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A B S T R A C T   

Thermal energy storage (TES) occurs by changing the internal energy of materials in the form of sensible heat, 
latent heat, and thermo-chemical heat or a combination thereof. Latent heat storage (LHS) by phase change 
materials (PCMs) has many applications among these storage techniques. Despite the many advantages of LHS, 
the main problem of LHS systems using PCMs is their low thermal conductivity, which necessitates the combi-
nation of heat transfer enhancement techniques. Numerous diverse studies have utilized only one improvement 
method, while limited research has employed hybrid enhancement techniques. The typical improvement 
methods, such as adding nanomaterials, using fins, employing porous media, and micro/nano encapsulating the 
PCMs, can be combined in the TES system. A hybrid technique is when a combination of two or more 
enhancement methods is applied to a TES system. In addition, a new approach is introduced and then utilized in 
the hybrid enhancement method. An auxiliary fluid in direct contact with the PCM improves heat transfer in the 
melting and solidification processes. In this direction, this review discusses different enhancement strategies of 
melting and solidification rates in TES systems in recent years. The hybrid techniques introduced in this literature 
review show that the TES system performance has improved, further justifying the use of this method in future 
studies. Lastly, the challenges and future work direction are recommended, for exploring other hybrid 
enhancement methods for LHS systems.   

1. Introduction 

The persistent and swift increase in the global economy and devel-
opment demands an increase in strategies for providing continual en-
ergy. Meanwhile, traditional energy resources are in short supply, and 
significant unreliability is associated with their remaining resources. 
Moreover, the higher usage of natural fuels causes environmental 
pollution and the need to move toward a carbon-neutral scenario. 

Based on this background, a transition from fossil fuels to renewable 
energy sources (RES) adequate energy storage methods to overcome the 
intermittency and variability of RES [1] and ensure the eco- 

sustainability and security for the different end-uses. 
Several mechanical, electrical, thermal, and chemical strategies have 

been developed to store energy for different utilities, and they differ in 
the storage time and power that can be supplied. For example, in the 
actual context of the energy transition, chemical energy storage through 
hydrogen, alcohols, or their derivatives [2] is usually identified as a 
promising method to handle storage for long periods. 

Thermal energy storage (TES) systems play a significant role among 
the different methods, and improving their utilization is a highly 
demanding challenge. Different kinds of TES systems are being used, 
such as sensible heat storage (SHS) and latent heat storage (LHS) sys-
tems. SHS systems demonstrate the simple, economical usage of TES by 
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storing heat through an increase in temperature [3,4]. During the heat 
storage process, no phase change occurs in the SHS materials (in the 
solid or liquid phase). A crucial problem with liquid SHS materials is that 
they possess heavy and bulky storage enclosures for heat transfer fluid 
with uneconomical heat exchangers [5,6]. LHS systems have been uti-
lized in countless applications of renewable energy systems and provide 
greater energy storage density by smaller temperature variation than 
SHS systems [7,8]. However, restrictions in LHS systems include the 
density difference of phases and inadequate thermal conductivity, which 
causes diminishing heat transfer rates during melting and solidification 
[9–13]. 

Phase change materials (PCMs) are utilized in LHS applications, 
including waste heat recovery systems [14–16], solar and photovoltaic 
systems [17–21], cooling of electronic devices [22–24], energy storage 
in buildings [25–28], space applications [29,30], biomedical fields 
[31–33], and food industry [34–36] to increment their reliability and 
efficiency. 

The low thermal conductivity of PCMs is the most significant limi-
tation during the energy storage process, including melting and solidi-
fication rates. To increase the thermal efficiency of LHS systems, 
countless investigations on PCMs and improved performance methods of 
TES have been accomplished over the past decades. Consequently, some 
research outcomes have been summarized as valuable references for 
simple LHS systems enhancement mechanisms [37–41], in which just 
one heat transfer enhancement method was used. Also, few review ar-
ticles have studied hybrid enhancement methods. Teggar et al. [42] 
reviewed just the combination of fins and metal foams. Also, Mahdi et al. 
[43] reviewed the hybrid improvement techniques until 2019. In recent 
years, researchers have used new combinations of enhancement 
methods. Meanwhile, a new performance enhancement method is 
introduced, which involves reducing the solidification and melting times 
by using an auxiliary fluid in direct contact with PCM. 

This review discusses different enhancement strategies of melting 
and solidification rates in TES systems in recent years. The predominant 
intention of this brief review is to introduce the hybrid LHS systems with 
the melting and solidification processes of PCMs conducted in various 
enclosures by combining different improvement techniques. 

2. Classification of PCMs 

PCMs store thermal energy when undergoing a phase change from 
solid to liquid due to an increase in temperature and discharge thermal 
energy when changing from liquid to solid while decreasing in tem-
perature. The thermal characteristics of PCMs allow them to be helpful 
in energy storage applications despite having low thermal conductivity. 
The stored heat process in PCMs occurs in a region of nearly isothermal 
operation. In addition, PCMs have a high energy storage density. These 
properties allow PCMs in LHS systems to be more convenient and store 
more energy per volume than SHS materials [44]. The type of PCM can 
be chosen for an LHS system regarding their properties such as thermal 
conductivity, cost, subcooling, latent heat of fusion, volume expansion, 
stability, composition, and melting point [45]. PCMs can be character-
ized based on melting temperature and composition. PCMs can be 
categorized by composition as organic, inorganic, and eutectics, as 
shown in Fig. 1. Furthermore, these categories can be divided into low, 
medium, and high melting temperature PCMs, which melt below 120 ◦C, 
between 120 and 300 ◦C, and above 300 ◦C, respectively [46]. 

Organic PCMs contain paraffins and non-paraffins. Organic PCMs 
have no supercooling, a high latent heat of fusion, congruent melting, 
good nucleating properties, and low thermal conductivity. Paraffins are 
composed of straight chain n-alkanes with the chemical formula 
C2nH2n+2. The melting temperature increases as the number of carbon 
atoms increases. Paraffins are the most commercially used PCMs in LHS 
systems. This is due to their properties, including chemical stability and 
safety, compatibility with metal, and cost-effectiveness. Their disad-
vantages include low thermal density, incompatibility with plastic, high 
volume change, and flammability. Non-paraffins, which include fatty 
acids, have the most options of PCMs available with varying material 
properties. Fatty acids are distinguished by the chemical formula 
CH3(CH2)2n⋅COOH. The advantages of non-paraffins include acute phase 
transformation and repeatable melting and solidification. The disad-
vantages of non-paraffins include low flash point, unstable and highly 
flammable, toxic, and more expensive than paraffin [39,44,45,47]. 

