of the nano-enhanced phase change
materials having metal and metal oxide nanoparticles like silver, copper, aluminum, copper
oxide, and titanium oxide dispersed in diverse base phase change materials. Additionally,
the researchers Wu et al. [59] added copper nanoparticles to paraffin and found maximum
decreases of approximately 11% and 12% in the latent heat of the melting and freezing
processes, respectively. The authors reported that the latent heat dropped with increasing
concentrations of copper nanoparticles. Moreover, the authors Parameswaran et al. [60]
examined surface-functionalized silver nanoparticles dispersed in organic ester. In the
freezing and melting cycles, the decrease in the latent heat varied from around 1.8% to
7.9% and from nearly 1.2% to 8.9% with 0.1% wt. and 5% wt. of nanoparticles, respec-
tively. The authors Ho and Gao [61] studied the thermophysical properties of paraffin
(CygH3s, n-octadecane) emulsion with the addition of alumina nanoparticles. It was found
that the latent heat of the base paraffin was reduced with increasing concentrations of
alumina nanoparticles. The mentioned reduction was nearly 13% with 10% wt. of alumina
nanoparticles. Moreover, the researchers Yang et al. [62] dispersed SizN4 nanoparticles in
paraffin and found that the latent heat was increased with 1% wt. of nanoparticles. The
phenomenon could be explained based on the principles of thermodynamics by assuming
that the mixing of the silicon nitride in the base paraffin is a constant pressure process and
that there may be some compatibility between the nanoparticles and the paraffin. Consider-
ing the equation of thermodynamics, the principle of the system entropy shows that when
adding 1% wt. of silicon nitride nanoparticles to the base paraffin, the mixture tended to be
under a chaotic state. Assuming the silicon nitride and paraffin as a system, the entropy
increases and DS is greater than zero. Also, the increased volume DV could be negligible
for the solid—solid and solid—-fluid nanocomposites. Hence, the authors concluded that TDS
> pDV for DU > 0. Consequently, the enthalpy of the system increased, and the latent heat
of the nano-enhanced material at 1% wt. of silicon nitride was greater than that of the pure
paraffin. Further raising the concentration of the silicon nitride nanoparticles, the increase
in the pDV term would be greater than the increase in the TDS term. Hence, the enthalpy
and the latent heat decreased with increasing silicon nitride concentration. Finally, it should
be stated that when dispersing the carbon nanotubes, carbon nanofibers, metal, or metal
oxide nanoparticles in a base phase change material, it was verified that the calculated
latent heat values were always higher than the experimentally obtained ones. Also, such
inconsistencies were found to increase with increasing concentrations of nanoparticles.

3.4. Viscosity

When the viscosity is high, extra pumping power is required to set the fluid in motion.
Nonetheless, the use of a phase change material, even in the liquid state, does not require
it to flow continuously. The phase change material is stored in a specially conceived
container during the melting or solidification. The viscosity of the nano-enhanced phase
change materials depends fundamentally on the concentration of the nanoparticles and
working temperature. Also, the viscosity of the liquid phase change material impacts the
stability of the nanoparticles in the fluid. According to Stokes’ law, the sedimentation rate
of the nanoparticles diminishes when a viscous fluid is employed. Thus, the nanoparticles
exhibit a greater tendency to move downward because of the gravitational force when
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the fluid possesses low viscosity values. The incorporation of nanoparticles in the liquid
phase change material will enhance its viscosity and promote the disruption of the liquid
flow. The viscosity affects the natural convection, and this plays a significant role in the
melting process of a phase change material [63]. The viscosity is frequently estimated
by the Brinkman correlation for suspensions [64]. A high viscosity may also hinder the
sonication procedure to de-agglomerate the nanoparticles. For example, the authors He
et al. [65] observed that the viscosity of titanium oxide nanoparticles dispersed in an
aqueous solution of barium chloride increased with increasing volume concentrations of
the nanoparticles. The investigation team explained the observed trend with the fact that
as the concentration of nanoparticles was raised, the distance between them decreased.
Under such conditions, the frictional force between the nanoparticles and between the
nanoparticles and the molecules of the water in the aqueous solutions was swiftly increased.
This was manifested by the macroscopic increase in the viscosity. The authors Ho and
Gao [61] found that the viscosity of a paraffin emulsion had a nonlinear trend with the
addition of alumina nanoparticles at diverse concentrations. Additionally, the viscosity
decreased with increasing temperature. Also, the increase in the viscosity was much more
intense than the increase in the thermal conductivity under the same operating conditions.
A similar trend was observed by the researchers Jesumathy et al. [66] using water with the
addition of copper oxide nanoparticles. The researchers found that the viscosity increased
dramatically when the weight fraction of the nanoparticles was greater than 10% wt. In
addition, the authors Bahiraei et al. [67] measured the viscosity of paraffin, with a melting
point of 60 °C, with the inclusion of carbon nanofibers, graphene nanoparticles, and
graphite nanopowder. The increase in the concentration of the incorporated nanostructures
increased the dynamic viscosity, but as the temperature was augmented from 60 °C to 90 °C,
the dynamic viscosity was slightly decreased because of the enhancement in the kinetic
energy of the nanoparticles. Moreover, the researchers Motahar et al. [30] analyzed the
viscosity of n-octadecane containing mesoporous silica. The experimental results indicated
that with a lower concentration of nanoparticles, the behavior of the enhanced material
was Newtonian. Nonetheless, with concentrations greater than 3% wt., the behavior was
non-Newtonian. Also, the researchers Daneshazarian et al. [68] investigated the heat
transfer behavior of nano-enhanced phase change material octadecane-exfoliated graphene
nanoplatelets up to a concentration of 2 wt.%, with 0.5 wt.% being the ideal concentration
value. Incorporating more nanoparticles could increase the viscosity, reducing the overall
effect of the conductivity enhancement. The research team concluded that due to the
complexity of the thermal behavior and multiple influencing factors in the heat transfer
of nano-enhanced phase change materials, thermal conductivity should not be the only
criterion considered.

3.5. Density

The density of nano-enhanced phase change materials is expected to grow with
increasing concentrations of nanoparticles. Given that the phase change material storage
system possesses a limited volume value, the phase change material that has the higher
density is often the most adequate option [69], enabling it to provide an augmented mass
transfer during the phase change process [70]. However, there are only a moderate number
of experimental works that emphasize the density characterization of such materials.
Furthermore, the authors Warzoha et al. [28] stated that the density of paraffin with the
inclusion of graphite nanoparticles at 8 wt.% increased by up to nearly 1.5% compared to
the density of the paraffin itself. It was also reported that the density of the paraffin with the
incorporation of graphene, multi-walled carbon nanotubes, and aluminum and titanium
oxide nanostructures was higher than that of the base paraffin at 20% vol. Moreover, the
researchers Owolabi et al. [71] measured the impact of the addition of nanoparticles of
aluminum, zinc, iron, and copper having concentrations of 0.5% wt., 1% wt., and 1.5% wt.
on the density of paraffin-based nanocomposites. The incorporation of the nanoparticles
demonstrated all the same behavior, increasing the final density at 1 wt.% and slightly
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decreasing it at 1.5 wt.% as compared to the density at 1 wt.%. Also, the researchers
Abdelrazik et al. [72] evaluated the density of nano-enhanced phase change materials
composed of paraffin and graphene nanoparticles with initial densities of 800 kg/m?> and
2400 kg/m?3, respectively. The concentration of the graphene nanoparticles was between
1% wt. and 20% wt., and the results revealed that the density of the final material increased
from 800 kg/m? to 923 kg/m?.

