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Abstract
Thermal energy storage systems (TESS) have emerged as significant global concerns in the design and optimization of 
devices and processes aimed at maximizing energy utilization, minimizing energy loss, and reducing dependence on fossil 
fuel energy for both environmental and economic reasons. Phase change materials (PCMs) are widely recognized as prom-
ising candidates due to their high latent heat storage (LHS) capacity. This review thoroughly evaluates the computational 
fluid dynamics (CFD) studies conducted in various sections, encompassing materials, modeling, simulation, as well as the 
results, advantages, and disadvantages of these works. The study is organized into three distinct sections. The first section 
discusses the applications of PCMs in various areas, including lithium-ion batteries, solar applications, building applica-
tions, electronics, and heating and cooling systems. The second section provides a comprehensive summary of cylindrical, 
rectangular, spherical, arbitrary shapes, and packed-bed geometries employed in TESS. The third section investigates the 
different types of materials used as PCMs. Based on the findings of this study, it can be concluded that industrial applications 
of hybrid nanocomposites incorporating PCMs in different geometries pose challenges, particularly in three-dimensional 
(3D) settings, where instability becomes a significant concern. Hence, further research and investigation are necessary to 
address these challenges adequately. In conclusion, this study serves as a reference review for future research endeavors in 
the field of simulating various PCMs in different geometries and applications. It provides valuable insights into the current 
state of knowledge, highlights potential areas for improvement, and offers guidance for advancing simulation techniques 
related to PCMs.
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Introduction

It is widely acknowledged  that the excessive utilization of 
fossil fuels, resulting in increased greenhouse gas emis-
sions, particularly CO2, has significantly contributed to 
anthropogenic climate change and global warming [1, 2]. 
Currently, fossil fuels still account for 80% of the global 
energy demand, and this reliance is projected to persist in 
the coming decades, despite advancements in renewable 
energy sources [3]. However, the combination of escalat-
ing energy needs, diminishing availability of traditional 
energy resources, and environmental concerns associated 
with fossil fuel usage has prompted a substantial transition 
toward renewable energy options like hydropower, solar 
power, wind power, geothermal energy, and biomass over 
the past twenty years [4]. In order to mitigate greenhouse 

gas emissions, it is imperative to both increase the pro-
portion of renewable energy in overall energy consump-
tion and enhance energy efficiency [5]. Additionally, it is 
vital to reduce the tendency for using fossil fuels due to the 
depletion of fossil resources [6]. This approach is crucial 
for curbing the volume of greenhouse gas emissions. Fur-
thermore, the depletion of fossil fuel reserves necessitates a 
reduction in their reliance [4]. For instance, global initiatives 
to decrease CO2 emissions and address the decline of oil 
resources have led to the emergence of electric vehicles and 
hybrid electric vehicles as viable alternatives to combustion 
engine-powered vehicles [7].

Considering the declining trend and limited availability of 
conventional energy resources, as well as the environmental 
problems associated with climate change and air pollution, 
there is a growing need to shift toward green and renewable 
energy resources, such as wind, solar, hydropower, geother-
mal, and biomass. These types of energy sources have strong 
potential for utilization in industrial and domestic heating 
applications [8]. However, it should be noted that many 
renewable energy sources, including solar and wind, are 
inherently intermittent, which necessitates the efficient stor-
age of energy to bridge the gap between demand and supply 
[9]. Storing thermal energy from sustainable sources (e.g., 
solar) or recovering waste heat in industrial processes is crit-
ical in a world confronted with rising energy demand and 
climate changes [10]. Despite the aforementioned properties 
of sustainable energy, energy extraction from these sources 
faces stability limitations such as reliance on weather condi-
tions, space, and time. A TESS serves as a useful tool for 
reducing supply–demand imbalances and achieving continu-
ous, dispatchable electricity output due to the intermittent 
and unstable nature of these energy sources.

TESS has gained significant interest worldwide in the 
fields of renewable energy and other high-temperature 
applications, including waste heat recovery and utiliza-
tion [11, 12]. TESS refers to a collection of technologies 
that store excessive energy in the form of heat and utilize 
it either directly or indirectly through energy conversion 
processes when needed. This technique is essential for bal-
ancing energy supply and demand, particularly in applica-
tions involving time-varying energy sources such as solar 
and wind. Numerous investigations have been conducted 
to design thermal management systems (TMSs) using tra-
ditional approaches such as air cooling [13, 14] and heat 
pipe cooling [15]. Latent thermal energy storage (LTES), 
which has a large energy storage (ES) capacity and operates 
with almost isothermal properties, has received significant 
attention in various engineering sectors to address changes 
in thermal energy demand. PCMs are suitable choices for 
use in LTES systems due to their high energy storage den-
sity, nearly isothermal solid–liquid phase change behavior, 
and the variety of forms they come in. This makes them 
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applicable for electronic device cooling [16, 17], thermal 
storage (TS) in buildings [18], and refrigeration and cooling 
[19]. Consequently, the development of new energy storage 
systems (ESS) based on PCMs is considered an approach 
for storing generated energy to be used when needed, as 
they can absorb and release energy at a constant tempera-
ture during phase transition. Organic PCMs with high latent 
heat of fusion, such as paraffin wax (PW), enable the design 
of compact TESS units with large capabilities [20]. How-
ever, to obtain these benefits, appropriate design approaches 
that consider the energy losses occurring within the PCM 
are necessary. The generally low thermal conductivities of 
many organic PCMs can affect the melting and solidification 
times, as well as the charging and discharging times of the 
storage system, which is one of the fundamental disadvan-
tages [21]. The appropriate PCM is one that is chemically 
inert, stable, and nonflammable. To improve heat transfer 
efficiency throughout the phase change process, it must 
maintain its solid state during phase transition and exhibit a 
considerable latent heat of phase change, along with a high 
thermal conductivity. Consequently, enhancing the thermal 
conductivity of PCMs has become a challenging issue in 
LTES systems, especially for high-power devices. Multiple 
techniques have been investigated and performed by many 
researchers, such as adding fins, ribs, and applying surface 
waviness to improve the heat transfer rate (HTR) of PCMs 
[22]. The placement of highly conductive materials like 
metal filters, foams, and nanoparticles can be helpful. The 
PCM containment should be thermally stable and possess 
appropriate mechanical strength. Additionally, it should 
provide sufficient surface area for heat transfer [23]. An 
LTES system consists of the following components: (a) a 
PCM with the appropriate melting-solidification point for 
the intended temperature range, (b) a PCM container, and 
(c) the use of a heat exchanger to transfer heat from the heat 
source into the PCM and subsequently from the PCM to the 
heat sink [24].

Analytical methods to solve problems involving phase 
change phenomena are difficult to achieve due to the 
nonlinear phase front interface, which is controlled by 
variations in latent heat at the boundary, especially when 
dealing with complex 3D geometries [25, 26]. Therefore, 
numerical methods have been widely used in recent years 
to simulate phase change problems. CFD has proven to 
be a valuable tool in solving solidification and melting 
problems with minimal time and effort. Through CFD 
simulations, it is possible to model and simulate ther-
mal storage systems (TSS) consisting of PCMs and study 
optimal geometrical configurations, as well as various 
conventional and novel-laboratory synthesized PCMs for 
different applications such as lithium-ion batteries, solar 
energy (SE), building energy-saving systems, electronic 
devices, and heating–cooling systems. Temperature-based 

and enthalpy-based methods are the two main approaches 
used to numerically model phase change processes. The 
energy equations for the solid and liquid phases are solved 
separately in the temperature-based approach, which 
explicitly tracks the interface between the phases. Tem-
perature remains the only dependent variable. Equation (1) 
expresses the temperature-based formulation.

Ts and Tl denote the temperatures of the solid and liq-
uid phases, respectively. The terms “ks” and “kl” refer to 
the thermal conductivity of the solid and liquid phases, 
respectively. At the interface, n is the unit normal vec-
tor, and νn contributes the normal component of veloc-
ity. L indicates the material’s latent heat of freezing. The 
enthalpy method involves formulations with a mushy zone 
when the liquid and the solid phases are present simultane-
ously and no explicit condition is expected in this method, 
which leads to solving the problems in a much easier way 
[27, 28]. Equation (2) describes the general formulation 
of the enthalpy method [29].

where T and k are referred to as temperature and the thermal 
conductivity of the PCM, respectively, ρ is the PCM’s den-
sity, v is the fluid normal velocity, H is the specific enthalpy, 
and S donates the source term [30].

And H can be defined as Eq. (3).

where h can be expressed by Eq. (4).

 In Eq. (4), href is the reference enthalpy at Tref , Cp
 is the 

specific heat, and ΔH is the sum of latent heat. Latent heat 
content can range from zero (for solids) to L (for liquid).

The liquid fraction ( � ) can be expressed using the fol-
lowing relationships:

The source term S in the momentum equation, Eq. (7), 
is given by:
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where A(β) is the “porosity function” defined by Brent et al. 
[31], as shown in Eq. (8). In the momentum equation, the 
source term is used to characterize the flow in the porous 
medium. It must be zero in the liquid phase to allow for free 
motion, but it must be significant in the solid phase to drive 
the velocity values toward near-zero values.

where ɛ is a computational constant used to prevent zero and 
Amush is the mushy zone constant.

This study is structured into three primary sections, each 
focusing on distinct aspects of thermal management sys-
tems (TMS). The first section comprehensively explores the 
novel applications of TMS in various domains, including 
building compartments, lithium-ion batteries, solar energy 
systems, electronic devices, as well as heating and cooling 
systems. It delves into the specificities of TMS implementa-
tion and its impact in these areas. The second section cent-
ers on the investigation of different geometrical structures 
employed in TMS. It covers a range of geometries, including 
cylindrical, rectangular, spherical, random, and packed-bed 
configurations. Each structure is analyzed in terms of its 
thermal behavior and efficiency in facilitating heat transfer 
processes. The third section provides an in-depth examina-
tion of pure and modified types of materials used as PCMs 
within TMS applications. These materials are thoroughly 
studied and evaluated, considering their thermal properties 
and performance in energy storage and release. The section 
highlights both the simulation procedures employed and the 
corresponding findings obtained from each study. Through-
out all three sections, particular attention is given to discuss-
ing the simulation methodologies used and the key findings 
derived from the investigations. Moreover, the challenges 
and debates surrounding TMS in each specific domain are 
carefully synthesized and summarized in the conclusion 
of each section. What sets this review apart from other 

(7)S = −A(�)V

(8)A(�) =
Amush(1 − �)2

�2 + �

documents is its focus on the utilization of CFD approaches 
in novel applications, including TESS in lithium-ion batter-
ies and electronic devices. Additionally, the review examines 
complex geometries such as packed beds and porous media, 
as well as numerical investigations of advanced additive 
and composite materials that are not specifically reviewed 
by other studies [26, 32, 33]. Through critical discussions, 
practical gaps and advances in these areas are identified. 
This comprehensive analysis aims to offer researchers a 
well-rounded perspective and valuable insights for further 
exploration and advancement within the field of TMS.

Numerical case studies of PCM

Industrial and commercial applications of PCMs

Energy-saving strategies and TESS are applied in a wide 
range of applications and engineering fields, including 
lithium-ion batteries, building compartments, electronic 
devices, solar energy (SE) applications, and heating and 
refrigeration systems. CFD and numerical investigations 
are expected to be beneficial tools for optimizing energy 
consumption in the aforementioned applications. Figure 1 
provides an overview of the recently reported fields inte-
grated with PCMs.