Inorganic PCMs include metallics and salt hydrates. Metallic PCMs 
are low melting metals, such as gallium, or eutectics, such as bismuth- 
lead eutectic. However, metallic PCMs have not been considered influ-
ential in LHS systems because of their immense weight. The advantages 
of metallic PCMs include high thermal conductivity and low vapor 
pressure. Disadvantages for metallic PCMs include low specific heat, low 
heat of fusion per unit volume, and high cost. Salt hydrates include 
inorganic salt and water with a general chemical formula of AB⋅nH2O. 
Salt hydrates are the most studied PCM because of their many advan-
tages. The advantages include high latent heat of fusion per unit volume, 
high thermal conductivity, inexpensive, small volume expansion, and 
high energy density. The disadvantages of salt hydrates are metal 
corrosion, incongruent melting, toxicity, and supercooling 
[39,44,45,47]. 

Eutectic materials are a combination of two or more PCMs that are 
designed to decrease the melting and solidification temperatures 

Nomenclature 

Cp specific heat (kJ/kg⋅K) 
g gravity (m/s2) 
hsf heat of fusion (kJ/kg) 
H instant latent heat (kJ/kg) 
k thermal conductivity (W/m⋅K) 
P pressure (Pa) 
PCM phase change material 
T temperature (◦C) 
t time (s) 
u horizontal velocity component (m/s) 
v vertical velocity component (m/s) 

Greek symbols 
β thermal expansion (1/K) 
γ liquid fraction 
μ dynamic viscosity (kg/m⋅s) 
ρ density (kg/m3) 

Subscripts 
l liquid 
s solid  

Fig. 1. PCMs categories.  
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compared to other pure materials. Eutectic materials can be made of a 
combination of organic-organic, inorganic-organic, and inorganic- 
inorganic PCMs. Eutectic materials have a high latent heat of fusion 
per unit volume and high thermal conductivity; however, they have 
relatively high weight and are expensive [39,44,45,47]. Further reviews 
on PCMs can be read in [48–50]. 

The melting temperature of PCMs is often the most important factor 
when choosing the optimum material for any application. Organic PCMs 
have a low melting temperature of <100 ◦C, which allows them to be 
useful in domestic applications such as drying, heating, and hot water. 
The low melting temperature of organic PCMs also provides safe oper-
ating temperatures for research and development. An extensive review 
on low temperature PCMs can be found in [51]. Inorganic materials are 
classified as high melting temperature PCMs. Metallic and salt hydrate 
PCMs have the highest melting temperatures of PCMs which can be 
>500 ◦C, making them useful in high temperature applications such as 
heat recovery and concentrated solar power. Salt hydrates show greater 
promise than metallic PCMs in these applications because of the lower 
weight and higher latent heat of fusion. More information on high 
temperature PCMs and their applications can be found in [52]. Based on 
the application, eutectics can be designed to have a low, intermediate, or 
high melting temperature. The advantage of using eutectics is the ability 
to customize the melting temperature while increasing the latent heat of 
fusion. Overall, the research and literature regarding low melting tem-
perature PCMs is more extensive than the high temperatures PCMs. This 
can be seen by the common commercial and general PCMs used in LHS 
systems from 2019 to 2022, shown in Table 1. 

2.1. Governing equations and simulation methods 

The governing equations of TES processes containing PCMs can be 
modeled as follows [107,108]. 

The continuity equation: 

∂ρ
∂t

+∇ •
(

ρ V→
)
= 0 (1) 

The momentum equation: 

∂
(

ρ V→
)

∂t
+ V→•∇

(
ρ V→

)
= − ∇P+∇ •

(
μ∇V→

)
+ ρ0[1 − β(T − T0) ]g+ S→

(2) 

In this equation, the Boussinesq term exists to model the effect of 
convection. 

The energy equation: 

∂(ρH)

∂t
+∇ •

(
ρ V→H

)
= ∇ • (k∇T) (3) 

In the momentum equation, S is defined as the source term [109], 

S =
(1 − γ)2

γ3 + ε Amush V→ (4) 

In this equation, Amush and ε are defined as the mushy zone constant 
and a small number to refrain from division by zero, which is considered 
10− 3, respectively. In LHS systems, the enthalpy term is commonly 
defined in the energy equation, which simplifies the solution. The 
created mushy zone between the liquid and solid phases satisfies the 
interface conditions. This mushy zone authorizes the omission of any 
sharp discontinuities that causes instability in solutions. There are two 
methods for the numerical tracking of the interface to describe the 
systems possessing the phase change process: explicit and implicit. The 
most common method is called the enthalpy-porosity method, which 
was introduced by Brent et al. [109] and Voller et al. [110,111]. In the 
enthalpy-porosity method, the liquid fraction, γ, is described as follows: 

γ =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 T ≤ Ts

T − Ts

Tl − Ts
Ts < T < Tl

1 T ≥ Tl

(5) 

Afterward, the total enthalpy equation is expressed as 

H = h0 +

∫ T

T0

CpdT + γhsf (6) 

Utilizing the governing equations, LHS systems can be numerically 
modeled. Experimental research on LHS is becoming increasingly 
common; however, computational studies taking advantage of simula-
tion methods are adequate to validate experimental results. In addition, 
simulations can be used to model melting and solidification within LHS 
systems to cost effectively create novel improvements to heat transfer 
enhancement techniques. Many simulation software exist which follow 
computational fluid dynamics (CFD) and the finite element method 
(FEM) or finite volume method (FVM) that can be used for LHS 
modeling. In recent years, the majority of numerical research on LHS 
systems has been simulated within ANSYS. ANSYS provides software 
with CFD capabilities using FVM, including ANSYS Fluent and ANSYS 
CFX. The second most common simulation software is COMSOL which is 
based on FEM. In addition, programming software have been used to 
simulate LHS systems using the governing equations, which provide a 
more customizable simulation method. The most common programming 
software is MATLAB. Fewer studies have been simulated within the open 
source CFD software OpenFOAM which provides a cost-effective alter-
native. The goal of the research, with the capabilities of each software, 
ultimately decides which simulation method should be utilized. Several 
numerical studies using different simulation methods and experimental 
research are briefly reviewed within this work. 