3.6. Sub-Cooling and Phase Change Temperature and Time

Sometimes, the phase change materials will start to solidify at a temperature substan-
tially lower than its point of melting, and this is caused by the subcooling or supercooling
effect. The phase change material will not release the stored latent heat at the melting
point because of the subcooling. The subcooling induces the material to start crystal-
lization considerably below the phase change temperature. The crystallization process
commences with the nucleation stage, which can be divided into homogeneous and het-
erogeneous nucleation. Homogenous nucleation is initiated by the phase change material
itself because of the sufficiently low temperature, or, for the secondary nucleation, the solid
phase change material, which is added to the subcooled phase change material. Hetero-
geneous nucleation commences not within the phase change material itself but with the
inclusion of special additives added to the material. In the nucleation process, the free
energy variations are related to the nuclei formation. Also, there is a critical free energy
value when stable nuclei of critical size are formed. Regarding the nano-enhanced phase
change materials, some authors described the added nanoparticles as nucleation agents
that provoke a decrease in the melting and solidification time. The nanoparticles could act
as heterogeneous nucleation agents in the nano-enhanced phase change materials. In a
study using n-hexadecane as phase change material and multi-walled carbon nanotubes,
the authors Zhang et al. [73] observed a decrease in the subcooling of the phase change
material, given that the carbon nanotubes provided proper-sized stable nuclei. The nuclei
facilitated heterogeneous nucleation and, consequently, strongly promoted the crystalliza-
tion process. Also, the authors Wu et al. [74] claimed that in the freezing of water with a
dispersion of alumina nanoparticles, the enhanced material exhibited a lower supercooling
degree than the water itself since the nanoparticles acted as nucleating agents. For this
to happen, the nanoparticles should have a similar structure to that of the base phase
change material. In addition, the initial freezing point depends mainly on the size of the
nanoparticles. Moreover, subcooling negatively influences the effectiveness of the phase
change materials in the thermal energy storage field [75]. The authors Kumar and Kalai-
selvam [76] referred to it as the difference between the peak temperature at melting and
the peak temperature at solidification. The sub-cooling effect is a more prominent factor in
the cooling process rather than in the heating process [77]. In cases where the subcooling
degree is significatively high, it is harder for the phase change material to release the stored
heat even at its solidification point. The dissipation of the latent heat only commences
at a temperature value less than the solidification temperature. The authors Kumar and
Kalaiselvam [76] observed the formation of ice crystals in a nano-enhanced phase change
material during its cooling. The authors interpreted this formation as based on the nucleat-
ing action of the dispersed nanoparticles in the base phase change material. In addition, a
thickening agent like the 2-hydroxypropyl ether cellulose incorporated in eutectic phase
change materials also facilitates the crystallization in the phase change material [78]. There
are also reports revealing a shorter duration is required for the complete melting and
solidification processes of nano-enhanced phase change materials. As mentioned earlier,
these materials have a higher thermal conductivity compared to traditional phase change
materials. Improved thermal conductivity aids in the absorption/release of heat processes.
Additionally, the researchers Harikrishnan et al. [47] implied that reductions of nearly
30.7% and 32.3% were attained for melting and solidification times, respectively, at 1%
wt. of silica nanoparticles in myristic acid compared to myristic acid alone. Similarly, the
researchers Warzoha and Fleischer [79] compared paraffin wax with diverse enhanced
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paraffin waxes with the addition of graphene, aluminum, and titanium oxide nanoparticles
and multi-walled carbon nanotubes. The authors observed no peculiar trend regarding the
effect of the nanoparticles on the solidification and melting points, only reporting minor
variations. For example, the researchers Wang et al. [52] found that the melting temperature
of paraffin decreased from 53 °C to 52 °C at 2% wt. of multi-walled carbon nanotubes.
Also, the researchers Mohamed et al. [54] used paraffin as a phase change material and
observed a slightly lower melting temperature of 51.7 °C at the same weight fraction, but
this time with the incorporation of «-alumina nanoparticles. Moreover, the authors Lin
and Al-Kayiem [44] found a decrease of 4.3% in the melting temperature with 2% wt. of
copper nanoparticles dispersed in paraffin wax, whilst the solidification point increased
by 2.3%. The greater determined variations might be caused by the distinct phase change
temperatures of the paraffin wax employed in the different studies. Also, the researchers
Harikrishnan et al. [47] reported that the melting and solidification temperatures increased
by nearly 1.1% and 1.3%, respectively, when 1% wt. of silica nanoparticles was added
to the myristic acid. A slightly higher decrease in the melting and solidifying tempera-
tures was verified by the authors Rufuss et al. [80], who investigated paraffin with the
incorporation of graphene oxide, copper oxide, and titanium oxide nanostructures. The
decrement range was from around 5% to 9%. Generally, it appears that the changes in the
phase change temperatures depend mainly on the nature of the phase change material,
and the type and fraction of the nanoparticles. Additionally, the authors Wu et al. [74]
found that the size of the used alumina nanoparticles was 20 nm, which was closer to the
water particle size. Consequently, in this specific case, the surface free energy between
the nanoparticles and the water was low, which led to improved wetting, resulting in a
subcooling degree decrease. Similar effects were found for titanium oxide nanoparticles as
nucleating agents in the phase change material by the researchers Liu et al. [81] and He
et al. [65]. Furthermore, the authors He et al. [65] reported that the size of the employed
titanium oxide nanoparticles was approximately 20 nm, which was close to the particles of
the BaCl, /water suspension. Under these conditions, the surface free energy between the
crystal nucleus and the nanoparticles was very low and the wetting/contacting between the
nanoparticles and the phase change material was improved. The contact angle was close
to zero degrees and the subcooling of the nano-enhanced materials also tended to be zero.
Additionally, the authors Hu et al. [82] carried out experimental work on the phase change
behavior of sodium acetate trihydrate, which possessed superior thermal conductivity
and storage density, but a high subcooling degree and phase segregation. Thus, it was
recommended to use nucleating agents to prevent subcooling. In this case, the aluminum
nitride nanoparticles were chosen to be the nucleating agents and the authors observed
that at 5% wt., there was no tendency for subcooling. Also, the average crystal size of
the nano-enhanced phase change material was much smaller than that of the base phase
change material itself, which promoted the prevention of phase segregation. In addition,
the researchers Parameswaran et al. [60] studied the thermal performance of organic ester
with the inclusion of silver nanoparticles. As verified by the FTIR technique, the molecules
of the silver nanoparticles had no interaction with the molecules of the base phase change
material. Thus, it is reasonable to assume that the enhanced thermal conductivity and heat
transfer rate of the molecules of the silver nanoparticles contributed to the supersaturation
condition to be initiated in the nano-enhanced phase change material. Such a fact promotes
the establishment of the chemical potential and thermodynamic equilibrium between the
solid and liquid phases. Hence, the free energy of the molecules was reduced to enable the
formation of nuclei having a radius greater than the critical radius, and this allowed the
growth of the nuclei during freezing. The additional energy needed for the formation and
growth of stable nucleus crystal in freezing was increased by the molecules of the silver
nanoparticles. These promoted the formation of an orderly structuring of the phase change
materials molecules and, consequently, allowed the nano-enhanced phase change material
to crystallize at a faster rate. Also, the activation energy released by the stable nuclei at the
nucleation and crystal growth stages could be attributed to the latent heat of the enhanced
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material. This is an exothermic reaction from the standpoint of the molecules of the mate-
rial. The nucleation effect of graphite nanoparticles dispersed in polyethylene glycol was
examined by the researchers Zhang et al. [73]. With a large aspect ratio, the nanoparticles
gave an extended surface for the crystallization process of the base polyethylene glycol.
Hence, the nucleation could be facilitated by increasing the concentration of nanoparticles
and reducing the subcooling degree. Moreover, the authors Jesumathy et al. [66] exposed
that the heat storage features might play a relevant role in diminishing the subcooling
effects. Additionally, the researchers Wang et al. [27] reported that the phase change tem-
perature of paraffin shifted to a lower value because of the inclusion of alumina in the
paraffin wax, except at a concentration of 1% wt. of nanoparticles. Table 1 summarizes
some of the published experimental works on the nano-enhanced phase change materials’
thermophysical properties.

Table 1. Experimental works on the thermophysical properties of nano-enhanced phase change materials.

Base Phase Change

Materials Nanoparticles Remarks on the Thermophysical Properties Authors Reference
Sodium Acetate 20% thermal conductivity increase at 0.5% wt.
. Copper 10-30 nm Nearly 0.5 °C decrease in the subcooling Cui et al. [83]
Trihydrate
degree.
8% thermal conductivity increase at copper
. Aluminum, copper, 2.5% wt. .
Erythritol silica, titanium oxide Aluminum had the lowest decrease in the Soni et al. [84]
specific heat capacity.
Silica 11-14 nm, Nearly 222% increase in the thermal
Paraffin alumina and iron oxide diffusivity at iron oxide 8% wt. Babapoor and [85]
20 nm, zinc oxide The thermal conductivity increased by up to Karimi )
50 nm nearly 0.92 w/m.K at alumina 4% wt.
Around 101% thermal conductivity increase
Titanium oxide 160 nm, A 0:3% wt. grapheng oxt de.
. . Maximum latent heat capacity increase of
Paraffin copper oxide 190 nm, o . Rufuss et al. [80]
raphene oxide 450 nm nearly 65% with copper oxide.
grap Decrease in the specific heat with all
nanoparticles.
4.5-fold thermal conductivity increase at
. . graphite 3.5% wt. Srinivasan
Eicosane Graphite 12.5-fold viscosity increase at graphite etal. [86]
3.5% wt.
. Thermal conductivity and viscosity increase. .
RTS0 Copper oxide Nearly 11% melting time decrease at 4% wt. Pahamli et al. [871
Helical-form graphene  Helical-form graphene nanofibers, exfoliated
nanofibers, exfoliated graphene nanoplatelets did not alter the
Paraffin (IGI-1230A) graphene nanoplatelets, viscosity. Weigand et al. [88]
multi-walled carbon Up to 75% viscosity increase with the
nanotubes multi-walled carbon nanotubes.
. . 2-fold thermal conductivity increase with Kumar and
RT3 Copper oxide, alumina alumina—copper oxide 75-25%. Krishna (891
Paraffin ra ilgr?siiilver 6.7% latent heat increase at 0.3% wt. Paul et al [90]
srap 90% thermal conductivity increase at 0.3% wt. '
nanostructures
23% thermal conductivity increase at 0.5% wt.
Polyethylene Glycol Graphene nanoplatelets 4 K crystallization temperature decrease at Marcos et al. [91]

0.5% wt.
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Table 1. Cont.
Base Phase. Change Nanoparticles Remarks on the Thermophysical Properties Authors Reference

Materials
8.2% latent heat capacity increase at 1% wt.
polyaniline and 7.8% latent heat capacity

. Polyaniline and copper increase with copper oxide.
Paraffin oxide Nearly 47% thermal conductivity increase at George et al. 921

1% wt. polyaniline and nearly 64% thermal
conductivity increase at 1% polyaniline

3.7. Stability of the Nano-Enhanced Phase Change Materials in Acids and Salts

The thermal stability of the nano-enhanced phase change materials having acids and
inorganic salts as base phase change materials can be evaluated by techniques such as
differential scanning calorimetry and thermogravimetric analysis. The stability over time
of the nano-enhanced phase change materials is normally evaluated by visual inspection
of the nanostructures that have been doped into the molten phase for extended periods.
First considering acids, for example, fatty acids are organic phase change materials, which
have attracted more attention from researchers because of their inherent increased latent
heat, suitable transformation temperature, low degree of supercooling, minimal volume
changes, and enhanced thermal stability. The transformation temperature of fatty acids
commonly used in phase change thermal energy storage material ranges from 30.1 to
70.7 °C, and their phase change latent heat ranges from nearly 149 to 223 J/g. The thermal
conductivity of the fatty acids is relatively poor and the most widely used method for
improving the thermal conductivity of fatty acid phase change materials is the addition
of high thermally conductive nanostructures. These usually include metal nanoparticles,
metal oxide nanoparticles, and carbon materials like carbon nanotubes and expanded
graphite. The expanded graphite is widely employed as a form-stable matrix due to its low
density, high thermal conductivity, and porous hierarchical structure, preventing phase
change material leakage and considerably enhancing the effective thermal conductivity.
Moreover, the authors Zhou et al. [93] dispersed expanded graphite in myristic acid and
evaluated the thermal stability of the nano-enhanced phase change material through
thermogravimetric analysis. The myristic-acid-expanded graphite nano-enhanced phase
change material was heated from ambient temperature to 80 °C and it was maintained
for one hour at that temperature. The results showed that the myristic acid started to
lose weight at around 120 °C. The weight loss reached its peak at approximately 211 °C,
and the acid was almost totally volatilized at around 244 °C. Such results showed that
for operating temperatures lower than 120 °C, even if the melting temperature of the
myristic acid is surpassed, the developed nano-enhanced phase change material will
not lose myristic acid. Hence, the authors concluded that the myristic-acid-expanded
graphite-enhanced material had good thermal stability in heat transfer applications at
less than 100 °C. Moreover, the thermal cycle reliability of the phase change materials’
evaluation determines the attenuation of the heat storage capability after repeated heat
storage/releasing cycles. The thermal cycle acceleration experiments infer the thermal
cycle reliability of the phase change materials, concerning the phase transition temperature
before and after one complete thermal cycle and the phase change latent heat. For such
an evaluation, the research team determined the differential scanning calorimetry curves
and thermal performance defined by the melting and freezing temperatures, and the latent
heat of melting freezing of the nano-enhanced phase change material after 50, 100, and
200 thermal cycles. The authors reported that the differential scanning calorimetry curves
of the material before and after a thermal cycle were very close. Also, after 50, 100, and
200 thermal cycles, the phase change temperatures changed to 0.3 °C, 0.1 °C, and 0.5 °C,
respectively, and the latent heat changed to 0.1%, 0.9%, and 4.5%, respectively. This outcome
indicated that the myristic-acid-expanded graphite phase change materials possessed good
thermal cycle reliability for long-term operation. Furthermore, the researchers Martin
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et al. [8] synthesized a nano-enhanced phase change material composed of a capric acid
and myristic acid eutectic mixture with the incorporation of silica nanoparticles at 0.5%
wt., 1% wt., and 1.5% wt. The authors characterized the thermal stability of the enhanced
material through differential scanning calorimetry and thermogravimetric analysis. It
was evaluated for its long-term thermal performance after 2000 cycles by thermal stability
tests. The authors concluded that the nano-enhanced phase change material was thermally
stable within their working temperature range and will ensure a long-term performance
within the application temperature ranges of the residential buildings. The homogeneity
and long-term stability of the nano-enhanced phase change materials with base molten
salts without agglomeration and sedimentation of the nanoparticles are also vital issues
to be addressed. The high surface area, surface charge, and van der Waals forces of the
nanoparticles lead to their sedimentation and non-homogeneous dispersion, and this could
negatively affect the thermophysical properties of the inorganic molten salts. The stability
of the nano-enhanced phase change materials is usually evaluated by visual inspection
for prolonged periods. Also, many routes can be followed to change the surface of the
nanoparticles to prevent agglomeration and improve their stability in molten salts such as
surface modification, addition of surfactants, sonication, and pH adjustment. A surfactant
can be used during the synthesis of the nano-enhanced phase change materials to improve
the stability over time of the nanoparticles in the salt, particularly the hydrophobic ones,
by reversing their behavior while preparing the enhanced materials by the wet method.
The surfactants adhere to nanoparticles and change their wettability and the surfactant
content should be carefully controlled, given that an insufficient or excessive amount
of surfactant would affect the forces between the nanoparticles—zeta potential or van
der Waals—and impact the dispersion uniformity of the nanoparticles. The surfactants
used with molten salts should also withstand temperature values greater than 450 °C,
and examples of employed surfactants are sodium dodecylbenzene sulfonate, sodium
dodecyl sulfate, and gum arabic. Additionally, the ultrasonication method is used to
deagglomerate the clusters of the nanoparticles without altering their surface characteristics.
The researchers Chen et al. [94] found a specific heat decrease of 8.5% after 200 h at a high
temperature for nano-enhanced phase change materials prepared by the wet method and a
5% reduction after 2000 h for nano-enhanced phase change materials prepared by high-
temperature melting. The authors noted that the materials produced using ultrasonication
could not withstand high temperatures for long periods. Nonetheless, the ultrasonication
methodology is still considered to be the best way to deagglomerate the nanoparticles and
result in homogeneous dispersions in molten salts. Moreover, developing a homogeneous
molten salt nano-enhanced phase change material, while maintaining the stability of
nanoparticles after several cycles of high-temperature heating and cooling, is a challenge
that should be attained. In the surface modification approach, surface functionalization is
utilized to change the surface of the nanoparticles, aiming to reduce their surface energy by
covalent coupling, physical adsorption, and electrostatic binding. This method improves
the stability, without compromising the thermophysical characteristics of the molten salt
base fluid, which may be collateral damage imposed by the previously described techniques.
The stability of the nano-enhanced phase change materials decreases when the pH is close
to the isoelectric point. The tendency of the nanoparticles to agglomerate increases as the
repulsive force between them, which is directly affected by the pH, decreases [95]. Also,
the researchers Mondragon et al. [96] measured the pH of lithium, sodium, and potassium
nitrates with the addition of silica and alumina nanoparticles. The authors found that the
pH of the nano-enhanced phase change materials was less than that of the isoelectric point,
providing enhanced dispersions and extended stability of the nanoparticles. Nonetheless,
there is no published work on the stability of nano-enhanced phase change materials after
being heated to high temperatures, given that the bond between the added surfactant and
the nanoparticles could be affected at temperatures greater than 60 °C [97]. It should be
highlighted that more research studies are needed to better understand the impact of the
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pH adjustment on the thermophysical properties of the molten salt nano-enhanced phase
change materials.