Application of PCMs in building compartments

Buildings account for between 30 and 40% of global energy 
usage [34]. The cooling of internal spaces demands a high 
amount of electricity consumption, leading to further GHG 
emissions. The majority of heat losses occur through win-
dow shutters, construction walls, roofs, and ceilings. TSS 
consisting of PCMs not only act as insulating materials in 
building construction but also store daytime energy from 
solar incident and release it during nighttime when the tem-
perature drops below the PCM’s melting point. Building 
thermal analysis is subject to complex and dynamic envi-
ronmental conditions.

Fig. 1   The overview of utilizing PCMs as TESS in various engineering fields
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Yu et al. [35] evaluated the thermal characteristics of 
a roof integrated with an outer-layer PCM. The shape-
stabilized PCM was composed of PW and high-density 
polyethylene. PCM thicknesses and phase transition tem-
peratures were the main focus of this study. The average 
temperature of the inner surface of the roof was found 
to be only minimally affected by the PCM layer thick-
ness. When the PCM layer thickness exceeded 30 mm, 
its impact was no longer noticeable. The reduction fac-
tor of the roof decreased to roughly 0.03 for thicknesses 
greater than 30 mm and remained constant with a larger 
PCM layer. A thickness of 30 mm was recommended for 
optimal heat performance. Bhamare et al. [36] conducted 
a numerical study on a PCM-integrated roof using an inor-
ganic salt hydrate with a melting temperature of 26 °C. 
The thermal performance of the PCM-integrated roof was 
compared with a roof without PCM at three different PCM 
slab inclination angles, considering the lag time and the 
decrement factor as the two major factors in determin-
ing the thermal performance of the energy storage sys-
tem (ESS). Higher time lag and lower decrement were 
recommended for better efficiency, which were obtained 
at a PCM slab inclination angle of 2°. At this angle, heat 
gain savings of up to 16% were achieved. It was indicated 
that the use of PCM reduced temperature fluctuations 
of the ceiling during morning hours. They developed a 
3D model and applied the enthalpy–porosity method, 
which was believed to yield better results for narrower 
temperature ranges [37]. For further accuracy, radiation 
and convection effects, such as wind velocity and exter-
nal combined convective heat transfer coefficient (HTC), 
were defined in C++ and imported as a user-defined func-
tion (UDF) into Ansys Fluent. Dabiri et al. [6] analyzed 
the thermal behavior of a brick integrated with RT35 as 
a PCM and ten air cavities for insulation purposes and 
improved strength. The brick was placed between outdoor 
and indoor air conditions on a hot summer day and a cold 
winter day. A transient, pressure-based two-dimensional 
(2D) model was used for CFD investigation. The external 
air temperature was considered as a function of time to 
examine the influence of daily temperature fluctuations on 
the thermal characteristics of the brick with and without 
PCM and air cavities. Hourly temperature profiles were 
imposed as UDF in Fluent. The authors concluded that 
on cold days, PCM storage primarily contributes to sen-
sible heat rather than latent heat due to the melting range 
of RT35. On hot summer days, the LHS of PCM plays a 
significant role. In summary, PCM-integrated bricks can 
maintain human comfort temperatures. Tokuc et al. [38] 
studied daily PCM activation and its potential application 
in building compartments. Laboratory-scale experiments 
were conducted to represent a flat roof integrated with 
PCM. The effective parameters were adjusted based on 

the ambient seasonal climate conditions of Istanbul city. 
A 2D model was developed using Gambit for numerical 
investigations and imported into Ansys Fluent. Heat trans-
fer in the PCM element was considered one-dimensional, 
neglecting the natural convection effect within the PCM. 
The upper and lower surfaces, representing the roof and 
ceiling, were treated as time-dependent. Therefore, a UDF 
was developed based on the experimental analysis data. 
Simulations were performed with PCM thicknesses of 1, 2, 
3, 4, and 5 cm, and the results showed better thermal per-
formance with a 2 mm thickness. The latent heat effect of 
RT27, used as the PCM in their study, was noticeable dur-
ing transitional months such as September and May. The 
authors concluded that under severe climate conditions, 
PCM may not function appropriately due to incomplete 
melting and solidification cycles, emphasizing the need 
for careful technical and environmental analysis before 
choosing PCM for building applications. Diarce et al. [39] 
tested different radiation and turbulence models to inves-
tigate the thermal and airflow characteristics of a venti-
lated facade integrated with PCM. The RNG k–ε, stand-
ard k–ω, and SST k–ω turbulence models were compared 
with numerical and experimental data to select a suitable 
model for further research. The surface-to-surface and 
discrete ordinates models were used separately to account 
for radiation effects. The 2D geometrical model included 
a macroencapsulated PCM (RT35) sheet, an air channel, 
insulation plates (Styrodur XPS), brickwork, and an inner 
wall plasterboard. To model the PCM, the enthalpy–poros-
ity and variable Cp approaches were tested, and the results 
indicated that the convection effect inside the PCM could 
be neglected due to its paraffinic nature. Therefore, the 
variable Cp method was used for further investigation due 
to its lower computational effort. The authors concluded 
that the surface-to-surface radiation model was not suit-
able compared to the discrete ordinates model and empha-
sized that radiative heat exchange between inner surfaces 
should not be neglected. Among the turbulence models, 
the RNG k-model performed better in the turbulent flow 
regime, while the standard k– and SST models performed 
adequately in the transitional regime of airflow. Khattari 
et al. [40] investigated the thermal and energy advantages 
of employing PCM in a ventilated room with a controlled 
cooling ceiling system. The primary objective of this study 
was to evaluate the potential of using paraffin C13 PCM 
to improve the performance of a cooling ceiling system 
integrated into a well-ventilated room. The study reported 
savings in cooling power of 17.07% and 16.30%, respec-
tively, which represented a reduction in indoor air temper-
ature fluctuation. Wang et al. [41] numerically studied the 
effectiveness of applying a movable PCM design to pre-
fabricated temporary houses in different climate regions 
globally to improve their indoor thermal environments in 
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July. The results demonstrated that the implementation of 
the movable PCM design led to lower indoor air tempera-
tures in all 12 selected cities, with greater effectiveness 
observed in seven cities located in tropical regions.

The results obtained from CFD simulations have demon-
strated the enhanced thermal storage capabilities of build-
ing compartments integrated with PCMs. However, it is 
imperative to carefully consider the melting and solidifica-
tion points of the PCM in order to ensure compatibility with 
the prevailing climatic conditions. Another crucial factor 
in designing a cost-effective TSS for building applications 
is the thickness of the PCM layer. By employing accurate 
CFD simulations, the optimal PCM thickness can be deter-
mined, thereby facilitating the achievement of desired ther-
mal performance.

Lithium‑ion batteries and thermal runaway prevention

Lithium-ion batteries have gained significant interest as 
energy storage solutions for EVs due to their exceptional 
electrochemical performance, extended cycle life, and 
lightweight nature [42]. However, these systems are prone 
to thermal runaway, typically resulting from mechanical 
impacts like nail penetration. Insufficient heat dissipa-
tion leads to operational failures and an increased risk of 
explosions. Air and liquid cooling systems are commonly 
employed for thermal management of lithium-ion batteries 
[43, 44]. Nonetheless, the inclusion of additional pumps, 
pipes, and complex infrastructures introduces high costs and 
restricts on-board applications. Recent studies have explored 
the integration of PCMs in TMS for lithium-ion batteries, 
as they offer lower maintenance costs and simplified design 
procedures.

One study focused on numerically investigating a hybrid 
thermal management system for lithium-ion capacitors in 
high-power applications, utilizing a 3D model [45]. The 
researchers combined PCM with flat heat pipes in the lith-
ium-ion capacitors and subjected them to a rapid charge/
discharge current rate of 150 A to assess the thermal behav-
ior of the capacitors. They observed that integrating heat 
pipes into the PCM enhanced the uniformity of temperature 
distribution. Moreover, the natural convection in heat pipes 
helped mitigate the thermal conductivity challenges associ-
ated with PCMs. Sun et al. [46] proposed novel PCM-fin 
structures comprising longitudinal fins and cylindrical rings 
for thermal management of lithium-ion batteries. The study 
investigated the effects of various parameters, including 
the number of longitudinal fins, the position and number of 
cylindrical rings, and the heat generation rate. To establish 
a dimensionless distance metric, the ratio of the ring’s radial 
distance to its diameter, denoted as “d*” was introduced. 
Different distance ratios (0, 0.1, 0.2, and 0.3) were exam-
ined, and it was determined that d* = 0.2 yielded the most 

favorable results. The impact of the number of longitudi-
nal fins (N) was further explored for the optimum case of 
d* = 0.2. It was observed that temperature decreases as the 
number of fins increases, particularly at higher heat genera-
tion rates. For this case, a configuration with eight longitudi-
nal fins was recommended. However, it was noted that using 
more longitudinal fins could reduce the amount of PCM and 
result in decreased availability of latent heat. Figure 2 illus-
trates the liquid fractions and temperature distribution cor-
responding to different longitudinal fin numbers.

Qian et  al. [47] conducted a numerical investigation 
to examine the thermal efficiency of lithium-ion batteries 
equipped with a liquid cooling system utilizing an aluminum 
cold plate, specifically for high-power ES devices. The lami-
nar model was created using ICEM CFD, and numerical 
calculations were performed in FLUENT 14.0. A UDF was 
utilized to define the heat source. The results demonstrated 
a relative error of less than 2.7%. The study also revealed 
that the number and width of channels significantly affect the 
maximum temperatures of the battery pack, pressure drop, 
and cooling performance, emphasizing the existence of an 
optimum value for these parameters. In another study, Verma 
et al. [48] numerically investigated the impact of ambient 
air temperature on Li-ion battery packs. Non-paraffin capric 
acid was chosen as the PCM, with thicknesses ranging from 
3 to 12 mm. The simulation considered two ambient tem-
peratures, 298 K and a harsh desert temperature of 323 K, 
and examined the effects of high and standard heat genera-
tion rates of 63,970 W m−3 and 6870 W m−3 (2C and 3C, 
respectively). At lower discharge rates, the battery tempera-
ture increased by up to 2 K and 1.7 K under sub-ambient 
and hyper-ambient conditions, respectively, with satisfactory 
performance from capric acid. At higher discharge rates, 
such as during high-speed acceleration in EVs, the tempera-
ture rose to 312 K at 294 K ambient temperature, but capric 
acid reduced it to 305 K. Under hyper-ambient temperatures, 
a thickness of 12 mm was more effective in mitigating local-
ized heat generation, lowering the temperature from 342 to 
333 K. Capric acid demonstrated better temperature reduc-
tion with a thickness of 3 mm compared to hexadecane as a 
PCM with a thickness of 9 mm, highlighting its cost-effec-
tiveness. The thermophysical properties of paraffin/expanded 
graphite PCM in a battery thermal management system were 
studied by Ling et al. [49] The synergistic effects of the mass 
fraction of paraffin in the composite and the density of pack-
ing were examined to determine the optimal composition. 
Most paraffin-based PCMs have low thermal conductivity, 
prompting the integration of expanded graphite to enhance 
thermal conductivity and facilitate faster HTR and improved 
temperature uniformity. The study recommended a PCM 
with a melting point of 44 °C for battery thermal manage-
ment. Higher density of PCM resulted in a slower tempera-
ture rise rate, but excessively high density compromised the 



10601A comprehensive review of computational fluid dynamics simulation studies in phase change…