3. Simple LHS systems 

As mentioned, PCMs have relatively low conductivity; therefore, 
various methods are used to improve the heat transfer of TES systems, 
such as enhancing PCMs with nanoparticles, extending the heat transfer 
surface by using fins or encapsulating PCMs, and utilization of metal 
foams to improve heat transfer. Numerous studies have been conducted 
on one improvement technique. 

In an experimental study, Yadav and Sahoo [112] considered the 
effect of different mass fractions of Al2O3 nanoparticles on the melting 
and solidification processes of stearic acid as PCM within a TES system. 
The melting process decreased by 16.6 % compared to pure PCM by 
using nano-enhanced PCM (NEPCM), which causes the enhancement in 
thermal performance of the TES system. Meanwhile, nano carbons, 
which are low density materials, are used to improve the energy storage 
process of PCMs in a LHS system. Sun et al. [113] enhanced a PCM-TES 
system by using nano carbons in various concentrations. Nano graphite 

Table 1 
Common PCMs used in TES systems.  

Category Subcategory PCM References 

Organic Paraffin Rubitherm RT-Line [53–57] 
PCM Products PlusICE Organic Range [58–61] 
Microtek MPCM [62–66] 
n-Octadecane [67–71] 
n-Eicosane [72–75] 
Lauric acid [76–79] 
Stearic acid [80–83] 

Non- 
paraffin 

Pluss savE Organic Mixture PCMs  
OM29, OM37, OM42, OM55 [84–88] 
PureTemp Biobased PCMs [89–93] 
Coconut oil [94–97] 

Inorganic Metallic See cited review for metallic materials. [50] 
Salt hydrate PCM Products PlusICE Hydrated Salt (S) 

Range 
[98–102] 

NaNO3 [103–106] 
Eutectics  See cited review for eutectic materials. [49]  
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and nano coconut shell charcoal as nano carbons are used more effec-
tively when oleic acid and Span 80, two dispersants that increase the 
contact area between nano carbons and PCM to obliterate the agglom-
eration, are added to the system. The optimized concentration of nano 
carbons with and without dispersants is found to increase heat transfer. 

One of the most efficient methods of enhancing heat transfer 

between PCMs and heat transfer fluids is to incorporate embedded fins 
in the PCMs [114,115]. Sun et al. [116] employed circular fins in 
different dimensions with inline and staggered configurations to refine 
the thermal performance of a triple-tube heat exchanger (TTHX). In the 
staggered distribution of fins, the melting rate increased 37.2 % and 3.5 
% more than the no-fin case and inline distribution, respectively. Also, 

Fig. 2. Schematic of (a) entire LHS system and (b) material placement at start of test [118].  

Table 2 
The melting and solidification result of Hosseininaveh et al. [119] using 130 g of paraffin.  

Added acetone volume (cc) Solidification time (s) Solidification rate improvement Melting time (s) Melting rate improvement Total improvement  

0  3890 –  1240 – –  
30  242 93.8 %  2990 − 141.1 % 37 %  
70  50 98.7 %  964 22.2 % 80.2 %  
110  86 97.8 %  1150 7.3 % 75.9 %  

Table 3 
A description of simple enhancement methods of TES systems.  

Enhancement 
technique 

Study PCM/PCMs Experimental/ 
numerical 

Year References 

Nanoparticles Thermal response of NEPCMs RT26 and coconut oil Experimental 2021 [120] 
Nanoparticles Using NEPCM on the performance of a photovoltaic-thermal system Paraffin Experimental 2021 [121] 
Nanoparticles Utilizing NEPCM on the performance of a greenhouse dryer Paraffin wax Experimental 2021 [122] 
Carbon nanotubes 

(CNTs) 
Predict some properties of PCMs enhanced by CNTs Paraffin Numerical 2022 [123] 

Fin Optimized a TES system with annular fins during the melting and 
solidification processes 

NaNO3–NaNO2 Numerical 2021 [103] 

Porous media Improvement of PCM melting process by using copper foams Paraffin (RT54HC) Numerical 2021 [124] 
Nanoparticles The impact of silver nanoparticles on melting and solidification of PCM Paraffin wax Experimental 2021 [125] 
Porous media Designing a LHS system based on a composite of flat micro heat pipe and 

metal foam 
Paraffin Numerical and 

experimental 
2020 [126] 

Fin Impact of fin arrangements on the melting process RT35 Numerical 2020 [127] 
Fin Improve the charging rate with different non-uniform fin arrays RT50 Numerical 2021 [128] 
Porous media Improve the thermal conductivity NaNO3 salt-based Experimental 2021 [104] 
CNTs The enhancements of melting and solidification processes in different mass 

concentrations of nanomaterial 
Deionized (DI) water Experimental 2020 [129] 

Nanoparticles Optimization of melting process in a shell-tube LHS system Coconut oil Numerical 2021 [130] 
Fin Finding the appropriate fin disposition to speed up the PCM melting rate RT35 Numerical 2020 [131] 
Fin The amelioration effect of punched-fin and slit-fin on TES Paraffin wax Numerical 2021 [132] 
Encapsulation Study of the macro-encapsulation effects on the TES efficiency PlusICE S15 (hydrated 

salt) 
Experimental 2021 [133] 

Encapsulation Using micro-encapsulated PCM (MEPCM) with double shell to improve the 
thermal conductivity 

Paraffin Experimental 2020 [134] 

Nanoparticles Modeling of NEPCM solidification inside a heat exchanger Paraffin Numerical 2020 [135] 
Nanoparticles Study the NEPCM concentration effect on the performance of TES Paraffin Experimental 2020 [136] 
Fin Enhancement of melting process by optimization of patterned-fins Paraffin wax Numerical 2020 [137] 
Fin Investigate the efficacy of annular and radial fins configurations on the 

melting and solidification process 
Rubitherm RT-55 Experimental 2021 [54]  
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within the staggered structure configuration, the melting rate increased 
up to 23.6 % by utilizing longer and thinner fins in constant fin volume 
when compared to the specified dimension. Dong et al. [117] fabricated 
a composite with long permanence using PCM and a carbon fiber sheet 
(CFS), which is a high thermal conductivity material, to improve the 
conductivity and durability of the PCM-TES system. The melting tem-
peratures of pure PCM and composite are almost the same, in contrast to 
their solidification points. 