4. Phase Change Influencing Factors

The phase change of the nano-enhanced phase change materials depends primarily
on the phase change temperature, pressure, and period in which the transition of phase
occurred, and other factors like the elastic modulus. If the phase change materials are
emulsions, the fundamental factors that affect their phase change are the water content,
temperature, salinity degree, pH, shear rate, and time, among others. Also, the phase
change hysteresis phenomenon of the phase change energy storage materials should be
considered, as it has a significant impact on the charging and discharging performance
of phase change materials. The hysteresis characteristics of phase change energy storage
materials are based on the fact that the temperature range of phase change of the energy
storage materials is different in the process of heat storage and heat release, and there
is a difference between melting temperature and crystallization temperature. The phase
change hysteresis is a common phenomenon in the phase change process, which has a
great influence on phase change materials. The phase change materials can be divided into
liquid—gas phase, solid—gas phase, solid—solid phase, and solid-liquid phase according to
their phase change mechanism, but a major part of them have the solid-to-liquid melting
phase and the liquid-to-solid solidification phase. The phase transition hysteresis can be
defined by the difference between the actual melting point and freezing point of the phase
change materials. The thermal hysteresis of many materials arises from the subcooling or
superheating effects, which should be carefully considered in the phase change materials
for renewable energy systems where the temperature differences are usually very small.
Moreover, some published works have demonstrated that in the exothermic process of
phase change materials, the phase change temperature in the solidification stage was in-
fluenced by the final formulation of the included nanomaterials, nucleating agents, and
additives, latent heat, and thermal diffusivity, which could be the fundamental factors
causing undercooling and phase change hysteresis [98]. Additionally, the researchers Sandy
et al. [99] investigated the influence of thermal hysteresis on the design factors of thermal
energy storage systems. The accuracy of the results was investigated and the impact of
alterations in the design factors and capsule material with thermal hysteresis in spherical
phase change material capsules was addressed. The authors stated that the phase change
material having high thermal hysteresis made the accuracy of the melting time and operat-
ing temperature low. Also, the researchers Moreles et al. [100] conducted a numerical study
of the combined effects of phase change hysteresis in residential buildings” phase change
material envelopes. The authors developed a code for simulating hysteresis that employed
a specific heat method to simulate the heat transfer process through the phase change mate-
rial. The authors argued that the thermal hysteresis improved the thermal performance
of the phase change material envelopes with a greater hysteresis temperature difference.
Furthermore, the authors Delcroix et al. [101] obtained the enthalpy vs. temperature and
specific heat vs. temperature curves of phase change materials under different methods
and heat transfer rates. The authors found that the phase transition hysteresis was closely
linked to the heat transfer rate, and the higher the heat transfer rate, the greater the temper-
ature difference of the phase transition hysteresis. The researchers Hsu et al. [102] studied
three different metal microcapsules phase change materials composed of zinc-titanium
oxide, zinc-alumina, and zinc-silica. The obtained results showed that the phase change
microcapsule materials had a large phase change lag, and the phase change lag increased
with increasing thickness of the shell and temperature difference. It should be concluded
that the melting and solidification points, phase change latent heat, material density, and
thickness impact the phase change hysteresis. Also, the encapsulation method can alter
the thermal performance of the phase change materials concerning the phase transition
temperature and phase transition hysteresis.
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5. Characterization of the Nano-Enhanced Phase Change Materials

Nano-enhanced phase change materials are characterized by a set of suitable tech-
niques to study their nanostructures, compositions, thermal characteristics, and phase
change parameters. One such technique is scanning electron microscopy, which enables the
study of the nanostructures formed in the adjacent areas of the incorporated nanoparticles
and the base phase change material (e.g., molten salts) to better comprehend the underlying
mechanisms of the improvement/deterioration of the thermophysical properties of the
enhanced materials. Also, scanning electron microscopy can closely evaluate the degree
of homogeneous dispersity of the added nanoparticles and the existence of agglomerates.
Finally, this technique enables researchers to determine the size of the nanoparticles added
to the nano-enhanced phase change materials. Additionally, the energy-dispersive X-ray
spectrometry technique is usually applied to study the elements and respective concentra-
tions by bombarding the nano-enhanced phase change material with an electron beam and
analyzing the emitted X-ray spectrum to identify the existing elements. X-ray diffraction
techniques are employed to verify whether a chemical reaction occurred between the base
phase change material and the nanoparticles by the detection of new material formation.
Additionally, X-ray diffraction is also used to examine the corrosion products of the nano-
enhanced phase change materials after corrosion tests. The Fourier transform—infrared
spectroscopy technique is employed to obtain the infrared spectrum of absorption or emis-
sion of the nano-enhanced phase change materials. The infrared absorption spectroscopy
region is between 4000 cm ™! and 400 cm ™!, which is the absorption radiation of most
organic and inorganic ions. Infrared absorption spectroscopy is applied to analyze the
structures of the existing molecules to identify the components in the enhanced material and
the amount of each component in a mixture based on the absorption of specific wavelengths
of infrared radiation by the molecules. For example, the researchers Mondragon et al. [96]
used Fourier transform—infrared spectroscopy to relate the ionic exchange capacity of the
nanoparticles to the improvement in the thermophysical properties. Some researchers used
this technique to investigate the prospect of the degradation of the nano-enhanced phase
change materials after a corrosion test [103]. The nano-enhanced phase change materials
are usually analyzed by differential scanning calorimetry to determine their specific heat,
melting point, and enthalpy. This technique detects the temperature gradients between the
material and reference by heating them at the same heating rate until the tested material
undergoes a phase transition and absorbs or releases heat. More heat will flow into the
sample to maintain a temperature similar to that of the reference. The phase change tem-
perature and heat capacity are determined by measuring how much more or less heat the
material needs to maintain its temperature at that of the reference. The thermogravimetric
analysis is a technique that can be explored to determine the thermal stability of a material
by measuring the alterations in the weight of the material as a function of temperature or
time. If the material is thermally stable, there will be no modification in its mass. As the
material is heated, it starts to lose weight. The weight decrease is plotted as a function of the
temperature, and the onset of the plot is used to determine the decomposition temperature.
Moreover, the thermogravimetric analysis can be used to measure the maximum operating
temperature of the nano-enhanced phase change materials. The dynamic viscosity of the
nano-enhanced phase change materials in the molten state can be evaluated by using a
rheometer controlling the shear rate, or alternatively, the shear stress. Finally, the corrosivity
of the nano-enhanced phase change materials can be measured by dynamic or isothermal
immersion tests. Usually, a representative sample of the concentrated solar power piping
or tank materials is weighed and immersed in nano-enhanced phase change material for a
well-defined period. After that, the sample is again weighed to determine the weight reduc-
tion and infer the corrosion rate. For more examples of research studies using the mentioned
characterization techniques, one may refer to the preparation of myristic acid—palmitic
acid-stearic acid with the addition of expanded graphite nano-enhanced phase change
material by the authors Yang et al. [104]. The mass fraction of the fatty acid mixture used
was around 93% wt. The properties and the microstructure of the nano-enhanced phase
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change material were obtained by differential scanning calorimetry, Fourier transformation
infrared spectroscopy, thermogravimetric analysis, and scanning electron microscopy. The
authors reported that the melting temperature and latent heat were around 42 °C and
153.5 k] kg’l, respectively. Also, the authors Pielichowska et al. [105] studied the syn-
thesis of the polyurethane-based phase change material containing poly(ethylene glycol),
1,4-butanediol, and 4,4’-diphenylmethanediisocyanate with the addition of different con-
centrations of graphite nanoplatelets. The authors prepared the composite phase change
materials with and without the addition of 1,4-butanediol, which was employed to extend
the chains. The research team found that the latent heat of fusion and the melting tempera-
ture of the composite phase change materials were in the range of 118-164.5 k] kg ! and
53.1-66.6 °C without butanediol and 128-148.5 k] kg ! and 50.2-63.8 °C with butanediol.
They applied Fourier transform—infrared spectroscopy to obtain representative spectra of
the nano-enhanced phase change materials. These spectra presented the characteristic ab-
sorption bands for the polyurethane-polyethylene glycol and polyurethane—polyethylene
glycol with 1,4-butanediol systems having different concentrations of graphite. Moreover,
the authors Karaipekli and Sari [106] used the capric-lauric, capric-palmitic, and capric—
stearic acid eutectic mixtures to prepare nano-enhanced phase change materials with the
addition of expanded vermiculite. Vermiculite, a clay mineral also known as hydrated
laminar magnesium-aluminum-iron silicate, was employed as an additive to obtain a
more stable form of the developed materials. The latent heat and melting temperatures of
the nano-enhanced phase change materials were between 61 kJ kg’l and 72 kJ kg’1 and
between 19 °C and 25.6 °C, respectively, and their determination was based on differential
scanning calorimetry analyses. Finally, more nano-enhanced phase change materials were
characterized by the authors Mullangi et al. [107,108], and Evans et al. [109] used many
techniques to characterize their nano-enhanced phase change materials.