1 3

porosity of the expanded graphite matrix, causing paraffin 
to squeeze out. Kshetrimayum et al. [50] proposed a hybrid 
PCM-liquid plate cooling system for thermal management of 
battery packs in EVs. Module A, consisting of 10 cylindri-
cal cells arranged in 2 rows with 5 cells in each row (type 
18,650 lithium-ion), was considered. The sides of the cells 
were equipped with microchannel plates, while one was 
placed in the center. It has been previously mentioned that 
mechanical events and accidents, such as nail penetration, 
have significant impacts on battery performance. Therefore, 
the temperature distribution and thermal behavior under nor-
mal discharge, nail penetration events, and thermal abuse 
conditions were analyzed. For the analysis, the Newman 
2D pseudo electrochemical model, short-circuit model, and 
thermal abuse model were employed as UDFs to define heat 
generation rates using Ansys Fluent 18.1 [51, 52]. An et al. 
[53] conducted a CFD numerical investigation to assess the 
thermal performance of a composite phase change mate-
rial (CPCM) consisting of paraffin (RT44HC) and expanded 
graphite EG integrated into a lithium-ion battery module 
with a liquid cooling system (water). Various operational 
and layout parameters were explored, including liquid flow 
velocity, battery channel order, mass fraction of EG as an 
additional component of the CPCM, and charge–discharge 
cycles. The heat generation rate of the lithium-ion battery 
was calculated for the different discharge rates based on 

the 3D model presented by Bernardi et al. [51], which is 
derived from the electrochemical reaction inside the cells. 
They observed no significant thermal characteristics varia-
tions when the EG mass fraction increased from 6 to 20%; 
however, a heat dissipation reduction was noted when the 
mass fraction reached above 30%, due to the higher thermal 
conductivity of CPCM, which resulted in lower latent heat. 
They concluded that the CPCM with 6% EG satisfies the 
required heat dissipation for all the charge and discharge 
duties for liquid velocities lower than 0.04 ms−1. The sche-
matic model and the generated mesh are displayed in Fig. 3. 
Xin et al. [54] conducted a numerical study on a hybrid cool-
ing system that combines a CPCM and counterflow liquid 
cooling, aiming to enhance the thermal performance and 
safety of a lithium-ion battery operating at 40°C. The study 
investigated the effects of various parameters, including the 
thicknesses of the composite PCM, coolant flow directions, 
mass fractions of EG, and inlet velocities and temperatures 
of the coolant, on the maximum temperature and tempera-
ture uniformity of the battery module. The results indicated 
that the hybrid cooling system effectively manages rapid dis-
charging and high-temperature environments. The optimal 
mass fraction of EG was determined to be 12%, and a CPCM 
thickness of 4mm was identified as the optimal condition.

The literature review reveals the potential of PCMs for 
TMS in lithium-ion batteries. CFD simulations have been 

20 24 28 32 36 40 44 48 52 56 60 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Temperature/°C

t = 600 s

t = 1200 s

t = 1800 s

t = 2400 s

Liquid fraction

N = 0 N = 4 N = 8 N = 12 N = 0 N = 4 N = 8 N = 12

Fig. 2   Contours of temperature and liquid fraction within the BTMS for different numbers of longitudinal fins presented by Sun et al. [46]



10602	 A. M. Soodmand et al.

1 3

extensively used to investigate heat transfer characteristics 
and mitigate thermal runaway issues caused by nail penetra-
tion under normal and high heat generation conditions. To 
ensure accurate and realistic simulations, the heat sources 
of lithium-ion batteries are defined based on charging and 
discharging reactions obtained from electrochemical models 
UDFs integrated into the simulation software. Considering 
the relatively low thermal conductivity of certain PCMs in 
lithium-ion battery applications, composite materials have 
been developed to enhance their thermal performance. The 
physical properties of these composite materials can be eas-
ily defined in the simulation software, enabling optimization 
of the material composition for lithium-ion battery appli-
cations. Another approach to overcome the thermal limita-
tions of PCMs involves incorporating additional convection 
systems. CFD serves as a valuable tool for predicting and 
analyzing the synergistic effects of thermal management 
techniques, such as the combination of PCMs and liquid or 
air convection systems.

Solar energy utilization and storage systems

The utilization of SE as a clean, renewable, and environ-
mentally friendly resource has gained significant attention in 
efforts to reduce reliance on fossil fuels. SE can be harnessed 
either through photovoltaic panels to generate electricity or 
directly as a heat source for various domestic and industrial 
applications [55]. While direct solar radiation is essential 
for the operation of photovoltaic panels, it is equally crucial 

to regulate their temperature rise in order to maintain opti-
mal efficiency, as the electrical performance of photovoltaic 
panels tends to decrease with increase in temperature [56]. 
On the other hand, the limited availability of SE for heating 
applications poses a significant challenge, as access to SE 
varies throughout the day and night and is influenced by 
seasonal and geographic factors. To overcome this limitation 
and enable energy storage and release during peak-on and 
peak-off periods, PCMs have been widely recognized as the 
most effective materials.

Chaabane et al. [57] conducted a numerical investiga-
tion on an integrated collector storage solar water heater, 
utilizing myristic acid and RT-42 graphite as PCM. CFD 
models were developed to analyze the LHS performance 
of a cylindrical water tank mounted on a parabolic concen-
trating reflector, as illustrated in Fig. 4. The study revealed 
that myristic acid exhibited superior performance due to its 
higher melting point temperature. Additionally, the effect of 
PCM radius on the storage tank was examined, considering 
three different values (R = 0.2 m, R = 0.25 m, and R = 0.3 
m). The results showed that the lower radius value achieved 
higher water temperatures, while larger radius value had a 
negligible impact on energy-saving efficiency, with a tem-
perature difference of approximately 1°C.

Fornarelli et  al. [24] conducted a study on the heat 
exchange characteristics of a single shell and tube LTES 
system for concentrated solar plants. The chosen PCM was 
a binary eutectic salt (NaNO3-KNO3 60–40 mass%). The 
investigation focused on analyzing the effects of conduction 
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Liquid
Liquid

unit:mm

Type I Type II

Type III Type IV

�22

�18

�5

(a)

(b)

Fig. 3   Mesh model of the battery module. a The geometry dimensions and mesh model of the ITMS. b Four layouts of liquid cooling channels 
presented by An et al. [53]
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and convection heat transfer within the PCM domain. Ini-
tially, conduction was found to be the dominant heat transfer 
mechanism in the radial direction for time intervals less than 
1 h (t < 1 h). As the process progressed into the second stage 
(1 h < t < 2 h), the PCM began to melt, leading to the occur-
rence of natural convection and subsequent improvement in 
heat transfer. To isolate the pure conduction effect, the buoy-
ancy term in the momentum equation was set to zero, thus 
inhibiting fluid motion within the liquid PCM. When natural 
convection was allowed, the stored heat reached approxi-
mately 90% of the maximum in around three hours, surpass-
ing the heat transfer achieved through conduction alone. Fur-
ther analysis of the mushy zone parameter (Amushy) revealed 
its influence on surface heat flux, as well as the movement 
and convection of the liquid phase during the melting pro-
cess. Higher values of Amushy resulted in a slowdown of con-
vection. In a separate study, Raj et al. [58] investigated the 
fundamental conduction–convection heat transfer mecha-
nisms in a cylindrical macroencapsulated structure filled 
with PCM, which was applied to a solar air heating system. 
The charging and discharging processes were analyzed for 
cases involving conduction alone and a combination of con-
duction and convection. In the case of conduction alone, the 
bottom face was solely heated through conduction from the 
absorber surface, where solar radiation was provided. To 
account for the fluctuating solar heat flux, a UDF was added 
to the solver. The results indicated that a minimum solar 
radiation of 400 W m−2 (over 5000 s) was required to initiate 
the melting process, and conduction alone was insufficient 
to achieve complete PCM melting. When conventional heat 
transfer via air was employed, the solid PCM region in front 

of the flow direction melted more rapidly compared to the 
trailing side. However, due to flow detachment, the melting 
process was less effective at the rear side of the cylinder. The 
researchers suggested that encapsulated PCM with work-
ing fluid passage could induce turbulence and enhance heat 
transfer. Bashir et al. [59] proposed a novel dish-micro gas 
turbine system with a solar receiver integrated with PCM to 
mitigate thermal fluctuations, act as a thermal storage unit, 
and optimize design parameters through CFD simulations. 
The author highlighted the significant issue of convective 
and radiative heat losses in concentrated solar receivers, par-
ticularly at high temperatures, which can lead to thermal heat 
exchange failure and system damage. Therefore, maintain-
ing stability in the outlet fluid temperature is crucial. How-
ever, the literature lacked knowledge about the properties of 
PCMs required for high-temperature performance, posing a 
challenge in material selection. A PCM with high thermal 
conductivity is necessary to achieve uniform temperature 
distribution. Among the analyzed materials (Mg2Si, MgSi, 
and AlSb), Mg2Si exhibited superior thermal conductivity 
and melting point, resulting in a more uniform temperature 
profile. The surface-to-surface model, combined with the 
ray-tracing model, was utilized to consider the constant solar 
heat flux [60]. It was found that a TS performance below 
500 W m−2 would be insufficient to melt the PCM; thus, a 
minimum heat flux of 500 W m−2 was considered to provide 
adequate latent heat. Ramana et al. [61] conducted an experi-
mental investigation comparing the LHS system with the 
sensible heat storage (SHS) system in a solar stratified stor-
age tank, validated with CFD simulations. The storage tanks 
were filled with HS58 as the PCM. The LHS system was 
divided into three zones, including a porous zone, while the 
SHS system was treated as a single fluid zone. The results 
revealed a temperature stratification with higher tempera-
tures at the top and lower temperatures at the bottom of the 
cylinder in the LHS system, which favored the desired strati-
fied flow. Moreover, the presence of PCM balls in the mid-
zone of the LHS system reduced mixing effects, maintaining 
an undisturbed cold bottom zone. The LHS case exhibited a 
maximum heat storage capacity of 256.7 MJ, compared to 
225.0 MJ for the SHS tank. Additionally, the LHS system 
demonstrated a shorter charging time, resulting in significant 
energy savings. Iranmanesh et al. [62] proposed a numeri-
cal investigation of a solar cabinet dryer that incorporated a 
heat pipe evacuated tube solar collector and a storage tank 
integrated with an ESS in the form of PCM (Fig. 5). The 
integration of PCM in the solar cabinet dryer was intended 
to preserve the quality of the feedstock by indirectly expos-
ing it to SE, making it suitable for nighttime operation. PCM 
selection was based on the higher thermal storage capacity 
of PW. In order to consider the effects of viscosity on con-
vection during the phase change process, the dynamic vis-
cosity of PCM was considered as a function of temperature. 

A B

A B

Fig. 4   Described model and the generated mesh for an ICS sys-
tem without PCM and with a PCM of radius R = 0.3 m presented by 
Chaabane et al. [57]
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CFD results for the discharging process with an airflow rate 
of 0.025 kg s−1 showed that thermal contours around the 
PCM were relatively higher, leading to higher inlet air tem-
peratures for the drying process. The velocity streamlines 
revealed turbulent airflow at the bottom of the cabinet, which 
could have an impact on the trays located there. Figure 6 
presents a comparison of the stored energy for cases with 
and without PCM. Al-Najjar et al. [63] employed a novel 
mathematical model for a photovoltaic/PCM system, which 
offers faster and more user-friendly calculations compared 
to existing CFD models. The proposed model was validated 
through both CFD simulations and experimental verifica-
tion, demonstrating high accuracy with significantly reduced 
computation time. Additionally, a case study was conducted 
to investigate the system's characteristics and parametric 
performance, resulting in the development of design charts 

for two system indices: PCM melting time-interval and ther-
mal efficiency. The findings emphasized the significance of 
the average PCM temperature in the mathematical modeling 
of the system, and they revealed a logarithmic proportional-
ity between thermal efficiency and solar radiation.