Ramazani et al. [118], without changing the conductivity of PCM, 
used an intermediate boiling fluid (IBF) in the design of a LHS system. 
This results in the super-fast solidification process of PCM (Fig. 2). 
Paraffin with a solidification temperature of 60.3 ◦C and acetone with a 
boiling point of 56 ◦C are used as PCM and IBF, respectively. The key 
point that should be considered when selecting materials is that the 
boiling point of IBF must be lower than the melting point of PCM. IBF is 
used to transfer heat between the PCM and condenser which is based 
upon the condensation and boiling point of IBF. In other words, the 
solidification process transpires faster by the higher boiling and 
condensation rates of IBF. Therefore, IBF boils and transfers heat 
continuously from the PCM to the condenser until all the paraffin so-
lidifies. They decreased the paraffin solidification time from 2 h to 39 s 
by utilizing IBF, in the optimum ratio of 0.135-kilogram paraffin per 0.1- 
liter acetone, which is a solution to the long discharge of PCMs. 

Hosseininaveh et al. [119] studied the charging-discharging cycle of 
a PCM using IBF to control energy flow. They also evaluated the efficacy 
of enclosure pressure in the boiling rate of IBF on PCM's melting and 
solidification rate. Meanwhile, the effect of various ratios of IBF volume 
per specified mass of PCM on melting and solidification process times is 
discussed to find the optimum ratio of IBF. This is significant because the 
excessive use of IBF has negative consequences on the charging and 
discharging processes (Table 2). 

Also, Table 3 summarizes a few recent studies performed by using 
one improvement method. 

4. Hybrid LHS systems 

A hybrid improvement method is defined when two or more 

enhancement methods are combined in a TES system. Hybrid techniques 
could be more efficient than using a simple enhancement method. 
Therefore, finding the combination of strategies has a crucial role in 
facilitating the systems' performance. 

The research works carried out on NEPCM in the presence of fins in 
the last five years [138–144]. Nakhchi et al. [145] numerically inves-
tigated the performance improvement of a LHS system, which is shown 
in Fig. 3, by using stair-fins and additive nanoparticles simultaneously. 
The different orientations of stair fins were arranged on the warm wall in 
various stair ratios which is defined as the ratio of b over c. The usage of 
NEPCM with stair fins improves the melting process of PCM due to the 
generated vortex of the melted PCM near the stair fins, which causes the 
heat transfer improvement inside the domain. 

Hosseinzadeh et al. [146] used a mixture of two nanoparticles at 
diverse concentrations dispersed in PCM which can compensate for the 
adverse effects of using a single-type nanoparticle in the TTHX with 
interior fins. They showed applying hybrid nanoparticles in PCM and 
fins in the LHS system simultaneously increased the solidification rate by 
14 %. 

Khan and Khan [147] numerically performed transient simulations 
of the charging process on a shell-tube LHS system with different 
extended surfaces and NEPCM by varied volume concentrations of 
graphene nano-platelets (GNP) as a nanoparticle. Heat fluxes and 
melting rates of PCM are remarkably improved with the addition of 1 % 
volume concentration of GNP. The heat fluxes are increased 1.211 times 
for longitudinal fins, 1.153 for circular fins, and 1.062 for wire-wound 
fins orientations which are associated with a reduction in melting time. 

Recent research [148–151] proved that analysis of NEPCM melting 
and solidification processes within the enclosure filled with porous 
media, such as metal foam, plays a decisive role in many engineering 
applications. Li et al. [152] studied a triple-tube LHS system for both 
melting and solidification processes by using NEPCM and porous me-
dium in which copper nanoparticles and metal foam are used as nano 
additives and porous medium. This hybrid LHS system reduces the 
charging and discharging times by enhancing the thermal conductivity 
of the PCM. The charging and discharging times diminish by 84.16 % 
and 88.77 %, respectively, by the simultaneous usage of 95 % porosity 
metal foam with 5 % nanoparticles compared to the pure LHS system. 
Furthermore, using porous media with non-uniform porosity, or multi-
ple segments of various porosities, is a creative idea that could modify 
local thermal conductivity and enhance convection [153–155]. None-
theless, Ghalambaz et al. [156] utilized CuO-coconut oil as a NEPCM 
instead of pure PCM in a non-uniform porous medium (Fig. 4), to 
investigate the melting process with the finite element method. Opti-
mization of the melting process was conducted by concerning the effect 

Fig. 3. Schematic of the Nakhchi et al. [145] LHS reservoir with stair-fins.  

Fig. 4. The schematic of the LHS system with non-uniform porosity [156].  
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Fig. 5. Schematic of the bare tube, fin tube, metal foam tube, and fin-metal foam hybrid tube [161].  

Fig. 6. The schematic of Ding et al. [162] hybrid system.  

Fig. 7. The schematic of micro-/macro-level of Liu et al. physical model [163].  
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of the average porosity of porous medium, the gradient of porosity, the 
inclination angle of the LHS enclosure, the size of the pores, and volume 
fraction of nanoparticles. 

Simultaneous utilization of fins and porous media affect the perfor-
mance of LHS systems [157–160]. The effect of hybrid fin-foam tubes on 
melting time and temperature field was conducted in an experimental 
study by Guo et al. [161]. They designed various tubes for the experi-
ments, which are schematically shown in Fig. 5, to evaluate the differ-
ence between fin-porous tube, simple tube, fin tube, and porous tube 
structures. The fin-porous method reduces the simple structure's 
charging process time by 83.35 %. Also, this technique decreases the 
melting time by 64.39 % and 17.69 % compared to the fin and porous 
tubes, respectively. The temperature response rate is increased signifi-
cantly by 529.1 % for the fin-porous system relative to the simple tube 
configuration. 