6. Thermophysical Properties Modeling

The application of nanoparticles as a phase change material enhancer was first numer-
ically studied by the authors Khodadadi and Hosseinizadeh [110]. The authors numerically
investigated the general impact of adding copper nanoparticles into water during the
freezing process. The researchers considered the single-phase model assuming a homo-
geneous distribution of the incorporated nanoparticles in the base fluid. The obtained
predictions showed that a higher heat release rate and thermal conductivity can be attained
compared to those achieved with the water itself. In previous research works, the consid-
ered mixture theoretical model was the single-phase one with governing equations for the
specific heat, latent heat, thermal expansion coefficient, and density. The authors Vajjha
and Das [111] proposed empirical correlations for the thermal conductivity and viscosity
of the nano-enhanced phase change materials. The thermal conductivity correlation in-
cluded the contribution of the morphology, concentration, and Brownian motion of the
nanoparticles. Furthermore, the researchers Gunjo et al. [112] numerically investigated the
incorporation of 5% wt. of copper, copper oxide, and alumina nanoparticles in paraffin.
The authors employed the single-phase model not considering the agglomeration and
sedimentation processes and the thermophysical properties were assumed to be homoge-
neous and isotropic. The investigation team found that the melting time of the paraffin
was 10 times, nearly 4 times, and around 2 times faster with the addition of copper, copper
oxide, and alumina nanoparticles, respectively. At the same time, it was found that the
solidification time exhibited an 8-fold, 3-fold, and nearly 2-fold increase in the latent heat
storage with the inclusion of copper, copper oxide, and alumina nanoparticles, respectively,
in comparison to the latent heat storage obtained with only the paraffin. Also, the authors
Iachachene et al. [113] examined the nano-enhanced phase change material composed of
paraffin wax and graphene nanoparticles. The research team observed that the heat transfer
behavior was substantially ameliorated, and the thermal conductivity was increased by up
to 80% compared to that attained with the paraffin wax itself. Furthermore, the authors
Gorzin et al. [114] evaluated the solidification process of a phase change material with the
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addition of copper nanoparticles operating in a heat exchanger. The authors applied the
single-phase change model and estimated the effective thermal conductivity and viscosity
through empirical correlations. The obtained results revealed a solidification duration
reduction of 8% at a concentration of 2% wt. and of 15% at 4% wt. The results also indi-
cated that the thermal conductivity of the synthesized enhanced material was increased,
and its latent heat capacity was decreased. Additionally, the researchers Kheshteli and
Sheikholeslami [115] examined the solidification rate using nanoparticles and wavy triplex
tubes. The authors used numerical predictions that proved that the geometric modifications
of tubes having wavy shapes may result in a shorter solidification process time. Also, it
was confirmed that the combined use of the wavy-shaped tubes and nanoparticles led to
an improved heat transfer performance. Consequently, increasing the concentration of
nanoparticles up to 5% vol. decreased the solidification duration by 20%. Once more, the
authors employed the single-phase model with mixture relations for the specific heat, latent
heat, and density and used the same empirical correlations for the thermal conductivity
and viscosity as those adopted by the researchers Khodadadi and Hosseinizadeh [110] and
Harikrishnan et al. [47]. These authors evaluated the impact of multicycle processes on
the thermal energy storage capability of stearic acid with the addition of titanium oxide
nanoparticles. The researchers observed that, over 5000 cycles, the maximum alterations
of the melting and solidification points were —0.35 and —0.6%, respectively. Also, over
the same number of cycles, the maximum alteration of the latent heat capacity was nearly
1.3% and 1.5% for the melting and solidification processes, respectively. In addition, the
authors confirmed that the melting time was reduced by nearly 43.7% and the solidifi-
cation time was reduced by nearly 41.4% at 0.3% wt. of nanoparticles. Accordingly, the
authors Harikrishnan et al. [47] found similar results for the case of myristic acid with
the incorporation of silica nanoparticles. Consequently, considering the previous studies,
it can be concluded that nano-enhanced phase change materials are an attractive choice
to overcome the slow response of thermal energy storage systems during their charging
and discharging stages. In addition, if optimized designed containers are filled with nano-
enhanced phase change materials, the improvement would be even greater. Nonetheless,
all the numerical studies carried out to date adopted the single-phase model in which
the Brownian diffusion, thermophoresis diffusion, and sedimentation of the nanoparticles
are not considered. Indeed, the single-phase model has been confirmed to not possess an
accurate estimation of the heat transfer enhancement magnitude, specifically at nanoparti-
cle concentrations greater than 1% wt. [116]. Also, the single-phase model is not capable
of predicting the nano-enhanced phase change materials” behavior during the charging
and discharging cycles. Hence, the single-phase model hardly provides exact outcomes
from the phenomena associated with the thermal energy storage systems operating with
these materials for extended periods. Such facts derive from the assumption of a homoge-
neous distribution of nanoparticles within the base fluid and, consequently, the results of
a multi-cycle numerical simulation would be meaningless, given that the predictions of
the consecutive cycles will be equal. A two-phase model would be more suitable for the
multi-cycle simulations considering the Brownian diffusion and thermophoresis diffusion
slip mechanisms, as proposed by the author Buongiorno [117], then further numerically
ameliorated by the authors Riahi et al. [118] and finally upgraded by Amidu et al. [119] to
also consider the sedimentation of the nanoparticles. Therefore, it is suggested to follow the
advanced two-phase model of Amidu et al. [119], considering the three slip mechanisms of
the nanoparticles, combined with an enthalpy—porosity method to achieve an improved
understanding of the different mechanisms involved in the enhanced materials’ thermal
behavior. It should be stated that the two-phase model includes the slip motions of the
nanoparticles in the phase change materials caused by sedimentation, thermophoresis, and
Brownian diffusion. Previous investigations of nano-enhanced phase change materials
often adopted the single-phase model, which becomes inadequate when such materials
operate over many charging/discharging cycles. When these materials operate for a single
charging/discharging cycle with a homogeneous distribution of nanoparticles, a consider-
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able improvement in the heat transfer performance was observed relative to that of the base
phase change material itself. Such evidence is consistent with the findings exposing distinct
levels of enhancement. Nonetheless, the continuous operation of the enhanced materials
over more than one charging/discharging process has shown a significant deterioration of
the heat transfer behavior provoked by the non-homogeneity of the nanoparticles concen-
trations due to their migration motion caused by their sedimentation, Brownian diffusion,
and thermophoresis, resulting in the deposition over time of the nanoparticles. This deteri-
oration of the heat transfer behavior at concentrations greater than 1% wt. is exploited by
the two-phase model in which the nanoparticle migration mechanisms of importance are
considered. A comparison of the first and second charging involving the nano-enhanced
phase change materials with solely the first charging of the pure phase change material
showed that the performance of the enhanced materials at the second charging was ap-
preciably reduced by nearly 50%, better than the performance of the pure phase change
material, which was reduced by around 20%. Therefore, it can be concluded that the
investigation of the nano-enhanced phase change materials following a single-phase model
over an individual cycle of charging/discharging does not provide a complete view of the
heat transfer behavior of such materials. Rather, a two-phase model that accounts for the
nanoparticle slip underlying mechanisms is proposed for a more complete investigation
of the thermal performance of the nano-enhanced phase change material operated over
several charging/discharging cycles. Figure 9 shows the fundamental scales, methods, and
outcomes of the numerical simulations of the nano-enhanced phase change materials.
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Figure 9. Main numerical simulations routes of the nano-enhanced phase change materials.