Heating and cooling systems integrated by passive TES

Domestic and industrial refrigerators and freezers consume 
significant amounts of energy during their continuous daily 
operations. The increased working cycles of the compressor 
are primarily attributed to heat loss from the refrigerating 
containers. To enhance the efficiency of the refrigeration 
process, the integration of thermal LHS with PCMs has 
emerged as a novel technique. PCMs effectively absorb heat 
isothermally during the phase change process, resulting in 

Fig. 5   The schematic of solar 
cabinet dryer including a Dryer; 
b Evacuated tube solar collec-
tor; c Storage tank and PCM 
container inside presented by 
[62]
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a constant temperature within the container until complete 
melting occurs. This characteristic extends the off cycle of 
the compressor and significantly reduces electricity con-
sumption, making it a desirable feature for energy efficiency 
improvements.

Pavithran et al. [64] conducted an investigation on a 
refrigerator incorporating PCM and explored different 
configurations of PCM-containing storage boxes. The 
incorporation of PCM showed promising results in main-
taining the temperature inside the refrigerator during 
compressor off-time, leading to significant energy sav-
ings. The combined horizontal and vertical configuration 
of PCM incorporation was found to be the most effective 
in stabilizing the temperature within the system. Zarajabad 
et al. [65] conducted numerical investigations to analyze 
the impact of PCM volume on the cold TSS, employing 
various PCM thicknesses. The study considered seven 
PCM containers with different solidification and melting 
times, and the simulation results were successfully vali-
dated against experimental findings by Marques et al. [66]. 
The eutectic solution of NaCl–H2O was selected as the 
PCM based on the ASHRAE standard, and cubic geomet-
ric configurations with dimensions of h × 28 × 43.5 cm3 
were utilized, where h represented the PCM thickness 
ranging from 0.5 to 6 cm. The useful working time of the 
cold TSS, denoted as τdisch, expressed in hours per unit 
mass of PCM (kg), was used to evaluate the system’s per-
formance. The results indicated that increasing the PCM 
thickness resulted in an increase in occupied volume and 
τdisch. Notably, a significant improvement of 45% in τdisch 
was observed when increasing the PCM thickness from 2 
to 3 cm. Subsequently, τdisch remained relatively constant, 
suggesting that 3 cm was the optimum thickness for the 
cold TSS. Elarem et al. [67] studied the energy efficiency 
performance of a household refrigerator integrated with 
a eutectic NaCl-H2O mixture as PCM. The results calcu-
lated a 12% reduction in power consumption and an 8% 
increase in coefficient of performance using PCM. In order 
to investigate the impact of PCM placement, a numerical 
analysis was performed to examine temperature distri-
bution and airflow velocity within the refrigerator com-
partments. The authors concluded that “case-4,” which 
involved occupying the evaporator with PCM, adding 
horizontal racks covered with PCM to the compartment, 
and vertically mounting a rectangular parallelepiped con-
tainer filled with PCM in the refrigerator, exhibited the 
most uniform temperature distribution, shorter stabiliza-
tion duration, and best energy performance. To optimize 
case-4, the influence of PCM coverage percentage (10%, 
50%, 75%, and 90%) was examined. It was observed that 
lower time intervals were achieved with PCM coverage 
ranging from 10 to 50%, while no significant changes were 
reported for coverage percentages of 75–90%. Ezan et al. 

[68] proposed a 3D vertical beverage cooler with forced 
air circulation inside the container, integrated with a PCM 
slab. The influence of various slab thicknesses (2, 4, 6, 
8, and 10 mm) on air velocity distribution and tempera-
ture variations was numerically investigated. A UDF was 
developed to analyze the compressor on–off controller 
and incorporated into the software. Due to the narrow-
ness of the PCM slab, natural convection within the PCM 
was considered negligible, and the effective heat capacity 
method was employed to simulate the solidification–melt-
ing processes instead of the enthalpy–porosity method. 
A pressure jump was applied to simulate airflow across 
the fan, simplifying the simulation process. The results 
indicated that the incorporation of a PCM slab led to a 
reduction in maximum air velocity, and thicker PCM slabs 
required higher fan power. Specifically, the integration of 
a 2 mm PCM slab resulted in a significant reduction in 
the frequency of on–off cycles, approximately ten times 
fewer compared to the non-PCM condition. Additionally, 
a slab thickness of 6 mm was found to yield the minimum 
compressor run-time ratio, indicating the best cooling per-
formance due to improved airflow circulation and uniform 
temperature distributions. Copertaro et al. [69] utilized 
the finite element method (FEM) in COMSOL Multiphys-
ics to analyze the thermal characteristics of a refrigerated 
container envelope integrated with eight types of paraffin 
and one type of salt hydrate as PCMs. This analysis was 
performed considering the climate contexts of three Italian 
cities: Milan, Ancona, and Palermo. Five different heat 
source exposures were investigated as numerical case stud-
ies. The authors incorporated the temperature-dependent 
heat capacity of the PCMs into the software to obtain more 
realistic and accurate results. The numerical investigations 
revealed a deviation between the model predictions and 
the observed data. This deviation was attributed to the 
numerical model’s underestimation of the daily maximum 
and minimum heat flux. Among the PCMs considered, par-
affin RT35HC was identified as the most suitable choice 
for summertime in Milan, Ancona, and Palermo. This 
selection was based on its high thermal storage capac-
ity and its melting temperature similarity to the ambient 
conditions. Hu et al. [70] investigated the integration of 
PCM storage with an HVAC (Heating, ventilation, and air 
conditioning) system to enhance energy flexibility. Both 
experimental and numerical methods were employed to 
achieve the optimal design of the PCM storage and assess 
its potential for energy savings. The experiments revealed 
that the quantity of PCM had a greater impact on the tem-
perature of the PCM storage compared to the discharge 
inlet air temperature and airflow rate. Furthermore, the 
results indicated that PCM storage could reduce energy 
costs by 7% while maintaining comfortable indoor thermal 
conditions. However, the payback time for HVAC systems 
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with PCM was found to be seven years longer compared to 
HVAC systems without PCM. The study suggests conduct-
ing further research to explore the impact of PCM storage 
on night cooling and its potential for energy flexibility in 
different conditions and climates.

CFD analysis plays a crucial role in investigating refrig-
erators integrated with PCM, providing valuable insights 
into the optimal arrangement and placement of PCM within 
the container to enhance the hydrodynamic effects of air-
flow on the solidification and melting processes of PCMs. 
By utilizing CFD simulations, it becomes possible to obtain 
more accurate and realistic results regarding the behavior 
of PCM in refrigerators. To further improve the fidelity of 
the simulations, it is recommended to incorporate UDF that 
define the compressor’s off-time and on-time, allowing for 
a more precise representation of the system dynamics. This 
approach enhances the accuracy of the simulations and ena-
bles a comprehensive analysis of the performance of PCM-
integrated refrigerators.

Electronic devices and generated heat dissipation by PCMs

The advancement of electronic devices, characterized by 
their miniaturization and increased functionality, has posed 
challenges for engineers to address the issue of overheating, 
which can lead to operational failures. In response, research-
ers have been exploring innovative heat removal technolo-
gies to mitigate these problems. One emerging approach is 
the integration of PCMs and thermal conductivity enhancers 
within electronic devices, offering a passive thermal man-
agement solution for cooling purposes. By utilizing PCMs, 
which exhibit an isothermal process during phase transition 
and possess high energy density, more uniform temperature 
distribution can be achieved within electronic devices [71]. 
This approach showcases the potential of PCM-based cool-
ing technologies in effectively addressing the heat dissipa-
tion requirements of modern electronic devices.

Kurhade et al. [72] conducted simulations using PCM 
cooling systems with PW as the PCM for electronic com-
ponents simulated in smartphones. In their 3D model, the 

heat-generating elements were immersed in the PCM. The 
study concluded that the PCM significantly reduced the 
temperature and exhibited a delayed effect by absorbing 
latent heat from the electronic devices. Alshaer et al. [73] 
presented a numerical investigation to predict the thermal 
performance of an electronic device integrated with a porous 
carbon foam matrix filled with PCM and carbon nanotubes 
to enhance the low thermal conductivity of PCM. They 
applied carbon foam (CF-20) and PW RT65 as the PCM 
and simulated three different modules: pure foam, foam with 
PCM, and foam with PCM and carbon nanotubes, at carbon 
foam porosities of 55%, 65%, 75%, and 88%. The results 
showed an 11.5% temperature reduction on the module 
surface due to the higher thermal conductivity of carbon 
nanotubes with foam porosities below 75%. A temperature 
reduction of 7.8% was observed for 88% porosity, indicating 
that higher porosities lead to a lesser reduction in module 
surface temperature. Huang et al. [74] conducted a com-
prehensive study on the thermal characterization of wood’s 
alloys (50Bi, 25Pb, 13Sn, and 12Cd)/EG composite as a 
TMS for electronic chips. Figures 7 and 8 demonstrate the 
experimental components and physical model, respectively. 
The study investigated the major influences of input power 
density, latent heat capacity, PCM’s thermal conductivity, 
and thickness of the PCM layer using experimental and 
numerical approaches. It should be noted that the latent heat 
capacity and thermal conductivity of the PCM are intrinsic 
properties of the materials used, making them challenging to 
adjust experimentally. Therefore, only a numerical approach 
was employed to study these effects. The PCM substrate 
functioned as a conductive heat spreader for heat power 
densities below 20 kW m2. For effective thermal manage-
ment using this PCM, an input heat power of 30 kW m2 or 
higher was recommended. Increasing the latent heat capacity 
resulted in a constant equilibrium temperature with longer 
cooling and critical time. However, when the substrate’s 
thickness increased from 3.3 to 7.3 mm, a slight decrease in 
the equilibrium temperature was observed.

Tomizawa et al. [75] proposed microencapsulated paraffin 
with melamine resin and polyethylene composite sheets as 

Fig. 7   Various components of 
the TMS: a chip, b AlN plate, 
and c PCM-based substrate 
presented by Huang et al. [74]
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PCM to investigate the thermal management characteristics 
of smartphones. Both experimental and numerical stud-
ies indicated that the application of PCM sheets resulted 
in a delayed temperature rise, and a linear relationship was 
observed between the saturation time and the mass of the 
PCM sheet. Thicker PCM sheets demonstrated more effec-
tive thermal management. It is worth noting that the physical 
properties of the PCM were evaluated using the Bruggeman 
equation and the simple mixing rule. The results demon-
strated good agreement between the experimental data and 
numerical simulations, suggesting that the mixing rule can 
be applied for estimating the physical properties of PCM 
composites. Arshad et al. [76] conducted a numerical study 
on heat sinks filled with n-eicosane as PCM, used for passive 
cooling systems of electronic devices, with fin thicknesses of 
2 mm and 3 mm. Different heating power levels were consid-
ered to evaluate the optimal operating conditions and deter-
mine the best thermal storage system (TSS) configurations. 
The results indicated that a uniform, prolonged, and effective 
melting process was achieved with a fin thickness of 3 mm 
due to the lower number of fins compared to a fin thick-
ness of 2 mm. The authors suggested that for higher heating 
power generated by electronic devices, a larger amount of 
PCM or a PCM with a higher latent heat is required to extend 
the melting time, which is crucial for maintaining lower base 
temperatures. Ghadikolae et al. [77] presented a numeri-
cal study on the laminar flow and heat transfer of a single-
phase covalently functionalized graphene nanoplatelets 

(CGNPs)/H2O green nanofluid in a liquid block heat sink. 
The heat sink incorporated novel fin designs and nature-
based algorithms for central processing unit (CPU) cooling 
in electronic packages. The study investigated the impact of 
varying Reynolds number, nanoparticle volume fraction, and 
baseplate designs on the CPU temperature, pumping power, 
HTC, and thermal efficiency of the heat sink. The results 
demonstrated that the addition of nanoparticles to the base 
fluid reduced the maximum temperature of the liquid block. 
Increasing the nanofluid concentration and Reynolds number 
enhanced the overall thermal conductivity of the coolant 
liquid and improved the convective heat transfer, leading to 
a decrease in the CPU temperature.