In another fin-porous research, Ding et al. [162] established a nu-
merical simulation on the PCM-porous system embedded with plate fins 
to improve the melting process (Fig. 6). They found that the charging 
time decreased in a specific fin volume beyond 24.8 % by reducing fin 
height, and >46.5 % by reducing fin thickness. Also, the heat flux and 
charging time are directly and inversely proportional to the ratio of fin 
volume fraction to porosity, respectively. 

Optimization on the micro-/macro-level improves the thermal per-
formance of TES systems which is a crucial energy saving parameter in 
buildings. Liu et al. [163] optimized a PCM panel shown in Fig. 7 at 
micro- and macro-level by applying carbon nanotubes (CNTs) and 
integrating metal fins, respectively, when various surfactant proportions 
stabilize dispersal of CNTs. The optimized mass fraction of CNTs 
increased the thermal conductivity by >18 % in the thermal cycles. Also, 
fin geometric parameters were evaluated, resulting in longer and thinner 
fins diminishing the disadvantageous effects of convection and 
improving the heat transfer performance of the PCM panel. 

MEPCMs usually increment the building thermal inertia for energy- 
saving purposes; however, the thermal conductivity of MEPCM 

requires further modification to be used more efficiently in a TES sys-
tem. Fang et al. [164] studied the temperature response using MEPCM 
and carbon fiber within a LHS system, which unifies the temperature 
distribution as a thermal enhancer. Another application of MEPCMs is in 
electronic devices examined by Ren et al. [165] in a 3D numerical 
simulation. The schematic of the electronic device with cascade MEPCM 
modified by expanded graphite and pin-fins is demonstrated in Fig. 8. A 
careful pin-fin arrangement was designed to balance the increasing heat 
transfer and decreasing LHS capacity of the heat source. The cascade 
MEPCM–expanded graphite composite could raise and accelerate the 
heat transfer performance in both top and bottom regions of the heat 
source. 

Li et al. [166] experimentally investigated a new shape stabilized 
PCM composite to boost TES performance by nano encapsulated PCMs 
combined with copper metal foam as a porous medium. Using metal 
foam as a porous medium allowed wall temperature diminution and 
uniform temperature throughout the system, while the nano encapsu-
lated PCM operation increased the latent heat absorption. 

Khademi et al. [167] simulated the PCM melting process in direct 
contact with nanofluid, which is insoluble in PCM, at a rectangular 
enclosure (Fig. 9). Based on the density difference between auxiliary and 
PCM, this enhancement technique was introduced by [168–172]. 
Auxiliary fluid, which is the higher density material in this TES system, 
was placed on top of the PCM. By starting the melting process of the 
PCM, the melted PCM, due to its lower density compared with the 
auxiliary fluid, moves upward, and the auxiliary fluid takes the place of 
the melted PCM. The higher the thermal diffusivity of the auxiliary fluid, 
the better the heat transfer from the warmed wall to PCM. The charging 
process of PCM by using nanofluid in comparison with pure auxiliary 
fluid reduced the melting time by 13.7 %. 

In Table 4, other hybrid methods which are used in TES systems are 
briefly reviewed. 

Fig. 8. Schematic of Ren et al. electronic device [165].  

Fig. 9. The melting process of PCM in the presence of auxiliary fluid enhanced by nanoparticles [167].  
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5. Challenges and prospective works directions 

The hybrid techniques to improve the performance of TES systems 
were discussed in the review paper. Simultaneous use of nanoparticles 
with fins or metal foams is one the most common methods to enhance 
heat transfer. However, nanoparticles have highly priced and time- 
consuming preparation procedures which should be optimized. In the 
meantime, the designing process of the extended surfaces such as fins 
and porous media to use in TES systems is critical because balancing 
between convection and conduction heat transfer must be regarded. 
Also, the review showed an absence of research on the melting and so-
lidification processes of PCMs in the presence of an auxiliary fluid which 
could improve the TES system. Therefore, examining TES systems that 
utilize PCMs in direct contact with auxiliary fluid by combining with 
other enhancement techniques such as nanoparticles, fins, and metal 
foams are recommended for future studies. 

6. Conclusions 

This review paper provides a brief description of PCM types, simple 
heat transfer enhancement techniques defined by employing just one 
enhancement method in the TES system, and implementation of hybrid 
techniques. Simple enhancement methods include using nanomaterials, 
such as nanoparticles and CNTs, to improve the thermal conductivity of 
PCM; embedding fins in the enclosure and encapsulating the PCMs to 
extend their effective heat transfer surface; the presence of an auxiliary 
fluid to speed up the melting and solidification processes; and the uti-
lization of porous media, like metal foams, to accelerate heat transfer. 
Although the separate use of each method improves TES performance, 
the simultaneous use and combination of two or three methods can 
improve performance more effectively. 
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[60] J. Biswas, P.Q. Malzone, F. Rößler, Energy storage selection and operation for 
night-time survival of small lunar surface systems, Acta Astronautica 185 (2021) 
308–318, https://doi.org/10.1016/j.actaastro.2021.04.042. 

[61] V.K. Raj, V. Baiju, F.P. Junaid, Numerical investigations of thermal performance 
enhancement in phase change energy storage system effective for solar 
adsorption cooling systems, J. Energy Storage 45 (2022), 103696, https://doi. 
org/10.1016/j.est.2021.103696. 

[62] C.-J. Ho, J.-C. Liao, W.-M. Yan, M. Amani, Experimental study of transient 
thermal characteristics of nanofluid in a minichannel heat sink with MEPCM layer 
in its ceiling, Int. J. Heat Mass Transf. 133 (2019) 1041–1051, https://doi.org/ 
10.1016/j.ijheatmasstransfer.2019.01.029. 

[63] G. Fredi, A. Dorigato, L. Fambri, S.H. Unterberger, A. Pegoretti, Effect of phase 
change microcapsules on the thermo-mechanical, fracture and heat storage 
properties of unidirectional carbon/epoxy laminates, Polym. Test. 91 (2020), 
106747, https://doi.org/10.1016/j.polymertesting.2020.106747. 