7. Metal-Organic Frameworks and Covalent Organic Frameworks

Metal-organic frameworks (MOFs) are crystalline materials composed of metal ions
or metal clusters and organic linkers [120]. As an innovative type of porous material, MOFs
have attracted great attention in recent years owing to their high surface area and perma-
nent porosity. MOFs are made by linking inorganic and organic units via strong chemical
bonds. The organic units are divalent or polyvalent organic carboxylates, which, when link-
ing to metal-containing units (e.g., Zn2p, Cu2p, Mg2p, Al3p), can yield three-dimensional
structures having well-defined pore size distributions. The surface area of metal-organic
frameworks ranges from 1000 to 10,000 m? /g, and the pore size can be tuned by altering the
organic and metal-containing units [121]. Transition metals including zinc, copper, and iron,
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alkaline earth elements, p-block elements like indium and gallium, actinides, and mixed
metals have been used to produce MOFs [122]. The most prevailing synthesis methods for
MOFs are hydrothermal and solvothermal approaches [123]. In a typical solution-based
MOF process, a nanoporous material can be formed by nucleation and spreading, and
then multiple nucleations aggregate with surface-adsorbed organic molecules into a mixed
inorganic—organic crystal. To produce controllable nanoscale MOFs crystals and shorten the
synthesis time, some alternative fabrication methodologies have been followed, including
sonochemical [124] and microwave-assisted synthesis [125]. By observing MOF surface
characteristics in the nucleation and spreading processes, the authors Moh et al. [126] de-
veloped the preparation method of Zeolitic Imidazolate Framework-8 (ZIF-8). The porous
ZIF-8 was obtained by the nucleation and spreading of successive surface steps of the
enclosed framework structure. It should be highlighted that because of the adjustable
porous nanostructures, MOFs are now considered one of the most promising alternatives
to be applied in energy storage and conversion processes. Besides MOFs, there are MOF-
derived formulations with adjustable nanostructures, which have received great research
interest for electrochemical applications. Also, since MOFs can be converted by one-step
calcination, they have been applied to synthesize nanostructured carbon, metal oxides, and
metal oxide—carbon nanocomposites. The large amount of carbon-based organic linkers in
MOFs aids in the development of nanostructured carbon with MOFs as sacrificial materials.
Because MOFs are composed of metallic species, it is vital to remove such species to obtain
high-surface-area carbon. Another way to synthesize high-porosity nanostructured carbon
and obtain high-surface-area carbon is to perform the infiltration of a secondary carbon
source into the MOFs [127]. Accordingly, the authors Xu et al. [128] obtained high-surface-
area carbon by introducing furfuryl alcohol into pristine ZIF-8 as a secondary carbon source,
attaining a considerably high surface area of 3405 m?g~! and a total pore volume of around
2.6 cm3g~1. Also, other carbon-based organics such as glycerol, carbon tetrachloride, and
ethylenediamine have been explored as secondary carbon sources introduced in the cavities
of the MOFs for synthesizing nanostructured carbon. Because of the structures of the MOFs
that are made of metal centers coordinated with organic complexes, the controlled heating
in different environments may synthesize MOF-derived metal oxide structures. Moreover,
the researchers Ma et al. [129] utilized cobalt MOFs to produce Co-Nx—Carbon nanoparti-
cles. During the thermal carbonization, the organic linkers were converted to carbon, whilst
keeping a porous framework, with cobalt-Nx units uniformly dispersed in the carbon
framework. The MOFs can act as electrode catalysts or catalyst precursors by adjusting
their structures to obtain the optimized materials for fuel cells. As fuel cell catalysts, copper
MOFs, iron MOFs, and MOF-graphene composites possess enhanced catalytic activity
and stability. By selecting metal clusters and multi-functional linkers, the MOFs can be
developed with rich transition metal-nitrogen—carbon sites, which would be advantageous
for producing improved electrochemical catalysts. Nonetheless, the synthesis of highly
electrically conductive MOFs is still a considerable challenge when applied to MOFs for
energy storage and conversion purposes. Also, the achievement of controllable structure
and morphology of MOF-derived porous carbon or metal oxide composites still requires
further research, as the uniform distribution of metal particles in a carbon matrix is still not
an easy task to accomplish. The authors Maity et al. [130] published meritorious findings
about MOF development. Covalent organic frameworks (COFs) are a class of polymers
that enable the predesign of both primary- and high-order structures and the synthesis of
long-range structures through one-pot polymerization. Progress over the past decades in
chemistry has dramatically enhanced our capability of designing and synthesizing COFs
and deepening the understanding of exploring energy-converting functions originating
from their ordered skeletons and channels. COFs are formed via the polymerization of
monomers in which the chain propagation is controlled by a topology diagram so that each
bond connection is spatially confined in either a two- or three-dimensional way or geomet-
rically guided to produce extended and ordered two-dimensional or three-dimensional
polymer architecture. The geometry and backbone of the organic units predetermine the
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dimensionality, along with the shape and size of the polygons in COFs. During polymeriza-
tion, the two-dimensional network crystallizes to form two-dimensional layer frameworks
induced by interlayer 7— stacking interactions. Two-dimensional COFs offer ordered
columnar 7-arrays, as well as aligned one-dimensional nanochannels. The ordering struc-
ture of the COFs involves the periodically arranged skeleton and the aligned channels.
Owing to these features, COFs offer an irreplaceable platform for developing polymers
to achieve the desired skeleton and pore structure. The above-mentioned characteristics
of COFs are inaccessible with traditional polymers and porous materials, whereas the
previous definition of the skeleton and channel enables the designing of structures and
functionalities for energy conversion systems. Also, COFs clearly offer the opportunity for
engineering organic materials to confront environmental and energy concerns. Nonetheless,
COFs’ development is in the embryonic stage, as there are still many issues to better under-
stand. The formation of defects and their mechanisms are still not well understood. Also,
less is understood regarding the defects and their three-dimensional distributions in the
framework. This is a subject that connects with the preparation of high-quality crystallites
of COFs. A diversity of reactions has been developed for the synthesis of COFs. However,
several of them are very limited in terms of crystallinity, monomer scope, and reaction
conditions. Exploring the reactions to form stable crystalline porous frameworks is still
an appreciable challenge. In this case, the crystallinity and porosity need to be considered,
as materials of low crystallinity and porosity hardly present the inherent properties of a
COF with the desired structural integrity and functionality. Studies on these basic issues
can disclose the nature of COFs both in structure and property. There is an increasing
trend for laboratory work on the properties and functions of COFs when designed for
different purposes. Nonetheless, the published works have not yet identified the COFs’
features owing to their low crystallinity and porosity. In relation to energy conversion,
COFs have shown considerable advantages in designing m-architectures via the merging of
m-arrays with catalytic sites and built-in channels. Specifically, COFs’ polymerization under
topology guidance enables the integration of various organic blocks into well-defined
polymer backbones to achieve long-range-ordered structures, which opens an avenue to
design catalysts for energy conversion. The alignment of the components and linkages
defines the possibility of obtaining HOMO and LUMO levels, band gaps, catalytic sites,
redox potentials, and diverse interfaces using one framework. Such features make COFs
very suitable for exploring catalysts to increase energy conversion capability. Also, in terms
of photocatalytic conversion, the use of catalytic sites for the reduction and oxidation of
water into hydrogen and oxygen is a crucial issue. Although it was already demonstrated
the potential of COFs to be used in photocatalysis other than common platinum nanopar-
ticles and iridium complex, most cases focus on the performance evaluation without the
desirable identification of active sites, mechanisms, and catalytic cycles. For instance, in
the photocatalytic reduction of carbon dioxide, the noble metal-free and sacrificial electron
donor-free arrangements are of critical importance. Concerning the electrocatalytic reduc-
tion of carbon dioxide, COFs demonstrated great potential for combining conductivity with
catalytic activity. Building blocks with diverse reactive sites were connected via covalent
bonds to construct COFs with various pore structures based on topology diagrams. The
combination of building blocks with specific geometries generated COF backbones with
specific polygonal structures that grew repeatedly to form COFs with periodic structures.
The COFs are designed by combining one knot and one linker, in which the knots repre-
sent branched building blocks to extend the framework, while the linkers are employed
to connect the knots. The multi-component strategy with knots and linkers can prepare
COFs with complicated backbones and irregular pore structures, which significantly ex-
panded the complexity and diversity of COF structures [131]. The three-dimensional COFs
were constructed by introducing TD (endo-tricycle [4.2.2.0] deca-3,9-diene) or orthogo-
nally symmetric blocks into three-dimensional frameworks. The combination of the TD
monomers with C2, C3, and C4-symmetric monomers, or TD monomers enables the design
of three-dimensional COFs [132]. Significant efforts focusing on the diversity of COFs,
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including building blocks, linkages, reactions, and functionalities toward photocatalysis,
have already been made. These achievements have made COFs a promising platform
for photocatalysis processes. Nevertheless, many fundamental issues and challenges still
need to be addressed and resolved for the further development of COFs, from laboratory
research to commercial and industrial applications. The photocatalytic activities of COFs
and their composites are highly dependent on the chemical structures of the monomers and
linkages, which can precisely modulate the photophysical and photochemical properties
of the materials. The basic principles for the exploration of novel building blocks and
linkages toward COF photocatalysts include improving the visible light absorption ability,
enhancing photogenerated charge carrier transportation and separation efficiency, and
inhibiting the recombination of holes and electrons. For the design of building blocks, the
development of photoactive monomers and the formation of donor-acceptor structures will
enable the control of the optical band structures of photocatalysts and facilitate electron—
hole pair transfer and separation. For the design of linkages, the fully conjugated linkages
such as carbon—carbon double bonds and phenazine have superior photonic and electronic
conductivity as compared to the boronate ester and imine linkages. The exploration of COF
photocatalysts having conjugated linkages has great potential for boosting photocatalytic
activities. The crystallinity of COFs is a crucial factor impacting the mobility and lifespan
of the photo-induced charge carriers that can be modulated by pre-designing suitable
monomers and linkages. A deep investigation of the mechanism and nature of the funda-
mental steps involving photocatalysis at the molecular level remains elusive because of the
defects and disorders in COF polycrystalline powders. The authors Mullangi et al. [107,133]
and Chakraborty et al. [134] published meritorious works on the development of COFs.

8. Main Applications of Nano-Enhanced Phase Change Materials
8.1. Historical Background of Nano-Enhanced Phase Change Materials in Energy Applications

Phase change materials are very suitable for storing energy in the form of heat, when-
ever solar energy is available. Nevertheless, these materials exhibit properties such as fast
charging and releasing and demonstrate high thermal performance. However, such ma-
terials should be used in photovoltaic/thermal systems with higher temperatures during
sunshine and lower warmth at nighttime to attain heat removal and higher solidification
for regeneration. Organic and inorganic phase change materials are commonly used for
storing heat energy. Many authors have proposed dispersing nanoparticles into the base
phase change materials, the encapsulation of phase change materials with nanoparticles,
and the use of nano-enhanced phase change materials, since these methodologies will
improve the thermal performance of the phase change materials in energy harvesting and
conversion processes. The nano-enhanced phase change materials not only increase the
thermal conductivity but also modify properties like latent heat, density, specific heat, and
thermal reliability. The authors Li et al. [135] argued that the addition of spongy graphene
in docosane phase change material improved its thermal conductivity by more than twofold
and its latent heat by 62%. Moreover, the researchers Al-Jethelah et al. [136] reported that
using metallic foam and copper oxide nanoparticles in coconut phase change materials
provided an ameliorated energy storage capability. The authors stated that the energy
storage capability was increased by approximately 29%. Additionally, the researchers
Babapoor et al. [85] performed experimental work on the addition of nanoparticles in a
base phase change material and reported modifications in their properties. The research
team also noticed that the addition of nanoparticles into the phase change material altered
the thermal conductivity, latent heat, dynamic viscosity, phase transition temperature, and
time. Also, the authors Masoumi et al. [137] investigated the use of carboxylic acid and
titanium oxide, and a nano-enhanced phase change material was produced by spreading
titanium oxide nanoparticles in stearic acid at mass fractions varying from 0.09% wt. to
around 0.4% wt. The prepared nano-enhanced phase change material had a thermal con-
ductivity increase of 27% at 0.36% wt. The developed enhanced material was thermally
stable after 250 thermal cycles and, consequently, could be suggested for solar thermal