Based on the review of the literature, it can be inferred 
that electronic devices operate at different power densities. 
CFD serves as a valuable tool for simulating the desired 
function of PCMs and selecting suitable materials. In spe-
cific cases where power densities are such that the PCM does 
not undergo melting, its role shifts to that of an insulating 
layer, potentially causing malfunctions in the TMS. Table 1 
provides an overview of recent CFD studies conducted in the 
field, focusing on their application-specific aspects.

Geometric configurations of PCMs

The utilization of conventional PCMs is often hindered by 
their inherently low thermal conductivity, necessitating the 
incorporation of additive materials to enhance their thermal 

Fig. 8   Physical model of the 
TMS for numerical studies: a 
2D, b 3D model presented by 
Huang et al. [74]
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properties. However, this approach is limited in its advan-
tages for large-scale PCM containers, such as building com-
partments, due to factors such as high cost, inadequate dis-
persion of nanomaterials, and poor stability. Consequently, 
researchers have focused on the optimization of geometric 
configurations to achieve desired charging and discharging 
rates for specific applications. Cylindrical geometries, such 
as shell and tube heat exchangers, are commonly employed 
for heating applications, while rectangular shapes are more 
suitable for electric devices and refrigeration purposes [93]. 
Spherical configurations are frequently used for encapsu-
lated PCMs and concentrated solar receivers. Moreover, the 
inclusion of internal fins and extended surfaces has been 
extensively investigated to improve heat transfer within 
PCM enclosures. These studies primarily concentrate on the 
dimensions of the fins, including length, number, thickness, 
angle, and spacing within the enclosures [94]. By employing 
comprehensive CFD analyses to examine various geometries 
and fin arrangements, and their influence on heat transfer 
characteristics, particularly natural convection, research-
ers can determine the optimal configuration for enhanced 
performance.

Cylindrical‑shaped case studies

Hosseini et al. [95] conducted a comprehensive investiga-
tion, combining numerical simulations and experimental 
analysis, to examine the thermal behavior of a LTES system 
during the charging and discharging processes of paraffin 
RT50 as the PCM. RT50 in a shell and tube LTES unit. 
The study demonstrated a direct correlation between the 
inlet temperature of the HTF, specifically water, and HTR. 
Increasing the inlet HTF temperature resulted in reduced 
PCM melting times and increased energy charging or dis-
charging capacity, thereby improving energy efficiency. 
The heat transfer mechanism within the PCM involved a 
combination of conduction and convection, with conduction 
dominating during the initial stages of the charging process, 
followed by the prevalence of convection during the phase 
change processes. Kozak et al. [96] investigated the phe-
nomenon of close-contact melting in a vertical double-pipe 
concentric storage unit with a circumferentially finned inner 
tube and a non-isothermal base. The study employed theo-
retical, numerical, and experimental approaches to analyze 
the process. The presence of fins in the inner tube played 
a significant role in accelerating the heat transfer process, 
resulting in a faster HTR and shortened charging time. 
The analytical model developed in this study revealed the 
dimensionless governing parameters of the problem, high-
lighting the dependence of the melt fraction on the FoSte3/4 
(Fourier and Stephan) group. The fins not only facilitated 
enhanced heat transfer but also influenced the radius and 
time evolution of the thin molten layer between the fin and Ta
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PCM. The study suggested that applying heat to the outer 
shell of the LTES unit to initiate melting and establish close 
contact could effectively increase the HTR, ultimately lead-
ing to improved performance. Liu et al. [97] conducted a 
numerical study on the melting process of paraffin RT27 in 
a cylindrical TS apparatus that contained arranged arrays of 
heat sinks. It is noteworthy that the total area of the device, 
heat sinks, and filled PCM remained constant throughout the 
investigation. The study emphasized the crucial role played 
by the arrangement of heat sinks and the swirls induced by 
natural convection in the melting process. Considering these 
factors, it was observed that the local melting rate was faster 
when the interface was in contact with swirls, leading to the 
formation of cavities. Tay et al. [98] focused on the develop-
ment of an appropriate correlation for fins applicable to the 
effectiveness-number of transfer units (e-NTU) approach for 
the first time. A vertical cylindrical heat exchanger, filled 
with PCM and equipped with a copper finned tube, was 
employed in this study. Water, RT32, and salt hydrate were 
used as PCMs. The study demonstrated that heat transfer by 
convection was negligible, and the number of fins required to 
achieve the desired effectiveness was determined. A similar 
approach can be extended to derive suitable equations for 
other fin arrangements, while accounting for natural convec-
tion through the development of appropriate correlations for 
effective thermal conductivity.

Jannesari et al. [99] conducted a comprehensive inves-
tigation on the heat transfer performance of cylindrical 
coils covered with thin diagonal rings and annular fins 
using both numerical and experimental approaches. Cop-
per, known for its high thermal conductivity, was chosen 
as the material for the attached rings and fins. Addition-
ally, a mixture of 30% ethylene glycol and 70% water was 
selected as the HTF. The presence of fins, particularly 
diagonal rings, significantly accelerated ice formation 
and enhanced its expansion. The thickness of the rings 
and the spacing between annular fins were optimized 
based on simulation results to maximize the total mass 
of ice formed. The researchers indicated that the optimal 
thickness of the rings depends on the thickness of the 
ice formed on the ring surface and the direction of heat 
transfer. In a study by Lohrasbi et al. [100], systems con-
taining nano-enhanced phase change materials (NEPCM) 
were statistically evaluated with a focus on the discharg-
ing process in the presence of innovatively shaped finned 
heat pipes. The researchers simultaneously optimized a 
novel-shaped fin using a multi-objective response sur-
face approach and CFD simulations to achieve the best 
design. The optimization process considered the relation-
ship between the effective solidification capacity and the 
discharging rate as two vital parameters. The results dem-
onstrated that the direction of change of fin branches does 
not significantly affect the discharging process. Moreover, 

an increase in fin branch thickness leads to a reduction in 
the maximum effective solidification capacity. Notably, the 
enhancement in discharging rate resulting from an increase 
in fin branch length was found to be significantly greater 
than the effect of branch thickness increase on effective 
solidification capacity decrement. Consequently, the 
length of fin branches was maximized within the studied 
range, but not precisely equal to it, to maximize the dis-
charging process. The addition of copper nanoparticles to 
water as the PCM was found to further enhance the dis-
charging process. The geometric models and solid fraction 
contours for the optimized V-shaped fin case are illustrated 
in Figs. 9 and 10, respectively.

Bouhal et al. [101] conducted a numerical investigation 
on the melting process of pure gallium, serving as a PCM, in 
a cylindrical cavity with and without fins. The heat sources 
were designed with optimized geometries that considered 
the operating conditions and applied temperatures. The 
inclusion of four fins in the cylindrical cavity resulted in 
a higher heat flux within the PCM, leading to a reduced 
melting time (from 18.35 to 13.35 min when subjected to 

Fig. 9   Heat pipe-assisted LTESS in three dimensions, shown in a 
without a fin, b with a radial fin, c with a simple longitudinal fin, and 
d with an optimized V-shaped fin, presented by Lohrasbi et al. [100]
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a high temperature). Furthermore, the presence of inner 
heated source structures, whether equipped with fins or 
not, influenced the kinetics of gallium’s melting. This effect 
was observed through isotherms, molten phase fraction, 
streamlines, and HTC distributions. The temperature of the 
melted zone in contact with the heating source progressively 
decreased, resulting in improved HTC values and enhanced 
charging and discharging rates of gallium. Figure 11 illus-
trates the liquid fraction contours for the case with fins, 
while Fig. 12 represents the same for the case without fins.

Soodmand et al. [102] conducted a numerical study to 
investigate the effects of different enclosures on the solidi-
fication and melting time of polyethylene glycol 1500. The 
results demonstrated that, at a given time, the cylindrical 
enclosure exhibited a higher amount of solidification liquid 
fraction compared to other geometries. The fastest melting 
time was observed in the horizontal rectangular and trian-
gular configurations, which can be attributed to their sharp 
angles and the presence of long, flat bottom walls. These 
features are believed to have the most significant influence 
on natural convection. Zhu et al. [103] conducted a CFD 

simulation study to investigate the utilization of high-tem-
perature PCM and supercritical CO2 (S-CO2) for latent heat 
storage in a cylindrical configuration. The study extensively 
discussed the impact of natural convection on the melting 
process of high-temperature PCM during charging and the 
heat transfer associated with energy release during discharg-
ing. The results highlighted the significant influence of natu-
ral convection on the melting process, emphasizing that the 
duration of natural convection plays a crucial role, and the 
time factor is more important than the maximum velocity 
in natural convection. Furthermore, the authors suggested 
that the performance of the system could be enhanced by 
utilizing cascaded high-temperature PCM, which could be 
a promising avenue for future research.

Rectangular‑shaped case studies

The rectangular panel geometry with PCM was investi-
gated by Prieto et al. [104]. They simulated the phase-
changing processes of RT60 and palmitic acid. The study 
revealed that the vertical arrangement exhibited higher 
flow intensity values compared to the horizontal config-
uration for medium liquid fraction values of the PCM. 
Conversely, the horizontal configurations resulted in sig-
nificantly higher flow intensity values for higher liquid 
fraction amounts of the utilized PCM, thereby highlight-
ing the increased significance of natural convection. The 
results demonstrated that palmitic acid exhibited slightly 
higher heat transfer rates HTR for the vertical charging 
trend but took more time to complete the process due to 
its higher phase change latent heat. Significant differ-
ences were observed between the two types of PCM in 
the horizontally arranged plate during the melting pro-
cess, particularly at the surface. However, similar curves 
and heat fluxes were observed during discharging for both 
PCMs, with negligible differences. These phenomena were 
attributed to the absence of convection heat transfer. The 
parametric study indicated that the optimized design and 
operating parameters have a substantial impact on the per-
formance of the heat exchanger, with the melting process 
yielding higher values, except for the solidification of 
palmitic acid at lower thicknesses. Zhou et al. [105] per-
formed a CFD simulation on the charging and discharging 
processes of salt hydrate as PCM filled in a rectangular-
shaped container with rounded angles. In this model, the 
melting process was simulated using UDF codes for the 
source terms and solved using a pressure-based implicit 
algorithm. The results showed that after complete solidi-
fication, the latent heat was efficiently released, leading 
to a sharp temperature descent. It was also demonstrated 
that using multiphase models instead of solidification and 
melting models would facilitate unsteady simulations of 
supercooled PCM for long-term solar thermal storage. The 

Solid: 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

200s 3500s

7000s

Fig. 10   Heat pipe-assisted LTESS solid fraction contour plot with an 
optimized V-shaped fin presented by Lohrasbi et al. [100]
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analysis of the discharging specifications of supercooled 
PCM revealed three distinct stages: stable supercooling, 
triggering crystallization, and regular solidification. The 
results indicated a rapid temperature rise of the PCM dur-
ing the triggering crystallization period, followed by a 
small heat loss. Therefore, it can be concluded that the 
rectangular geometry enhances the heat flux between PCM 
and HTF due to its larger surface area, resulting in higher 
heat transfer rates. Ji et al. [106] investigated the effects 
of various fin length arrangement schemes (double fins 
attached to an aluminum-based rectangular container) on 
TESS. Commercial paraffin (RT42) was used as the PCM 
in this study. The Boussinesq approximation was employed 
to evaluate the impact of natural convection on the phase 
change medium due to its validity in considering density 
variations and buoyancy forces. The results obtained indi-
cated that a fin length ratio (Lupper/Llower) below 1, par-
ticularly Lupper/Llower = 0.25, was more advantageous for 
enhancing PCM melting. This was attributed to the slowest 
decline rate of the Nusselt number, which significantly 
enhanced convection and improved the solid–liquid inter-
face. It was concluded that the total thermal energy cap-
tured in the form of latent heat is nearly twice the value 
stored in the sensible type.