[64] Z. Qiu, L. Li, Experimental and numerical investigation of laminar heat transfer of 
microencapsulated phase change material slurry (MPCMS) in a circular tube with 
constant heat flux, Sustain. Cities Soc. 52 (2020), 101786, https://doi.org/ 
10.1016/j.scs.2019.101786. 

[65] P.J. Ong, et al., Surface modification of microencapsulated phase change 
materials with nanostructures for enhancement of their thermal conductivity, 
Mater. Chem. Phys. 277 (2022), 125438, https://doi.org/10.1016/j. 
matchemphys.2021.125438. 

[66] E. Courtois, P. Glouannec, A. Magueresse, T. Loulou, Estimating thermal 
properties of phase change material from heat flux measurements, Int. J. Therm. 
Sci. 172 (2022), 107307, https://doi.org/10.1016/j.ijthermalsci.2021.107307. 

[67] C. Li, H. Yu, Y. Song, M. Wang, Z. Liu, A n-octadecane/hierarchically porous TiO2 
form-stable PCM for thermal energy storage, Renew. Energy 145 (2020) 
1465–1473, https://doi.org/10.1016/j.renene.2019.06.070. 

[68] B. Gürel, A numerical investigation of the melting heat transfer characteristics of 
phase change materials in different plate heat exchanger (latent heat thermal 
energy storage) systems, Int. J. Heat Mass Transf. 148 (2020), 119117, https:// 
doi.org/10.1016/j.ijheatmasstransfer.2019.119117. 

[69] B. Gürel, Thermal performance evaluation for solidification process of latent heat 
thermal energy storage in a corrugated plate heat exchanger, Appl. Therm. Eng. 
174 (2020), 115312, https://doi.org/10.1016/j.applthermaleng.2020.115312. 

[70] A.K. Gupta, G. Mishra, S. Singh, Numerical study of MWCNT enhanced PCM 
melting through a heated undulated wall in the latent heat storage unit, Thermal 
Science and Engineering Progress (2021), 101172, https://doi.org/10.1016/j. 
tsep.2021.101172. 

[71] D. Nakhla, J.S. Cotton, Effect of electrohydrodynamic (EHD) forces on charging of 
a vertical latent heat thermal storage module filled with octadecane, Int. J. Heat 
Mass Transf. 167 (2021), 120828, https://doi.org/10.1016/j. 
ijheatmasstransfer.2020.120828. 

[72] B. Debich, A. El Hami, A. Yaich, W. Gafsi, L. Walha, M. Haddar, Design 
optimization of PCM-based finned heat sinks for mechatronic components: a 
numerical investigation and parametric study, J. Energy Storage 32 (2020), 
101960, https://doi.org/10.1016/j.est.2020.101960. 

[73] S.Y. Park, Y.G. Park, S.H. Park, M.Y. Ha, Numerical study and multilayer 
perceptron-based prediction of melting process in the latent heat thermal energy 
storage system with a finned elliptical inner cylinder, J. Energy Storage 42 
(2021), 103008, https://doi.org/10.1016/j.est.2021.103008. 

[74] H. Soltani, M. Soltani, H. Karimi, J. Nathwani, Heat transfer enhancement in 
latent heat thermal energy storage unit using a combination of fins and rotational 
mechanisms, Int. J. Heat Mass Transf. 179 (2021), 121667, https://doi.org/ 
10.1016/j.ijheatmasstransfer.2021.121667. 

[75] L. Song, S. Wu, C. Yu, W. Gao, Thermal performance analysis and enhancement of 
the multi-tube latent heat storage (MTLHS) unit, J. Energy Storage 46 (2022), 
103812, https://doi.org/10.1016/j.est.2021.103812. 

[76] M.S. Mahdi, H.B. Mahood, A.A. Alammar, A.A. Khadom, Numerical investigation 
of PCM melting using different tube configurations in a shell and tube latent heat 
thermal storage unit, Therm. Sci. Eng. Prog. 25 (2021), 101030, https://doi.org/ 
10.1016/j.tsep.2021.101030. 

[77] B.R. Tamuli, S. Nath, D. Bhanja, Unveiling the melting phenomena of PCM in a 
latent heat thermal storage subjected to temperature fluctuating heat source, Int. 
J. Therm. Sci. 164 (2021), 106879, https://doi.org/10.1016/j. 
ijthermalsci.2021.106879. 

[78] M.S. Mahdi, H.B. Mahood, A.A. Khadom, A.N. Campbell, Numerical simulations 
and experimental verification of the thermal performance of phase change 
materials in a tube-bundle latent heat thermal energy storage system, Appl. 
Therm. Eng. 194 (2021), 117079, https://doi.org/10.1016/j. 
applthermaleng.2021.117079. 

[79] R. da Silveira Borahel, R.D.C. Oliveski, F.S.F. Zinani, I.A. Schroer, Fin 
configurations to reduce lauric acid melting time in a rectangular thermal 
reservoir, J. Energy Storage 44 (2021), 103339, https://doi.org/10.1016/j. 
est.2021.103339. 

[80] V. Joshi, M.K. Rathod, Experimental and numerical assessments of thermal 
transport in fins and metal foam infused latent heat thermal energy storage 
systems: a comparative evaluation, Appl. Therm. Eng. 178 (2020), 115518, 
https://doi.org/10.1016/j.applthermaleng.2020.115518. 

[81] B. Xie, C. Li, J. Chen, N. Wang, Exfoliated 2D hexagonal boron nitride nanosheet 
stabilized stearic acid as composite phase change materials for thermal energy 
storage, Sol. Energy 204 (2020) 624–634, https://doi.org/10.1016/j. 
solener.2020.05.004. 

[82] R. Wu, W. Gao, Y. Zhou, Z. Wang, Q. Lin, A novel three-dimensional network- 
based stearic acid/graphitized carbon foam composite as high-performance 

shape-stabilized phase change material for thermal energy storage, Compos. Part 
B 225 (2021), 109318, https://doi.org/10.1016/j.compositesb.2021.109318. 