Molecules 2023, 28, 5763

30 of 49

energy storage applications. Also, it was found that titanium dioxide helped in maintaining
the latent heat due to its porosity. Furthermore, the authors Sivasamy et al. [138] evaluated
the thermal conductivity of silver nanoparticles dispersed in myristic acid. The thermal
conductivity increases at 0.1% wt., 0.2% wt., and 0.3% wt. were near 42%, 72%, and 109%,
respectively, compared to the pure myristic acid. The researchers argued that the high
surface area enabled a faster phonon movement when the silver nanoparticles were added
to the myristic acid. The melting point at 0.3% wt. was around 56 °C, which was slightly
higher than that of the myristic acid, and it was due to the bonding of the acid molecules
with the silver nanoparticles and the retention of acid in the porous nanostructure of the
silver particles. Also, the latent heat for the best nano-enhanced phase change material was
around 190 J /g, which was slightly lower than the latent heat of the myristic acid. The au-
thors explained this by the addition of the nanoparticles and the high melting temperature.
The enhanced composite having different proportions of silver nanoparticles was suitable
for low-temperature solar power thermal energy applications. In addition, the researchers
Song et al. [139] prepared a nano-enhanced phase change material composed of the base
polyethylene glycol phase change material and 1D halloysite nanotubes assembled with
silver. The nanostructure assembled with silver nanoparticles was produced by chemical
reduction and self-assembly procedures. The thermal conductivity of the prepared material
was 0.9 W/m.K, which was around 2 times greater than that of the polyethylene glycol. The
prepared material melted at around 34 °C and solidified near 26 °C with a phase change
heat of 71 J /g during the melting process and 68 ] /g during the solidification. The nano-
enhanced phase change material retained its thermal stability after 2000 thermal cycles.
The porosity of silver nanoparticles helped prevent the leakage of the phase change mate-
rial, thereby maintaining the latent heat for thermal energy storage. Also, the researchers
Zhang et al. [13] developed a sunlight-driven nano-enhanced phase change material made
of polyethylene glycol, silver, and graphene nanosheets. The material showed thermal
conductivity increases between around 50% and 95%. The thermal conductivity of the
material was increased to approximately 0.4 W/m.K due to the inclusion of graphene
nanosheets and silver nanoparticles. The increased surface area of the graphene nanosheets
resulted in more thermal conductivity enhancement in the phase change material. The ideal
melting temperature of the material was approximately 60 °C, which was slightly lower
than that of the pure phase change material. The phase change material shape stability was
explained by the authors as being the result of the abundant wrinkles on the surface of
the silver—graphene nanoplatelets. The researchers Li et al. [140] prepared sodium acetate
trihydrate salt and porous copper foam to mitigate the phase separation and supercooling
limitations. The thermal conductivity of copper foam-sodium acetate trihydrate-enhanced
phase change material was 11 times higher than that of sodium acetate trihydrate. The
thermal conductivity increase was explained by the researchers as being based on the
decrease in the porosity of the copper foam that, in turn, increased the phonon motion.
The prepared enhanced material showed good phase separation at 0.5% wt. of carboxyl
methylcellulose and 2% wt. of disodium hydrogen phosphate dodecahydrate. The melting
onset temperature was 58 °C, which was closer to the melting point of the sodium acetate
trihydrate. The nano-enhanced phase change material exhibited improved thermal stability
and supercooling of less than 3 °C. The copper foam helped maintain the required latent
heat for solar thermal storage. The thermal conductivity increase affects the thermal energy
storage capability of the nano-enhanced phase change material since a greater number
of nanoparticles will decrease the phase change material amount. The nano-enhanced
phase change material had good thermal conductivity and could be employed in faster
heat storage/release places. Furthermore, the researchers Xiao et al. [141] produced a nano-
enhanced phase change material by mixing sodium acetate trihydrate with xanthan gum
and copper foam through vacuum impregnation. The thermal conductivity of the produced
material was 2.1 W/m.K, which was almost two times greater than that of sodium acetate
trihydrate with xanthan gum, indicating that the increased thermal conductivity was due to
the presence of the copper foam. The sodium acetate trihydrate with xanthan gum melted
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at around 59 °C, which was a value higher than the sodium acetate trihydrate temperature
of melting. This was maybe due to the bonding between the phase change materials and
additives. The material was found to be thermally stable after 200 thermal cycles. Copper
is an excellent heat conductor and when coupled with other materials, it increases their
thermal conductivity. The high thermal conductivity and latent heat make it suitable in
places where the thermal energy storage processes occur at a faster phase. The researchers
Sheng et al. [142] prepared a nano-enhanced phase change material composed of erythritol
and aluminum. The material had a thermal conductivity of 30 W/m.K at around 42% vol.
of aluminum. The authors argued that the agglomeration of the aluminum nanostructures
was one of the main factors impacting the thermal conductivity increase. The addition
of nanoparticles could ensure that the latent heat did not deteriorate. The high thermal
conductivity along with the good latent heat storage make the prepared material a good
candidate for the rapid heat storage and release required in solar thermal applications.
Additionally, the researchers Wei et al. [143] synthesized a nano-enhanced phase change
material having alumina with a supporting matrix and a eutectic mixture of lauric acid-
stearic acid-myristic acid as a base phase change material. The thermal conductivity of the
developed material was higher than that of the base phase change material. The porous
structure of the alumina facilitated the phase change material’s confinement, leading to
increased heat transfer and effective melting. The latent heat of the nano-enhanced phase
change material was 113.7 ] /g during the melting process and 108.5 ] /g during the solid-
ification process. The melting and solidification temperatures were 28.6 °C and around
27 °C, respectively. As the incorporated alumina was porous, it kept the latent heat of the
phase change material. The developed material was thermally stable and chemically inert,
and had good thermal conductivity, adequate to be used in solar thermal applications. The
porosity helped the retention of the phase change material and maintained the latent heat
while charging/discharging. Furthermore, the researchers Singh et al. [144] studied the
thermophysical characteristics of myo-inositol with the addition of alumina and copper
oxide nanoparticles for developing a more efficient solar thermal energy storage system.
The results showed that the myo-inositol-based nano-enhanced phase change material
was very suitable to be applied in solar thermal energy storage processes at temperatures
from 160 °C to 260 °C. Also, the copper oxide nanoparticles were reported to be more
suitable for this purpose as compared to the alumina ones due to their increased melting
point. Moreover, the authors Sharma et al. [43] proposed a passive cooling solution for
residential buildings’ integrated concentrated photovoltaics by incorporating micro fins,
phase change materials, and nano-enhanced phase change materials. The results showed
that the temperature at the center of the system was reduced by around 11 °C when using
micro fins and phase change materials and by 12.5 °C when using micro fins and nano-
enhanced phase change materials. Temperature reductions of 9.6 °C and 11.2 °C were
verified in the cases where the phase change materials and nano-enhanced phase change
materials were employed with un-finned surfaces as compared to natural convection. The
results showed that the combined usage of passive technologies could be a reasonable
solution for the thermal performance enhancement of the concentrated photovoltaics of
intelligent buildings. The researchers Abdelrahman et al. [145] experimentally studied the
thermal performance of photovoltaic cells employing alumina nanoparticles dispersed in
the RT35HC thermal fluid. Also, the alumina nanoparticles at concentrations varying from
0.11% vol. to 0.77% vol. were mixed with a phase change material, and cylindrical fins
were utilized as heat sinks. The results showed a front surface temperature reduction of
between 20% and around 46% in the case of using the phase change material and cylindrical
fins. The temperature reduction was enhanced to around 52% with the addition of the
nanoparticles. Also, the authors Zarma et al. [146] explored the performance enhancement
of a concentrator photovoltaic nano-enhanced phase change material hybrid system with
the addition of alumina, copper oxide, and silica nanoparticles at concentrations from 1%
wt. to 5% wt. into CaCl,-6H;O. The results indicated considerable thermal conductivity
enhancements when using alumina nanoparticles as compared to copper oxide and silica
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ones. The alumina enhanced the electrical efficiency of the system by 8%, which was greater
than that attained with the pure phase change material (6.3%). Zeng et al. [147] dispersed
silver nanoparticles in 1-tetradecanol phase change material for thermal conductivity en-
hancement purposes. The obtained results showed that the thermal conductivity of the base
phase change material increased with increasing concentrations of silver nanoparticles.

8.2. Solar Thermal Energy Storage Systems

Many nano-enhanced phase change materials are very suitable for the thermal energy
storage technological field. The thermal energy storage systems operating with such
materials work according to the passive principle of latent heat energy storage. Such
systems allow the thermal management of the storage and release of latent heat. The
main limiting parameter is the phase change temperature value. Also, the choice of the
most suitable nano-enhanced phase change material for a given system should be based
on its preparation method easiness and overall cost, and its improved thermophysical
properties. The fundamental interest of researchers was directed to the amelioration of
the nano-enhanced phase change materials’ thermal conductivity. In this direction, the
authors Lin and Al-Kayiem [44] conducted experimental work on the thermophysical
properties of nano-enhanced phase change materials employed in a solar collector. The
results indicated that 1% wt. of copper nanoparticles added to the base paraffin wax
increased the solar collector efficiency by 1.7% compared to that achieved with only the
base phase change material. Also, the authors Natividade et al. [3] studied the efficiency of
a solar collector system that includes a parabolic concentrator. Their experiments used a
nanofluid composed of water and multilayer graphene at extremely low volume fractions
of 0.00045% vol. and 0.00068% vol. to prevent agglomeration and sedimentation. The
nanofluid at 0.00045% vol. increased the thermal efficiency by 31% and the nanofluid at
0.00068% increased the thermal efficiency by 76% compared to that obtained with the water
alone. The authors Altohamy et al. [148] studied the inclusion of an aqueous alumina
nanofluid in a latent heat thermal energy storage system. The investigation team confirmed
that the use of the nanofluid had an impact on the solidified mass fraction and charging time
of the system, which could decrease considerably. Moreover, the authors found appreciable
improvements in the charging rate and the amount of stored energy. The charging time
was decreased by up to 30% at 2% vol. as compared to that achieved with pure water.
Figure 10 shows the fundamental application strategies of the phase change materials in
solar thermal energy storage systems.

8.3. Photovoltaic/Thermal Systems

The solar radiation coming onto the surface of photovoltaic/thermal equipment may
produce a large amount of electric power. Nonetheless, the absorbed solar radiation en-
hances the average surface temperature of the photovoltaic module and, consequently,
decreases its overall efficiency. It is frequently argued in the literature that the increment
in temperature of the photovoltaic panels causes an efficiency drop of nearly 0.5% per
degree [149], depending on the used photovoltaic technology. Hence, considering the
efficiency and economic feasibility of photovoltaic/thermal systems, it is reasonable to
consider that the innovative thermal regulation and beneficial thermophysical characteris-
tics of nano-enhanced phase change materials may be very suitable for this purpose. In
this direction, the authors Nada and El-Nagar [150] examined the performance of such
materials in the thermal management of integrated photovoltaic modules. The research
team noted that the electrical efficiency of the photovoltaic module can be taken as the ratio
between its power output and incoming solar radiation. In view of the obtained results, the
authors found that the integration into the system of a phase change material of paraffin
wax and RT55 from Rubitherm™ and a nano-enhanced phase change material at 2% vol.
of alumina nanoparticles resulted in a photovoltaic efficiency increase. The researchers
reported that the daily efficiency was enhanced to nearly 5.7% using the phase change
material and to approximately 13% employing the nano-enhanced phase change materials.
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8.4. Cooling of Electronics

The electronic components and equipment normally generate high heat loads that
need to be dissipated. This amount of energy in the form of heat should be removed
by cost-effective and efficient cooling routes. Nowadays, the ever-increasing demand for
performant and compact electronic devices generates an excessive amount of heat that must
be dissipated. Otherwise, the efficiency and lifespan of the electronic equipment will be
compromised. With this general purpose, diverse cooling strategies are being devised by the
researchers to develop and implement passive and active approaches with the inclusion of
nano-enhanced phase change materials. In this sense, the authors Karimi et al. [151] studied
the thermal management of a lithium-ion battery using phase change material composites.
They employed nanoparticles of copper, silver, and iron oxide with a weight fraction of
2% wt. in a metal matrix and a paraffin mixture as the phase change material. The metal
matrix decreased the temperature in the metal container by around 70%, whereas the phase
change material system incorporating the copper nanoparticles decreased the container
temperature by nearly 60%. Also, the silver and iron oxide nanoparticles incorporated in
the phase change material decreased the temperature in the container by half. Moreover, the
researcher Temel [152] evaluated the heat transfer capability of the RT-44 paraffin wax with
the addition of graphene nanoparticles at different weight fractions in a simulated lithium-
ion battery pack under diverse conditions. The author assumed that the battery produces
a constant load of heat during its discharge process, with the operating temperature and
state of charge left out of the equation. Also, the author stated that the use of the paraffin
wax at 7% wt. of nanoparticles under the highest discharge rate of 3.9 W and at 30 °C
resulted in an effective thermal protection duration nearly twice as long as that of the
pure RT-44 paraffin wax. It resulted also in thermal protection nearly eight times longer
than that obtained with natural convection. Additionally, the authors Alimohammadi
et al. [153] examined cooling efficiency employing a nano-enhanced phase change material
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in a chipset. The authors used an inorganic salt-hydrate Mn(NOj3), with the incorporation of
1% wt. of iron oxide nanoparticles. Also, three different electronic chipset cooling systems
were evaluated: one heat exchanger, one heat exchanger with phase change material,
and one heat exchanger with nano-enhanced phase change material. The investigation
team reported that the different thermal management systems contributed to lower power
consumption by around 4.3%, 8.8%, and 7.3% for each chipset. Additionally, the results
showed that the employment of the base phase change material and nano-enhanced phase
change material induced a decrease in the chipset average temperature of 14 °C and around
11 °C, respectively, as compared to that achieved when using a common heat sink with
natural and forced convection. The researchers Krishna et al. [154] inferred a heat pipe heat
transfer performance to be used in the cooling of electronics exploring a nano-enhanced
phase change material for thermal energy storage ends. The material was composed of
tricosane and different concentrations of alumina nanoparticles. The authors focused
on obtaining the distribution of temperature in the charge, discharge, and charge and
discharge periods of the condenser, evaporator, and enhanced material. The researchers
argued that the use of the mentioned material provoked a temperature drop of nearly
25.8% in the evaporator, which decreased the fan power consumption by 53% compared to
a conventional heat pipe. Furthermore, it was observed that the enhanced material was
able to store nearly 30% of the energy transferred to the evaporator, thus decreasing the
fan power consumption. Also, the authors Fayyaz et al. [155] focused on the combined
usage of a nano-enhanced phase change material with distinct heat sink configurations
for the cooling of electronic equipment. For this purpose, multi-walled carbon nanotubes
were used at 3% wt. and 6% wt. dispersed in RT-42, and there were also finned heat
sinks having aluminum square, triangular, and circular pin fins. The authors reported
that the circular finned heat sink exhibited the best heat transfer performance with and
without the inclusion of the phase change material. Moreover, the research team observed
a peak base temperature reduction of 24% in square pin fins with the RT-42. Employing
the circular pin finned heat sink and at 6% wt. of carbon nanotubes, the maximum base
temperature decreased by around 26%. The authors noted that the circular pin fins with a
nano-enhanced phase change material were the most adequate for the base temperature
reduction, and all fin configurations with nano-enhanced phase change material decreased
the base temperature of the heat sink. The research team also concluded that the inclusion
of nanoparticles in the phase change material reduced the discharging period for the phase
change material and allowed a faster cooling rate.