Zhao et al. [107] investigated the melting characteristics 
of a PCM inside a rectangular box with vertical straight 
fins to enhance heat transfer. The numerical study exam-
ined the impact of fin spacing and length for two different 
fin materials, namely aluminum and stainless steel. The 
results indicated that the optimal fin spacing is determined 
by the fin length, Rayleigh number, and Prandtl number, 
while the optimal fin length varies based on the thermal 
conductivity ratio between the fin and the PCM, fin spac-
ing, and thickness, assuming negligible natural convection. 
The study derived theoretical correlations for the optimal 
fin spacing and length, which were then compared with 
numerical and experimental data. Further research in this 
area could contribute to the development of a comprehen-
sive model capable of predicting the melting behavior of 
such latent heat thermal energy storage systems.

Spherical‑shaped case studies

Arévalo et al. [108] investigated pool film boiling in a 
spherical geometry at saturated conditions, and in the 
absence and presence of radiation. The study demon-
strated that the modeled system, when considering radia-
tion in addition to convection, contrasted with existing 
correlations. Moreover, the researchers found that the 
heat flux exhibited periodic behavior as the vapor film 
thickness continuously changed. Amin et al. [109] inves-
tigated thermal interactions in a model of encapsulated 

spherical PCM (water and inorganic hydrated salt) that 
was filled with HTF. According to the results presented 
by Tay et al. [110], convection can be ignored and the 
PCM spheres’ internal heat transmission can be precisely 
modeled using CFX. Furthermore, instead of employing 
a fixed number, the effective thermal conductivity was 
empirically determined, and this correlation can be used 
with the e-NTU approach to more accurately describe the 
melting process. The empirical equation performs well for 
hydrated salt mixtures with a single-point phase change 
and a density close to that of water. Enhancement of heat 
transfer in a TESS comprising an encapsulated PCM in 
a spherical geometry was investigated both numerically 
and experimentally by Aziz et al. [111]. Potable water and 
viscous Dynalene HC 40 were used as the PCM and HTF, 
respectively. In order to improve the system performance, 
pins and copper plating (copper coating to connect all the 
pins) were employed through CFD and experimental stud-
ies. The results obtained from the CFD and experimental 
analysis demonstrated that the use of pins and copper-
coated capsules enhances HTR and significantly reduces 
the phase change time, which led to choosing this con-
figuration as the optimal design option among the others. 
Cofré–Toledo et al. [112] investigated the encapsulation 
of spherical-shaped PCMs for latent heat thermal energy 
storage systems. CFD simulations were used to explore the 
melting and solidification processes of two commercial 
organic PCMs, RT5HC and RT10HC, in order to deter-
mine the behavior of the heat transfer coefficient (h) as 
a function of the liquid fraction and solid fraction of the 
PCM. Correlations for the Nusselt number as a function 
of the liquid or solid fraction were calculated, unifying 
the behavior of the fusion and solidification processes. 
These correlations are helpful in the design of TESS tanks 
for their application in heat-pump-type air-conditioning 
systems in buildings.

Arbitrary shapes

Tabassum et al. [113] performed a numerical study on the 
melting process of impure organic PCM inside an annular 
gap. The annular gap was created by an inverse outer equilat-
eral triangular-shaped enclosure and different shaped inner 
tubes (namely circular, elliptical, and prolate), as shown in 
the schematic model in Fig. 13. They used a boundary-fitted 
coordinate technique and an enthalpy–porosity technique 
to simulate the system. It was found that the mushy zone 
increased at the top and bottom of the annulus and became 
thicker at the lower part during the charging process. The 
heat transfer rate (HTR) through conduction in the mushy 
zone was insignificant due to the lower thermal conductivity 
of the liquid PCM compared to the solid phase. The analysis 
showed that the maximum amount of stored energy differed 
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among the different configurations at the same elapsed time. 
The investigation of inner tube shapes illustrated that the 
prolate-shaped inner tube exhibited a developed charging 
rate compared to the other two shapes. On the other hand, 
the oblate-shaped inner tube provided a higher stored energy 
capacity compared to the prolate-shaped tube. The research-
ers demonstrated that locating the inner tube in an eccentric 
position inside the inverse triangular annulus could result in 
a superior LTES device among the studied heat exchangers.

Elsayed et al. [114] studied the heat performance of an 
equilateral triangular-shaped enclosure filled with PCM, 
focusing on the improvement of LTES systems for solar 
heaters. It was mentioned that the practical application of 
this work is typically utilized in air-PCM heat exchangers 
[115]. Therefore, three triangular cylinders with the same 
volumes but different apex angles were investigated in the 
study. It was shown that the obtuse triangular cylinder 

exhibited higher temperature values at the rear vertical 
side, while the acute cylinder approached higher tempera-
ture values at the front portion and had the highest heat 
storage capacity. These findings indicate that the apex 
angle and the rear side of the triangle or container shape 
play an important role in the distribution of wall tempera-
ture, which significantly affects the heat storage capacity. 
Kasibhatla et al. [116] developed a numerical model to 
accurately simulate the thermal interaction between the 
heat transfer fluid HTF and PCM capsules in a storage 
unit. The numerical model consisted of distinct computa-
tional domains, including the HTF domain, capsule wall 
domain, and PCM domain, to reflect the physics in each 
domain continuum. In the HTF domain, equations describ-
ing forced convection and heat transfer were implemented, 
while a simple conductive energy equation with heat trans-
fer was solved for the capsule wall domain. In the PCM 

Fig. 11   Evolution of the liquid 
fraction of heating sources with 
fins (Th = 40 °C) presented by 
Bouhal et al. [101]

t = 5s t = 25s t = 65s t = 200s

t = 10s t = 40s t = 75s t = 310s

Fig. 12   Evolution of the 
liquid fraction of cylindrical 
heating sources without fins 
(Th = 40 °C) presented by Bou-
hal et al. [101]

t = 5s t = 65s t = 150s t = 750s

t = 40s t = 100s t = 200s t = 1050s
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domain, a nonlinear enthalpy and temperature connection 
were used to compute a detailed solid–liquid phase change 
with solid settling. An efficient iterative technique for 
solid–liquid phase change was employed to describe this 
phase change in the PCM domain. The variable viscosity 
approach with implicit iterations compensated for solid 
settling in the PCM domain [117]. Photographic meas-
urements were used to document the melt front of PCM 
during tests throughout the entire melting duration. The 
results indicated external heat transfer as well as PCM 
melting inside the capsule wall, which closely resembled 
trials conducted in a small-scale LTES unit with cylin-
drical capsules. Furthermore, the model demonstrated 
excellent agreement with an analytical estimation of ther-
mal energy within a 2% error. Due to its refinement, the 
model can only be expanded to simulate the charging of 
a thermal storage unit with a small number of capsules. 
However, with sufficient computing resources and time, it 
could be employed for a complete storage unit with any 
number of capsules. Selimefendigil et al. [118] investi-
gated the phase change dynamics of a 3D cylinder con-
taining hybrid nanofluid and PCM. The PCM consisted of 
spherical encapsulated PW, and the flow was controlled 
by forced convection. The rotating speed and size of the 
inner disk were shown to have a significant impact on flow 
dynamics and distinct flow zones. Changing the length of 
the inner disk had a greater impact on the dynamic char-
acteristics of the liquid fraction than changing the height 
of the inner disk. According to this study, the introduction 
of a rotational feature can have a significant effect on the 
phase change dynamics. Shaker et al. [119] investigated 
the factors influencing the melting and solidification prop-
erties of a cylindrical encapsulated PCM. Solidification 
was simulated at an HTF temperature of 20–35 °C. Their 
findings showed that as the mean input water tempera-
ture increased, the melting time of lauric acid decreased. 
Under the same conditions, the melting time of PW was 
substantially longer than that of lauric acid. Additionally, 
increasing the number of fins inside the capsule from 0 
to 12, at a mass water flow rate of 0.3238 kg s−1 and an 
intake temperature of 70°C, reduced the melting time of 
lauric acid by 37%. Rana et al. [120] used CFD simulation 
to optimize the design of rectangular tubes inside the shell 
and study the heat transport phenomena in PCM. The PCM 
used was a rectangular shell heat exchanger filled with 
gallium, and rectangular tubes were added for HTF flow. 
The influence of shape on heat transfer and PCM melt-
ing was investigated using two geometries of rectangular 
tubes: tubes without fins and tubes with four fins. Fins 
were placed around the circle of rectangular tubes, which 
were filled with hot temperature fluid. The fins inside the 
tubes enhanced heat transmission to the PCM and reduced 
the melting time of the PCM. By placing fins on each tube, 

the melting time of gallium was reduced from 301 to 290 
s, resulting in an improved HTR from tubes to PCM. By 
incorporating fins into the tubes, the time for the PCM to 
reach the temperature of the water flowing through the 
tubes (800 °C) decreased from 460 to 425 s. Zhang et al. 
[121] investigated the melting process of encapsulated 
PCM through natural convection in six different capsule 
shapes and validated the obtained results with experimen-
tal data. CFD simulations were conducted to explore the 
effects of different inclination angles, temperature differ-
ences, and capsule sizes. The results revealed that the cap-
sule shapes played a significant role in the phase change 
time. The short cylindrical capsule with a horizontal axis 
took the longest time (162 min), while the pyramidal 
capsule with a horizontal base had the shortest time (120 
min). The tetrahedral and pyramidal capsules with a hori-
zontal base melted more quickly than other shapes due to 
the increased heat transfer rate resulting from their larger 
surface areas. This research provides a validated model 
that can predict the dynamic melting of PCM with various 
geometries, enabling intelligent design of PCM panels for 
improved thermal management and comfort in buildings.

Rawat et al. [122] conducted a numerical investigation on 
the use of flanged fins to enhance the melting performance 
of PCM in a rectangular enclosure. The study explored the 
impact of fin length ratio, fin material, and the inclusion 
of flanged fins on the system’s melting performance. The 
results indicated that a high PCM melting rate is achieved 
with a low fin length ratio and high thermal conductivity, 
with copper fins outperforming other materials. Addition-
ally, placing a single flanged fin at the lower end of the con-
tainer with a flanged-to-web ratio of 0.55 resulted in the 
minimum total melting time and cost per mean power.