[83] L.A. Khan, M.M. Khan, H.F. Ahmed, M. Irfan, D. Brabazon, I.U. Ahad, Dominant 
roles of eccentricity, fin design, and nanoparticles in performance enhancement 
of latent thermal energy storage unit, J. Energy Storage 43 (2021), 103181, 
https://doi.org/10.1016/j.est.2021.103181. 

[84] R. Majumdar, S.K. Saha, Effect of varying extent of PCM capsule filling on thermal 
stratification performance of a storage tank, Energy 178 (2019) 1–20, https://doi. 
org/10.1016/j.energy.2019.04.101. 

[85] V. Gumtapure, Thermal property study of fatty acid mixture as bio-phase change 
material for solar thermal energy storage usage in domestic hot water application, 
J. Energy Storage 25 (2019), 100870, https://doi.org/10.1016/j. 
est.2019.100870. 

[86] B.R. Murthy, K. Nidhul, V. Gumtapure, Performance evaluation of novel tapered 
shell and tube cascaded latent heat thermal energy storage, Sol. Energy 214 
(2021) 377–392, https://doi.org/10.1016/j.solener.2020.11.069. 

[87] P.K.S. Rathore, S.Kumar Shukla, Improvement in thermal properties of PCM/ 
Expanded vermiculite/expanded graphite shape stabilized composite PCM for 
building energy applications, Renewable Energy 176 (2021) 295–304, https:// 
doi.org/10.1016/j.renene.2021.05.068. 

[88] A. Kumar, R. Agrawal, An experimental investigation of cylindrical shaped 
thermal storage unit consisting of phase change material based helical coil heat 
exchanger, J. Energy Storage 45 (2022), 103795, https://doi.org/10.1016/j. 
est.2021.103795. 

[89] D. Mathis, P. Blanchet, V. Landry, P. Lagière, Thermal characterization of bio- 
based phase changing materials in decorative wood-based panels for thermal 
energy storage, Green Energy Environ. 4 (1) (2019) 56–65, https://doi.org/ 
10.1016/j.gee.2018.05.004. 

[90] E. Mohseni, W. Tang, S. Wang, Development of thermal energy storage 
lightweight structural cementitious composites by means of macro-encapsulated 
PCM, Constr. Build. Mater. 225 (2019) 182–195, https://doi.org/10.1016/j. 
conbuildmat.2019.07.136. 

[91] R. Cozzolino, D. Chiappini, G. Bella, Experimental characterisation of a novel 
thermal energy storage based on open-cell copper foams immersed in organic 
phase change material, Energy Convers. Manag. 200 (2019), 112101, https://doi. 
org/10.1016/j.enconman.2019.112101. 

[92] S. Moreno, J. Hinojosa, I. Hernández-López, J. Xaman, Numerical and 
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[102] S. Nižetić, M. Jurčević, D. Čoko, M. Arıcı, A.T. Hoang, Implementation of phase 
change materials for thermal regulation of photovoltaic thermal systems: 
comprehensive analysis of design approaches, Energy 228 (2021), 120546, 
https://doi.org/10.1016/j.energy.2021.120546. 

[103] Z. Elmaazouzi, I.A. Laasri, A. Gounni, M. El Alami, Enhanced thermal 
performance of finned latent heat thermal energy storage system: fin parameters 
optimization, J. Energy Storage 43 (2021), 103116, https://doi.org/10.1016/j. 
est.2021.103116. 

[104] F. Jiang, X. Ling, L. Zhang, D. Cang, Y. Ding, Modified diatomite-based porous 
ceramic to develop shape-stabilized NaNO3 salt with enhanced thermal 

A. Khademi et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.actaastro.2021.04.042
https://doi.org/10.1016/j.est.2021.103696
https://doi.org/10.1016/j.est.2021.103696
https://doi.org/10.1016/j.ijheatmasstransfer.2019.01.029
https://doi.org/10.1016/j.ijheatmasstransfer.2019.01.029
https://doi.org/10.1016/j.polymertesting.2020.106747
https://doi.org/10.1016/j.scs.2019.101786
https://doi.org/10.1016/j.scs.2019.101786
https://doi.org/10.1016/j.matchemphys.2021.125438
https://doi.org/10.1016/j.matchemphys.2021.125438
https://doi.org/10.1016/j.ijthermalsci.2021.107307
https://doi.org/10.1016/j.renene.2019.06.070
https://doi.org/10.1016/j.ijheatmasstransfer.2019.119199
https://doi.org/10.1016/j.ijheatmasstransfer.2019.119199
https://doi.org/10.1016/j.applthermaleng.2020.115312
https://doi.org/10.1016/j.tsep.2021.101172
https://doi.org/10.1016/j.tsep.2021.101172
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120737
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120737
https://doi.org/10.1016/j.est.2020.101960
https://doi.org/10.1016/j.est.2021.103008
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121993
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121993
https://doi.org/10.1016/j.est.2021.103812
https://doi.org/10.1016/j.tsep.2021.101030
https://doi.org/10.1016/j.tsep.2021.101030
https://doi.org/10.1016/j.ijthermalsci.2021.106879
https://doi.org/10.1016/j.ijthermalsci.2021.106879
https://doi.org/10.1016/j.applthermaleng.2021.117079
https://doi.org/10.1016/j.applthermaleng.2021.117079
https://doi.org/10.1016/j.est.2021.103339
https://doi.org/10.1016/j.est.2021.103339
https://doi.org/10.1016/j.applthermaleng.2020.115518
https://doi.org/10.1016/j.solener.2020.05.004
https://doi.org/10.1016/j.solener.2020.05.004
https://doi.org/10.1016/j.compositesb.2021.109318
https://doi.org/10.1016/j.est.2021.103181
https://doi.org/10.1016/j.energy.2019.04.101
https://doi.org/10.1016/j.energy.2019.04.101
https://doi.org/10.1016/j.est.2019.100870
https://doi.org/10.1016/j.est.2019.100870
https://doi.org/10.1016/j.solener.2020.11.069
https://doi.org/10.1016/j.renene.2021.05.068
https://doi.org/10.1016/j.renene.2021.05.068
https://doi.org/10.1016/j.est.2021.103795
https://doi.org/10.1016/j.est.2021.103795
https://doi.org/10.1016/j.gee.2018.05.004
https://doi.org/10.1016/j.gee.2018.05.004
https://doi.org/10.1016/j.conbuildmat.2019.07.136
https://doi.org/10.1016/j.conbuildmat.2019.07.136
https://doi.org/10.1016/j.enconman.2019.112101
https://doi.org/10.1016/j.enconman.2019.112101
https://doi.org/10.1016/j.applthermaleng.2020.115647
https://doi.org/10.1016/j.applthermaleng.2020.115647
https://doi.org/10.1016/j.renene.2021.04.123
https://doi.org/10.1016/j.applthermaleng.2018.11.121
https://doi.org/10.1016/j.applthermaleng.2018.11.121
https://doi.org/10.1016/j.applthermaleng.2020.116216
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121993
https://doi.org/10.1016/j.icheatmasstransfer.2021.105757
https://doi.org/10.1016/j.renene.2019.02.013
https://doi.org/10.1016/j.renene.2019.02.013
https://doi.org/10.1016/j.geothermics.2020.101864
https://doi.org/10.1016/j.geothermics.2020.101864
https://doi.org/10.1016/j.est.2019.101115
https://doi.org/10.1016/j.est.2019.101115
https://doi.org/10.1115/1.4048620
https://doi.org/10.1016/j.energy.2021.120546
https://doi.org/10.1016/j.est.2021.103116
https://doi.org/10.1016/j.est.2021.103116