8.5. Water Desalination

The currently available water desalination and distillation technological solutions
require costly equipment and materials and are not adequate for worldwide large-scale
production. Researchers are exploring improved cost-benefit approaches to develop in-
novative and synergistic methodologies. This is the case of the researchers Chaichan and
Kazem [156], who investigated the impact on the overall efficiency of solar distillers of a
nano-enhanced phase change material composed of paraffin wax and alumina nanoparti-
cles at concentrations ranging from 0.5% wt. and 3% wt. In their experiments, the authors
evaluated the performance of three different solar distillers. The first one was a conven-
tional solar distiller, the second one included paraffin wax, and the last one combined
paraffin with alumina nanoparticles. Indeed, the authors found that the utilization of the
phase change material enabled an operating period extension of around three hours after
sunset. Also, it was reported that the nano-enhanced phase change material increased
the distilled amount by nearly 60.5%, achieving a distillery daily production of nearly
3.708 L/m? against production of approximately 2.3 L/m? per day without the use of
the nano-enhanced phase change material. Additionally, the researchers Rufuss et al. [80]
analyzed diverse solar stills operating with one phase change material and nano-enhanced
phase change materials. The first one was paraffin, and the rest were paraffin and weight
fractions of 0.3% wt. of titania, copper oxide, and graphene oxide nanoparticles. The
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authors confirmed that the solar still operating with only pure paraffin had a distillery daily
production of around 3.9 L/m?, whereas those working with paraffin and the addition
of titania, copper oxide, and graphene oxide obtained daily production of approximately
491L/m?,53L/m? and 3.7 L/mZ, respectively. The investigation team also found that
compared to a common solar still, the tested solar stills gave efficiency increments of nearly
23%, 39%, 43%, and 18%, respectively. Furthermore, economic analyses showed that the
solar still operating with paraffin and copper oxide nanoparticles was the least costly of all
the evaluated solutions.

8.6. Engine Exhaust Gas Heat Recovery

The researchers Wilson et al. [157] recovered the heat of exhaust gas from a diesel
engine employing a shell-and-tube heat exchanger. The integrated storage tank had a phase
change material with the inclusion of copper oxide nanoparticles at a weight fraction of
0.01% wt. Also, the authors studied the variations in temperature of the heat transfer fluid
under various engine loads. The obtained results indicated that the full capacity of the
engine required a heat consumption of around 4 kW from the system. After testing all
loads and conditions, it was confirmed that the thermal effectiveness of the mentioned heat
exchanger was over 99%. Nonetheless, the interpretation of this result by the authors was
not well elaborated; consequently, this finding should be carefully considered.

8.7. Thermal Management of Residential Buildings

The nano-enhanced phase change materials can be applied in residential buildings’
air and water heating using solar energy. The thermal management of residential buildings
incorporating nano-enhanced phase change materials can be carried out, among others,
with the following practical solutions:

Solar domestic water heating systems;
Tankless solar water heaters;
Photovoltaic/thermal;

Radiant floors;

Smart double-glazed windows;
Thermal batteries;

Radiators.

The use of solar domestic water heating systems is popular worldwide, but the techno-
economic limitations of these systems like heat loss, poor efficiency in cold climates, and
costly implementation need to be assessed to improve efficiency. Due to the beneficial
features of the phase change materials, several studies were conducted to ameliorate
the performance of solar domestic water heating systems with their utilization. In this
sense, the author Teamah [158] conducted a review of the application of phase change
materials in solar domestic water heating systems and highlighted the possible energy
savings associated with the use of phase change materials. In solar domestic water heating
systems, the water flows inside a thermally conductive tube or flat plate, which is heated
by solar radiation, and a thermally insulated container stores the heated water. In cases
where a phase change material is employed, intermediate heat storage is needed to store
the extra solar energy during the daytime [159]. According to the literature, metallic
and carbon-based nanoparticles have already been evaluated in solar domestic water
heating systems because of their superior thermal conductivity [158,159]. Also, the authors
Narayanan et al. [160] analyzed a thermal energy storage unit filled with an organic eutectic
phase change material and graphite nanostructures. According to the obtained results, the
prepared nano-enhanced phase change materials possessed increased thermal conductivity
and promising solar energy harvesting ability, without degrading the latent heat of the
base phase change material. These benefits led to charging rate enhancements. Also, the
researchers Al-Kayiem et al. [161] examined the thermal performance of a solar domestic
water heating system with and without the incorporation of a phase change material,
and with paraffin and 1% wt. of copper nanoparticles at different inclination angles
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between 10° and 30°. The researchers reported that the best thermal performance of the
system occurred at an inclination of 10°, obtaining approximately 51% and 52% efficiency
using the phase change material and nano-enhanced phase change material, respectively.
The researchers concluded that there was no appreciable efficiency enhancement using
the enhanced material compared to that attained with the phase change material alone.
Additionally, the researchers Alshukri et al. [162] investigated the use of paraffin wax
having 5% wt. of copper oxide nanoparticles and zinc oxide microparticles in an evacuated
tube collector and achieved the highest efficiency enhancement using the copper nanofillers.
On the other hand, tankless solar water heaters incorporating phase change materials
achieved great attention in the technological area of thermal energy storage because of their
effectiveness and inherent compactness to furnish water and space heating in residential
building facilities [163]. In this direction, the authors Xie et al. [164] analyzed the techno-
economic viability of stearic acid with the addition of coconut shell charcoal to act as a
thermal energy storage medium in a domestic tankless solar water heater. The authors
demonstrated that the tankless solar water heater could heat the water at night when solar
energy was not available. Moreover, the authors Li et al. [56] carried out experimental
work to evaluate the applicability of stearic acid in a tankless solar water heater. For
this purpose, they used stearic acid at concentrations between 2% wt. and 10% wt. of
expandable graphite, and the results demonstrated that the thermal conductivity of the
stearic acid at 6% wt. of expandable graphite was almost ten times greater than that attained
with pure stearic acid, reaching a value of 2.5 W/mK. The researchers concluded that the
addition of expandable graphite improved the heat transfer uniformity, and it represents a
very promising option to be applied in tankless solar water heating purposes, given that
the thermal storage performance was enhanced with the inclusion of the nano-enhanced
phase change material. The most prominent limiting feature of photovoltaic systems is
their low energy conversion efficiency derived from their working temperature. This
is why nano-enhanced phase change materials were proposed to overcome the adverse
effects of high temperatures on the photovoltaic panels. The advantageous features of
employing such materials in photovoltaic/thermal systems along with the main studies
on the subject were presented in a dedicated section of this paper. Furthermore, radiant
floors supply heat directly to the floor and often use for that electric power. These thermally
enhanced floors are very thermally efficient since they explore heat sources exhibiting lower
temperatures [165]. The critical parameters for developing and implementing radiant floors
are the heat transfer ability and average temperature of the surface. Moreover, only a few
published experimental and numerical studies examined the efficiency of the radiant floor
heating and cooling processes using phase change materials to achieve additional storage
capability. Furthermore, the authors Jeon et al. [166] investigated, at a laboratory scale, the
effect of adding exfoliated graphene nanoplatelets to paraffin, octadecane, and hexadecane
on the thermal conductivity and latent heat of an application in a radiant floor heating
system. The thermal conductivity of the octadecane at 5% wt. of exfoliated graphene
nanoplatelets was enhanced by 101%. The results showed that adding exfoliated graphene
nanoplatelets using octadecane as base phase change material could be a very suitable
energy-saving thermal management option in residential buildings. Nonetheless, this study
did not examine the nano-enhanced phase change material thermal performance in an
actual radiant floor. Furthermore, smart double-glazed windows may be an ideal way to
optimize the energy efficiency of residential buildings. Nonetheless, the poor insulation of
the windows may lead to excessive cooling/heating charges [167]. Figure 11 schematically
illustrates the thermal mechanisms involved in a double-glazed window with the inclusion
of a nano-enhanced phase change material.
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Figure 11. Schematic representation of the thermal mechanisms involved in a double-glazed window
with the inclusion of a nano-enhanced phase change material.

Studies have been conducted on the thermal performance of double-glazed windows
after incorporating phase change materials to enhance their heat storage capacity [168].
In this sense, the researchers Zhang et al. [169] studied the seasonal thermal behavior
of a double-glazed window having nanoparticles of alumina, titanium oxide, and zinc
oxide dispersed in paraffin. The average temperature values in the interior surfaces were
measured in winter and summer to infer the behavior of the diverse nano-enhanced phase
change materials. In view of the obtained results, the authors concluded that the inclusion
of all the nanoparticles promoted a decrease in energy consumption in the summer season.
Nevertheless, there was not any substantial impact on the inner surface in the winter season.
A thermal battery or heat battery can store and release thermal energy. Distinct heat sources
can be employed for the charging of these systems like photovoltaics and heat pumps.
Several authors argued that this type of system provides many benefits such as the heat
storage capability ability in the periods where the electricity prices are lower. In this sense,
the researchers Violidakis et al. [170] investigated photovoltaic-powered thermal batteries
filled with sodium acetate phase change material for the heat and electricity supply in
residential buildings. The obtained results demonstrated that a thermal battery charged
by a heat pump was the best solution. The comparison of the two cases with a commonly
used system proved that the incorporation of a thermal battery enhanced the use of the
produced heat. Additionally, nano-enhanced phase change materials can also be employed
in the heating and cooling of batteries. For this purpose, the authors Jilte et al. [171]
proposed a novel battery thermal management system with the aid of a nano-enhanced
phase change material, included in a modified battery exploring two layers of eicosane
and NaySOy, having melting points of 32.4 °C and 36.4 °C, and alumina nanoparticles.
The obtained results demonstrated that the tested enhanced material was a very suitable
choice for maintaining the cell temperature below 46 °C. Radiator retrofitting of houses is a
challenging concern in reaching the Net Zero target [172]. In this direction, the researchers
Sardari et al. [173] examined the thermal behavior of a compact heat storage unit with
a composite metal foam phase change material to ameliorate the efficiency of domestic
radiators. The unit was fixed to a wall near the radiator to store the waste heat of the back
surface of the radiator that was released to the wall. In the cases where the boiler was
switched off, the unit released the stored heat, attaining considerable energy savings. The
implementation of the nano-enhanced phase change materials in radiators shows some
potential, but according to the available literature, this has not yet been conducted. Table 2
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summarizes some of the published studies on different applications of nano-enhanced
phase change materials.

Table 2. Published studies on the different applications of nano-enhanced phase change materials.