Packed bed and porous media

Cascetta et al. [123] conducted a study on the performance 
of a sensible TESS utilizing a cylindrical-shaped carbon 
steel tank filled with spherical alumina beads for ES pur-
poses. Air was used as the HTF, and alumina beads were 
chosen for their high thermal capacity and stability at high 
temperatures. The thermal behavior of the packed bed was 
approached by solving momentum, mass, and energy con-
servation equations. Additionally, the flow behavior of the 
system was determined by solving the unsteady Reynolds-
averaged Navier–Stokes equations. Notably, separate energy 
equations were applied to the local thermal non-equilibrium 
model to simulate heat transfer in the porous medium. This 
approach was necessary due to significant differences in 
phase heat capacities and thermal conductivities. UDFs were 
utilized to define the HTC, effective thermal conductivity of 
phases, temperature value in the solid phase, and pressure 
drop in the porous bed. The simulations demonstrated that 
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the pressure drop along the bed exhibited different behaviors 
during the melting and solidification processes. It increased 
during the charging phase and decreased during the dis-
charging phase over time. Furthermore, it was shown that 
internal insulation of the common surface between the bed 
and the wall could enhance the thermal efficiency of the 
ESS.

In another study, Mousavi et al. [124] investigated the 
thermal performance of a photovoltaic/thermal system inte-
grated with PCMs in a metal foam as a porous medium. 
They examined the effects of five different PCMs, including 
three organic (paraffin C18, paraffin C22, paraffin C15) and 
two inorganics (fatty acid, palmitic-capric acid), as well as 
sodium phosphate salt, to assess their impact on the sys-
tem. The researchers highlighted the novelty and superior-
ity of their research in using a metallic porous medium to 
enhance the low thermal conductivity of PCMs during phase 
change. Among the PCMs, the implementation of paraffin 
C22 resulted in the highest outlet water temperature, indi-
cating better thermal efficiency. On the other hand, sodium 
phosphate salt exhibited the lowest absorber temperature, 
leading to improved electrical efficiency and high cool-
ing performance. In contrast, palmitic/capric acid showed 
the opposite performance compared to salt. The authors 
emphasized that the porosity of the copper foam could have 
different effects on electrical and thermal efficiency, sug-
gesting an optimum value for the metal foam. Overall, the 
efficiency of the system was influenced by factors such as 
melting temperature, enthalpy of fusion, and heat capacity. 

Sardari et al. [125] investigated the charging process of a 
PCM-based TESS within a vertical square container filled 
with copper metal foam. They aimed to optimize the criti-
cal conditions that influence system performance and 
provide guidance for effective design to minimize waste 
energy in high-performance LHS units using porous metal 
foam-PCM composites. The chosen PCM for this study is 
RT-35 paraffin, selected for its lower melting temperature. 
To validate their code, the experimental data from studies 
conducted by Zhao et al. [125] and Tian et al. [126] were 
selected as references to validate the code. These references 
explored the melting process of RT-58 PCM with a porous 
medium inside a rectangular geometry, considering a heat 
flux boundary condition and free convection for the exter-
nal walls. The presence of a large amount of liquid PCM is 
observed in the porous-PCM case, as heat transfer across 
the metal porous medium is primarily governed by conduc-
tion, which is more efficient. The study demonstrated that 
combining a low-porosity porous-PCM composite with a 
multiple-segment porous structure yields effective perfor-
mance during the phase transformation process in LTES sys-
tems. Hu et al. [127] investigated the thermal performance of 
saturated PCM inside aluminum foam with a cubic periodic 
cell structure, which is considered an excellent candidate 
for the metal matrix of composites in TESS applications. 
In this study, PW R56-58 was used as the PCM. The cubic 
array of members in the 3D model of the aluminum matrix 
represented the ligament length and square cross section 
of the side, as depicted in Fig. 14. The study emphasized 
the importance of time in unsteady state numerical simula-
tions. It was observed that the pore density and porosity 
of composite PCMs have distinct effects on melting time. 
Specifically, melting time increased with increase in poros-
ity, while it decreased with increase in pore density. The 
utilization of PW inside the composite resulted in a more 
uniform temperature distribution compared to pure paraffin, 
leading to a reduction in melting time. The study confirmed 
that the heat exchange within the composite PCM during the 
melting process is enhanced by the convection heat trans-
fer between the aluminum structure and paraffin. Figure 15 
illustrates the phase distribution diagrams of the compos-
ite PCM. Furthermore, it was demonstrated that porosity 
values have an inverse relationship with effective thermal 
conductivity, whereas pore density has no effect on effec-
tive thermal conductivity when porosity remains the same. 
The study also highlighted the significant influence of the 
metal foam geometric structure on the thermal behavior of 
the composite PCM.

The thermal performance of a high-temperature rec-
tangular packed-bed configuration TESS was investigated 
by Li et al. [128]. NaLiCO3 (a eutectic salt) was used as 
PCM, whereas MgO and graphite flakes were exploited to 
enhance thermal conductivity. In addition, ferric oxide was 

Base angle (θ = 60°)
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D
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E

A
X

5.95 cm
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Hot
WATER

Fig. 13   Schematic cross-sectional view of an irregular-shaped dou-
ble-pipe heat exchanger (The blue color region (∆ ABC) represents 
the simulation domain) presented by Tabassum et al. [113]
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also used as a SHS substance to evaluate the thermal behav-
ior of the PCM-based system. The researchers established 
a thermal exchange flow by introducing air as the HTF and 
PCM bricks to facilitate effective melting or solidification. 
The thermophysical properties and coefficients of PCM 
and HTF were incorporated into Fluent using UDF codes. 
It is worth mentioning that the effective heat capacity and 
density of the CPCM can be evaluated using the volume 
approach [129]. The Maxwell model was applied to cal-
culate the effective thermal conductivity of the mentioned 
system [129, 130]. Due to the higher ES density of CPCMs, 
they require more heat and time compared to ferric oxide 
to complete the phase change process. However, the heat 
transfer efficiency of CPCMs is higher compared to ferric 
oxide-based systems. The results presented in this paper will 
contribute to expanding the applications of CPCMs-based 
high-temperature TESS and guide the optimization of struc-
tural designations. It should be noted that most organic and 
inorganic PCMs, such as salts or waxes, possess low thermal 
conductivity, which leads to low charging and discharging 
rates. This limitation affects thermal management efficiency 
and hampers their industrial applications. Therefore, exten-
sive research has been conducted to improve the initial ther-
mal characterizations of PCMs.

Porous media was utilized to boost the thermal conductiv-
ity of pure PCMs by many researchers owing to their tunable 
properties and effective heat dissipation capabilities [131]. 
Due to their high surface area-to-volume ratio and prolonged 
contact time, the amount of transferred heat is enhanced 
when this geometry configuration is applied. Among high-
temperature LTES, packed bed is considered one of the most 
effective configurations for industrial and commercial appli-
cations [132]. Talebizadeh Sardari et al. [133] investigated 
the influence of enclosure size on LTES heat exchanger 
systems embedded in a porous medium. A 2D rectangular 
enclosure was considered as the computational domain. A 
PCM was embedded throughout a copper foam and heated 
by a constant flux from the bottom surface. Different con-
figurations of the system were used to compare with a sys-
tem without a porous medium. The thermal non-equilibrium 
model and the enthalpy–porosity approach were applied to 
evaluate the effects of the porous medium and phase change 
in the governing equations, respectively. The porous medium 
significantly increased the heat transfer value, but the 
enhancement of melting performance was highly dependent 
on the system’s dimensions. By increasing the thermal dif-
fusivity nearly 2.5 times compared to the PCM-only system, 
the porous medium had a stronger influence on the melting 
process in the solid-phase zone of the PCM. Furthermore, 
the effect of the porous medium on the melting duration was 
strongly dependent on the aspect ratio (width/height) of the 
storage systems. In the PCM-only system, the height had a 
larger influence than the width due to the contribution of 

natural convection in the free-flowing system. The melting 
time was reduced for the same storage capacity and total 
thermal energy quantity in the system with a lower height, 
particularly for the PCM-only system, due to the larger heat 
input area. When considering equal heat input, modifying 
the size of the storage system with the same dimensions 
resulted in a 7.4% reduction in melting time for the porous-
PCM case and an 18.2% reduction for the PCM-only case. 
Mol et al. [134] investigated phase changes in unstructured 
packed beds as LTES into the open-source CFDEMR cou-
pling application. Experimental data were used to validate 
the provided model. The validated model was employed to 
investigate the influence of system shape (e.g., employing 
numerous particle sizes and mixing multiple particle con-
figurations) on the charging and discharging time the sys-
tem of the PCM bed. It has been discovered that employing 
smaller particles results in quicker charging and discharging 
of the bed. By converting half of the bed into particles with 
half the diameter, a reduction of 26% was obtained. Further-
more, while fully charging the bed, it was discovered that 
adding tiny particles downstream had a greater influence on 
enhanced charging speed than placing them upstream. The 
configurations that were evaluated indicated a 20% reduction 
in charging time and a 13% reduction in discharging time. 
Because smaller particles undergo phase change faster than 
larger particles, the average temperature of the bed does not 
exhibit the flattening impact of phase shift as strongly. If heat 
flow is shut off before a particular threshold, the addition of 
smaller particles upstream can result in a higher charge rate 
and total charge. Mohammadnejad et al. [135] used CFD via 
COMSOL software to examine the discharging performance 
of a packed bed filled with high-temperature encapsulated 
PCMs layer by layer. The study revealed that increasing the 
input velocity of HTF and the porosity of the PCM layers in 
the packed bed had similar effects, resulting in a faster deple-
tion of the packed bed. Several novel configurations were 
proposed, and their total energy consumption, defined as 
the proportion of the packed bed’s total discharge time to the 
total time it took to receive energy at the optimum tempera-
ture, was improved. The results showed that arranging the 
layer heights of the PCMs in descending order and decreas-
ing the porosity of each layer in the flow direction could lead 
to a 29.2% improvement in performance. Optimizing total 
energy usage can be a crucial factor in the design of packed 
beds and concentrating solar power plants. Comparing the 
data from five monitored heights revealed that the discharge 
process was completed more quickly when the PCMs were 
arranged in decreasing order. Conversely, a configuration 
with PCMs arranged in ascending order maintained the 
HTF at the desired temperature for a longer duration. Higher 
porosity coefficients and higher HTF input velocity resulted 
in a faster discharge process and less time for the HTF to 
leave the tank at the required temperature. Consequently, 
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the desired HTF temperature could be sustained for a longer 
period.

Packed-bed TESS have found extensive application across 
various fields due to their capacity and efficiency. The inher-
ent flexibility of packed-bed systems allows for their utili-
zation in diverse objectives, such as enhancing the thermal 
conductivity of PCMs and increasing HTR. To optimize the 
performance and efficiency of packed-bed systems, several 
key parameters must be considered. Research investiga-
tions have demonstrated that selecting an appropriate PCM, 
incorporating a metallic porous medium like metal foam, 
establishing a modified porous structure, designing precise 
geometric dimensions that account for process mechanisms, 
and implementing optimized operational conditions are cru-
cial steps toward enhancing the performance of packed-bed 
systems. The porosity of the packed bed plays a vital role in 
improving the thermal storage efficiency. The use of porous 
media facilitates heat transfer between the HTF and PCM, 
resulting in improved phase change phenomena. It has been 

observed that the density of pores in the porous media sig-
nificantly influences the melting time. However, the effective 
thermal conductivity is not affected by changes in porosity 
values. In addition to the utilization of porous media, care-
ful consideration of the system geometry and design of the 
storage system with accurate dimensions, while taking into 
account heat transfer mechanisms, can greatly enhance sys-
tem efficiency. For instance, the aspect ratio (width/height) 
of the storage system determines the degree of correlation 
between melting time and porosity. A summary of recent 
studies focusing on the geometric configurations of TESS 
is presented and illustrated in Table 2.