Journal of Energy Storage 54 (2022) 105362

11

conductivity for thermal energy storage, Sol. Energy Mater. Sol. Cells 231 (2021), 
111328, https://doi.org/10.1016/j.solmat.2021.111328. 

[105] F. Jiang, Z. Ge, X. Ling, D. Cang, L. Zhang, Y. Ding, Improved thermophysical 
properties of shape-stabilized NaNO3 using a modified diatomite-based porous 
ceramic for solar thermal energy storage, Renew. Energy 179 (2021) 327–338, 
https://doi.org/10.1016/j.renene.2021.07.023. 

[106] S. Soleimanpour, S.M. Sadrameli, S.A.H.S. Mousavi, M. Jafaripour, Preparation 
and characterization of high temperature shape stable NaNO3/diatomite phase 
change materials with nanoparticles for solar energy storage applications, 
J. Energy Storage 45 (2022), 103735, https://doi.org/10.1016/j. 
est.2021.103735. 

[107] Z. Badiei, M. Eslami, K. Jafarpur, Performance improvements in solar flat plate 
collectors by integrating with phase change materials and fins: a CFD modeling, 
Energy 192 (2020), 116719. 

[108] W.T. Yan, W.B. Ye, C. Li, Effect of aspect ratio on saturated boiling flow in 
microchannels with nonuniform heat flux, heat Transfer—AsianResearch 48 (7) 
(2019) 3312–3327. 

[109] A. Brent, V.R. Voller, K. Reid, Enthalpy-porosity technique for modeling 
convection-diffusion phase change: application to the melting of a pure metal, 
Numer. Heat Transf.; A: Appl. 13 (3) (1988) 297–318, https://doi.org/10.1080/ 
10407788808913615. 

[110] V.R. Voller, M. Cross, N. Markatos, An enthalpy method for convection/diffusion 
phase change, Int. J. Numer. Methods Eng. 24 (1) (1987) 271–284, https://doi. 
org/10.1002/nme.1620240119. 

[111] V. Voller, An overview of numerical methods for solving phase change problems, 
Adv.Numer. Heat Transf. 1 (9) (1997) 341–380. 

[112] C. Yadav, R.R. Sahoo, Effect of nano-enhanced PCM on the thermal performance 
of a designed cylindrical thermal energy storage system, Exp. Heat Transf. 34 (4) 
(2021) 356–375, https://doi.org/10.1080/08916152.2020.1751744. 

[113] X. Sun, L. Liu, Y. Mo, J. Li, C. Li, Enhanced thermal energy storage of a paraffin- 
based phase change material (PCM) using nano carbons, Appl. Therm. Eng. 181 
(2020), 115992, https://doi.org/10.1016/j.applthermaleng.2020.115992. 

[114] S. Deng, C. Nie, G. Wei, W.-B. Ye, Improving the melting performance of a 
horizontal shell-tube latent-heat thermal energy storage unit using local enhanced 
finned tube, Energy Build. 183 (2019) 161–173. 

[115] W.B. Ye, H.J. Guo, S.M. Huang, Y.X. Hong, Research on melting and solidification 
processes for enhanced double tubes with constant wall temperature/wall heat 
flux, heat Transfer—AsianResearch 47 (3) (2018) 583–599. 

[116] X. Sun, et al., Investigation of heat transfer enhancement in a triple TUBE latent 
heat storage system using circular fins with inline and staggered arrangements, 
Nanomaterials 11 (10) (2021) 2647, https://doi.org/10.3390/nano11102647. 

[117] K. Dong, et al., A high-thermal-conductivity, high-durability phase-change 
composite using a carbon fibre sheet as a supporting matrix, Appl. Energy 264 
(2020), 114685, https://doi.org/10.1016/j.apenergy.2020.114685. 

[118] H.Z. Ramazani, O. Mohammadi, I. Rahgozar, M.B. Shafii, M.H. Ahmadi, Super- 
fast discharge of phase change materials by using an intermediate boiling fluid, 
Int. Commun. Heat Mass Transfer 115 (2020), 104597, https://doi.org/10.1016/ 
j.icheatmasstransfer.2020.104597. 

[119] H. Hosseininaveh, O. Mohammadi, S. Faghiri, M.B. Shafii, A comprehensive study 
on the complete charging-discharging cycle of a phase change material using 
intermediate boiling fluid to control energy flow, J. Energy Storage 35 (2021), 
102235, https://doi.org/10.1016/j.est.2021.102235. 

[120] M. Aurangzeb, et al., Investigation of enhancement in the thermal response of 
phase change materials through nano powders, Case Studies in Thermal 
Engineering (2021), 101654, https://doi.org/10.1016/j.csite.2021.101654. 
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