Phase Change . R
Material Nanoparticles Application Remarks Authors Reference
Medical refrigeration Good thermal
Octanoic acid Expanded graphite . gerat conductivity and low Lietal. [174]
and air conditioning . .
melting point
Graphene flakes
PDMS and graphene Thermal management Improved latent heat Zhao et al. [175]
foam
Palmitic acid Mullite Solar energy stqung and Good sh.ape stability Gu et al. [176]
solar heating and avoids leakages
. Industrial Waste Heat Enhanced thermal
Ba (OH), 8H,O Expanded graphite Recovery conductivity Han et al. [177]
Sodium acetate . Improved thermal
trihydrate—urea Expanded graphite ~ Thermal management conductivity Fuetal. [178]
Oxalic acid Hydrothermal
dihydrate/glycolic carbon and Low thermal Improved thermal
yerate/ 8y polyacrylamide- architectural P . . Wang et al. [179]
acid binary . . conductivity
. co-acrylic acid applications
eutectic
copolymer
Polyethylene Building and industrial Improyed stablh.ty and
Copper optimal melting Xu et al. [180]
glycol waste heat recovery
temperature
Alumina-
1-Octadecanol expanded Solar energy storage Supercooling Gong et al. [181]
graphite
The cell temperature
decreased by 5 °C and
. Silica Photovoltaic/thermal 10 °C
Paraffin shell /encapsulate systems Thermal exergy Hamada et al. [182]
increases of 66% and
208%
The maximum increase
in the power output and .
OM33 nanoplrlets hotovalieeells  Sficiney were7toand ST i
P p 6%, respectively, at 0.5% ’
wt.
. Building cooling and The solidification time
o Multi-walled thermal management of Kumaresan
Deionized water . . was reduced by 14-20% [184]
carbon nanotubes  intermittently operated etal.
. . at 0.6% wt.
electronic devices
Improved latent heat
Epoxy resin Aluminum Building thermal Adequate phase change = Constantinescu [185]
management temperature etal.
Good stability

9. Limitations and Prospects for Further Research

The main limitations and prospects for further research studies on nano-enhanced
phase change materials for heat transfer ends can be summarized in the following points:

e  Further experimental works should be conducted and more accurate preparation
routes should be developed for thermal management systems using nano-enhanced
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phase change materials. In the available published studies, some relevant details
are still missing for the sake of the repeatability of results and representative sam-
pling, including the types of base fluids, ideal concentration, optimized synthesis
methodologies, safety procedures, and environmental risk assessment.

Only a few researchers investigating nano-enhanced phase change materials have
provided the specific heat capacity determination and discussion. Additionally, the
scarce experimental results on the specific heat are not consistent with each other,
normally presenting considerable fluctuations. In some of the published studies, the
specific heat of the nano-enhanced phase change materials was reported to increase
with increasing concentrations of added nanoparticles, and in some others, the op-
posite trend was verified. Considering this scenario, further investigation studies on
specific heat and its influencing factors are recommended.

Further experimental and numerical works should be conducted to seek further
progress in the less-studied areas of application of nano-enhanced phase change
materials, such as the cooling of electronics and thermal management of batteries and
solar distillers.

The major concerns about the synthesis, characterization, and employment of the
nano-enhanced phase change materials are economic analysis issues. However, the
economic viability and investment costs have not been sufficiently assessed and require
further in-depth studies.

It is highly recommended to conduct further analysis on the environmental impact
of the nanomaterials incorporated in the nano-enhanced phase change materials
to achieve improved knowledge on the subject. Many scientific papers lack the
environmental impact in all conceivable stages of the production, use, and final
disposal of phase change materials. Also, the available literature does not present
extensive guidelines for the safety procedures inherent to the handling, use, and
experimental evaluation of these types of materials. Hence, it is strongly suggested
to publish the environmental impact evaluation consequences and the description
of safety procedures to ensure a safe working environment for the researchers and
potential users of the nano-enhanced phase change materials.

The impact of the added nanoparticles to the base phase change materials on human
health is still not yet completely understood. Given this, future experimental works
should more intensively explore its potential adverse impacts to establish proper
safety guidelines.

More research studies aiming to develop cost-effective biodegradable nano-enhanced
phase change materials should be carried out to produce renewable eco-friendly
materials with the ability to be microencapsulated. One potential research path is the
analysis of alternative waste-based materials for preparing phase change materials
and added nanoparticles.

Certain issues should be further explored, like the need to lower the cost of the
synthesis methods for the nano-enhanced phase change materials and active equip-
ment, and the thermal and long-term stability of these materials to be used in photo-
voltaic/thermal systems.

Many of the base phase change materials explored in solar energy storage technology
are single-type materials like paraffin wax; consequently, further experimental works
involving mixtures of different base phase change materials should be conducted.
These works will provide useful insights into the synergistic benefits coming from the
improved thermal energy storage capability and stability of such mixtures.

Most of the studies confirmed that the enhancement route of nano-enhanced phase
change materials, incorporating superior thermally conductive nanomaterials, is
strongly influenced by their particle shape, size, and constitutive material. Nonetheless,
there are considerable discrepancies in the results, which need a better understand-
ing to identify and explain the underlying mechanisms between the nanoparticles
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and the base phase change materials to infer their impact on the final stability and
thermophysical characteristics.

Diverse research groups should conduct more property measurements to attain the
repeatability of the results. Each research team reports their measurements individu-
ally, and even though discrepancies are frequently found between the thermophysical
properties of the nano-enhanced phase change materials, as they were also often found
in the thermophysical properties of the base phase change materials, no vigorous
attempts have been made to reproduce those findings. Such an acting mode reduces
the accuracy and reliability of the reported results.

There are limited published data on the thermophysical properties of eutectic mixtures
of base phase change materials incorporating nanoparticles. In view of this fact, more
research studies are needed on the production and evaluation of nano-enhanced
composites containing eutectic base phase change materials.

Many available techniques to evaluate the stability of nano-enhanced phase change
materials are suitable only for small samples, the associated measurement uncertain-
ties are not completely explicit, and there are inconsistent findings in the published
data. With these facts in mind, it is suggested to develop, implement, and validate a
standardized method to carry out characterization and thermal cycling stability tests
on these types of materials.

Only a small number of available studies have analyzed the heat transfer capability of
nano-enhanced phase change materials in real thermal management systems. Though
it is vital to determine the thermophysical characteristics of these materials, it is also
very important to appraise their thermal behavior within a working real thermal
storage system. Also, it is convenient to compare the efficiency of the same real system
when using the nano-enhanced phase change materials and when exploring only the
base phase change material. Such a procedure will enable a more accurate evaluation
of the contribution of the incorporation of the nanoparticles to the thermal performance
of the system. Hence, further work on this specific matter is most welcome.

10. Conclusions

The main concluding remarks of this overview of nano-enhanced phase change mate-

rials are highlighted in the following points:

The organic phase change materials are very suitable to be applied in solar energy
recovery systems because of their intrinsic beneficial features like improved thermal
stability and supercooling absence. Hence, it is foreseen that the improved thermal
energy storage equipment and systems using phase change materials will have a major
role in the research and technological areas of thermal solar energy harvesting and
conversion processes.

The exploration of the nano-enhanced phase change materials greatly enhances the
average daily energy storage capability and considerably extends the operating time
of solar thermal energy storage systems.

It was found that most of the nano-enhanced phase change materials” applications were
in the improvement of thermal energy storage systems. The published experimental
and numerical studies dealt with the thermal management of energy storage systems,
solar collectors, photovoltaic/thermal systems, and engine exhaust gas heat recovery
using nano-enhanced phase change materials.

The average thermal conductivity values when using the nano-enhanced phase change
materials were enhanced by up to 100% as compared with those achieved with the
traditional thermal fluids themselves.

The thermal conductivity of the nano-enhanced phase change materials can be ad-
justed through the different distribution and orientation of the included nanoparticles.
Moreover, the addition of porous nanoparticles may aid in the thermal conductivity of
the base phase change materials. The porosity of the nanoparticles will decrease the
supercooling degree by the great number of active nucleation sites.
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The graphite and graphene-added nanoparticles were extremely good thermal conduc-
tivity enhancers for the diverse base phase change materials. Also, the metallic and
metal oxide nanoparticles dispersed in the phase change material are good thermal
conductivity enhancers, with the induced improvements dependent on their shape,
size, and concentration.

The different types of incorporated nanoparticles cause diverse enhancements in
the solidification of the base phase change materials. It is usually observed that the
solidification and melting processes of the nano-enhanced phase change materials
are influenced by the concentration of the added nanoparticles. However, when a
limiting concentration value is surpassed, it can entail some negative results in other
thermophysical properties of the phase change material, namely the viscosity. The
excessive viscosity of the nano-enhanced phase change materials deteriorates the heat
transfer behavior by decreasing the thermal conductivity. Nonetheless, there is the
possibility to add solvents to mitigate the viscous effect.

The latent heat of the phase change materials normally decreases with increasing con-
centrations of the included nanoparticles, with a few exceptions. The thermophysical
properties of the nanoparticles affect latent heat deterioration. Nowadays, there is
still no ideal nanoparticle concentration that causes maximum thermal conductivity
enhancement and, simultaneously, minor latent heat deterioration.

The synergistic employment of distinct heat transfer enhancement procedures like the
incorporation of nanoparticles, metallic foams, and finned heating surfaces provides
an improved heat transport capability of the nano-enhanced phase change materials
as compared to that achieved with only one of the heat transfer procedures.

The combined usage of the nano-enhanced phase change materials and nanofluids
is more effective for the thermal management of photovoltaic/thermal cooling than
the separate exploration of the nano-enhanced phase change materials. Such a syn-
ergetic route normally provides extra heat dissipation to the panels because the heat
is extracted in sequence by the phase change material and nanofluid, which are two
highly heat-absorbing media. The combined use of the nano-enhanced phase change
material and the nanofluid lowers the surface average temperature and improves the
temperature uniformity of the photovoltaic panels. Such effects mainly derive from
the uniform contact of the nano-enhanced phase change material with the panels.
The unconverted incident thermal solar energy in photovoltaic/thermal systems can
be stored by the nano-enhanced phase change materials under the form of latent
heat, which may reduce the average temperature of the panels by more than 30
°C. Additionally, the adoption of a particular nano-enhanced phase change material
should be based on many factors including the environment's typical temperature
values and latitude, solar irradiation intensity, and wind velocity, among others, given
that its effectiveness is more intense during summer than in winter because it absorbs
more heat in summer, leading to increased efficiency.

It was already demonstrated that photovoltaic/thermal systems cooled with two
distinct phase change materials at a time are more efficient compared to that provided
by only one phase change material because of the improved heat regulation and
surface temperature uniformity.

It was found in the available literature that the efficiency of photovoltaic/thermal
systems operating with water can be improved by more than 30% when the nano-
enhanced phase change materials are included. Moreover, the general use of nano-
enhanced phase change materials may decrease the consumption of non-renewable
fossil fuels for electricity production purposes and may considerably reduce the carbon
footprint and greenhouse gases.

The combined use of metallic foams and fins provokes a heat transfer performance en-
hancement in the thermal management processes of the systems using nano-enhanced
phase change materials. The thermal transport network constructed by the foams’
diverse constitutive materials and the effect of the finned surfaces that increase the
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heat exchange rate between the included nano-enhanced phase change materials and
the solar collection system ameliorate the energy harvesting and conversion processes.

e  Only very few published studies analyzed the long-term stability of the nano-enhanced
phase change materials in terms of thermal conductivity. These studies reported
a substantial thermal conductivity decrement after the completion of only a few
thermal cycles.
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