CFD simulations of advanced materials, additives, 
and novel PCMs

In the section on geometric configurations, it was observed 
that certain techniques, such as the incorporation of 
metal matrices or fin arrays, can enhance the heat transfer 
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characteristics of TESS. These techniques promote greater 
convection effects to overcome the limited thermal conduc-
tivity exhibited by many types of PCMs. However, it should 
be noted that further geometrical adjustments may result in 
a reduced volume of available PCM, particularly in small-
scale applications like electronic devices and lithium-ion 
batteries. To address these challenges, the integration of 
highly conductive additives and composite materials, such 
as nonadditive and porous metal foams, into PCMs has been 
explored. This approach not only enhances the thermophysi-
cal properties of PCMs but also allows for the adjustment of 
their melting and solidification ranges by varying the com-
position of the PCM/additive mixture, tailored to specific 
application requirements. The novel method to enhance the 
thermal features of PCMs is the use of various nanoaddi-
tives, including carbon-based nanoparticles (such as gra-
phene, CNTs, graphene, and graphene oxide) [160, 161], 
metals and metal oxides (such as Ag, Al, Cu, TiO2, SiO2, 
and Al2O3 nanoparticles) [162–164], and composites (such 
as carbon-based/metal or metal oxides) [165]. This method 
improves the convection heat transfer of PCMs. Nanoaddi-
tives synthesis can be separated into two categories: top-
down and bottom-up techniques. The top-down technique is 
considered a physical method that involves decomposing the 
mass of material into nanoparticles through approaches such 
as acid-etching [166], and ball-milling [167]. Conversely, the 
bottom-up technique relies on molecular precursors to form 
nanoparticles. This category includes co-precipitation [168], 
processes [169], microemulsion [170], and solvothermal 
[171] methods. Figure 16 illustrates different categories of 
commercial and advanced PCMs, as well as composite mate-
rials. One of the main challenges encountered when utilizing 
novel or modified materials as PCMs in CFD simulations 
is accurately defining their thermophysical properties. This 
challenge can be addressed through the use of UDFs, which 
enable the characterization and incorporation of these mate-
rials into the simulation framework. By employing UDFs, 
the thermal behavior and performance of such PCMs can be 
effectively evaluated.

In a numerical investigation, Koller et al. [5] used sodium 
nitrate wire matrix as the PCM in LTES. The results indi-
cated that, initially, conduction was the only heat transfer 
mechanism during the melting process. However, as the 
melted region increased, natural convection became more 
significant, resulting in faster melting at the top of the stor-
age device compared to the bottom. The use of the wire 
matrix method enhanced heat transfer, but certain assump-
tions were made to simplify the simulation. Therefore, in 
reality, higher contact resistance should be considered, 
leading to longer charging times and lower charging power 
compared to the simulation, which assumed ideal contact 
between the surfaces of the wires. Wang et al. [172] con-
ducted experimental and numerical investigations to probe 

the performance of erythritol/HTF in a direct-contact ESS. 
The heat transfer mechanism and its relationship with the 
structure were examined using 2D CFD simulation. The 
PCM model was developed to evaluate the melting behavior 
of the PCM in the direct-contact storage unit, with the axial 
melting behavior difference neglected for simplification. The 
simulation results indicated a two-stage melting process. In 
the melting stage, vortexes and natural convection were 
observed in the liquid PCM region, leading to improved heat 
transfer. The solid PCM near the wall of the storage unit 
melted slowly due to low heat conduction, which dominated 
the solid PCM behavior. Increasing the flow rate resulted in 
higher ES efficiency. Kotze et al. [173] investigated eutectic 
aluminum–silicon alloy (AlSi12) used as PCM in concen-
trating solar power applications. To simplify the study, only 
discharge circumstances were examined for the direct steam 
generation idea, as the charge conditions need a CFD solu-
tion. For simplicity, the total volume of PCM was discretized 
into hexagonal cylinders surrounding each heat exchange 
pipe. FDM was employed by the authors who undertook ana-
lytical work on comparable Stefan issues to address the con-
duction problem, but it does not account for the solidifica-
tion process at the solid–liquid interface [174]. An enthalpy 
tracking approach was used to tackle this problem. A heat 
transfer model of the moving boundary problem was pre-
sented to validate the concept and provide a foundation for 
comparing the simulation. This model was used to predict 
the performance of a large TESS. The results demonstrated 
reasonably matched trends, and further improvements can 
be achieved through increased materials testing and model 
development. An experimental investigation was conducted 
by Chen et al. [175] for a cold storage application. They 
absorbed dodecane into hydrophobic fumed silica and pre-
sented a stable CPCM. The schematic synthesis mechanism 
plus SEM images of the prepared PCM is demonstrated in 
Fig. 17. Numerical and experimental data for 75% and 85% 
composite PCM were compared. A slight difference between 
experimental and simulated results was observed due to the 
piecewise linear assumptions in all the thermal properties. 
Another reason for the high number of generated errors was 
the ignorance of the thermal contact resistance (TCR). They 
concluded that accurate thermophysical properties have the 
most critical effect on the solidification-melting simulations.

Abdollahzadeh et  al. [176] numerically investigated 
Cu–water nanofluid inside a vertical enclosure as PCM. The 
effect of nanoparticle volume fraction on natural convection 
and solidification time variation with surface waviness was 
studied for different Grashof numbers. Solidification time 
was increased with geometrical patterns, especially by con-
trolling surface waviness, which affects solidification mecha-
nisms. The use of nanoparticles in PCMs decreased solidi-
fication time and also reduced the ES and release capacity 
in these materials.
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Pure nitrates and shape-stabilized nitrate/EG compos-
ites thermal conductivities were investigated by Xiao et al. 
[177] using steady-state test equipment, considering the 
influence of TCR. These CPCMs were then encapsulated 
in a cylindrical LTES unit, and their thermal performance 
during the melting and solidification processes was exam-
ined both numerically and experimentally. The volume of 
fluid model was employed to describe the moving internal 
interface of the PCM–air system. The thermal conductivi-
ties were calculated based on steady-state assumptions, 
disregarding the effect of TCR on thermal conductivity. 
Images of the specimens with cold compression are shown 
in Fig. 18. The results demonstrated that the addition of EG 
to the nitrates significantly improved the thermal conduc-
tivities of the composite PCMs. For instance, the thermal 
conductivities of pure sodium composites were calculated to 
be approximately two, four, and seven times higher than that 
of pure sodium nitrate, respectively. It was observed that the 
thermal conductivities of nitrates and nitrate/EG composites 
decreased with increase in temperatures. The inclusion of 
EG in the nitrate/EG composite notably reduced the time 
required for heat storage and retrieval processes. The impact 
of EG on heat retrieval was more pronounced compared to 
heat storage. In the case of the pure binary nitrate system, 
natural convection dominated during heat storage, resulting 
in a gradually curved interface as the melting rate in the top 
section of the LTES unit was faster than that in the lower 
portion. During the melting process, the free surface of the 
liquid nitrate increased gradually due to the volume expan-
sion, while during solidification, the free surface gradually 
decreased due to volume contraction. On the other hand, for 
the nitrate/EG composite, heat conduction played a domi-
nant role in both heat storage and recovery processes. The 
high thermal conductivity of the nitrate/EG composite led 
to a reduced temperature gradient.

Mahdi et al. [178] numerically investigated the effects 
of nano-alumina (Al2O3) particle dispersion on the solidi-
fication performance of paraffin RT82 as a PCM. A tri-
plex-tube TESS was applied as an ES medium in a solar-
powered liquid-desiccant air-conditioning system. Under 
fixed HTF charging temperatures, a simulation of the com-
plete solidification process was performed for diverse nan-
oparticle loadings. To take into account the temperature-
dependent thermophysical characteristics of NEPCM, the 
UDF was programmed in C language. The computations 
were validated using their time-varying liquid fraction 
numerical results for the case without fins. They concluded 
that the inclusion of alumina nanoparticles enhances the 
thermal performance and accelerates the solidification 
of paraffin TR82. Low HTF charging temperature helps 
solidify components completely in a significantly shorter 
time, but it has no impact on the time saved by the addi-
tion of nanoparticles. Chen et al. [179] designed a quick 

charging tube-in-tank LTES system employing both the 
high thermal-conductive paraffin/EG composite and tiny 
spiral coil tubes. The effects of Re number, the ratio of 
the spiral coil tube helix radius to the radius of the PCM 
tank, the bulk density of the composite PCM, and as well 
as heat transfer temperature difference (HTTD), which 
is specified as the temperature discrepancy between the 
phase change temperature of utilized PCM and the HTF 
inlet temperature were investigated. The findings showed 
that raising Re or HTTD will result in a shorter TESS 
time. However, increasing Re and HTTD at the same time 
is not recommended due to the extra energy consump-
tion of the pump or heat source. When developing a com-
parable LTES system, careful study and selection of Re 
and HTTD are required and Re should not be greater than 
8700. Increasing the bulk density of paraffin/EG composite 
PCM results in increased latent TESS capacity and more 
crucially, decreased TESS time. Due to the high latent 
heat of the second phase shift peak, all temperature vari-
ation curves were stable for a long time at around 50 °C. 
Clearly, the concept of a phase change temperature ranges 
of 6 °C and the definition of heat capacity were reasonable 
since the general statistics of the temperature variation 
curves in the experiment and simulation are very similar. 
Alipanah et al. [180] investigated the TMS of lithium-
ion batteries made from pure octadecane, pure gallium, 
and octadecane–Al foam. By using numerical approaches, 
metal foams were employed to improve the thermal prop-
erties of the PCM. The porosity of the Al foam varies 
between 0.97 and 0.925 and 0.88. The study’s goal was 
to use numerical simulations to investigate the effective 
factors of the battery surface temperature, which impact 
performance and lifetime of batteries. On battery surface 
temperature, the impacts of TMS thickness, PCM char-
acteristics, and the octadecane–Al metal foam composite 
were examined. By contrasting the surface temperature 
and uniformity of the battery utilizing pure octadecane, 
pure gallium, and octadecane-Al foam composite materi-
als, the thermal effectivity of the TMS was evaluated. Due 
to the PCM’s increased capacity for heat absorption, the 
battery with a thicker TMS had a longer discharge period 
before its average surface temperature exceeded 60 °C. 
The higher convective heat transfer was attributable to the 
worsening homogeneity of the battery surface temperature. 
Higher diffusivity results in a lower surface temperature 
and higher homogeneity. Compared to pure octadecane, 
TMSs made of gallium and octadecane-Al foam are better 
at storing battery waste heat. A metal matrix was added to 
the octadecane to improve the discharge period and sig-
nificantly lower the battery surface temperature. Further-
more, because of the increased thermal conductivity and 
heat capacity of TMSs employing metal foams, the battery 
surface temperature was more uniform. The Al foam with 
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a porosity of 0.88 was preferred among the foam materials 
which investigated, because it produces a lower surface 
temperature and greater homogeneity. The decreased flow 
motion results in greater homogeneity of the battery sur-
face temperature. Parsazadeh et al. [9] conducted a CFD 
evaluation on a shell and tube TESS unit made from a 
common organic PCM, PW. Nanoparticles of Al2O3 were 
dispersed in the PCM. A CFD model was developed to 
study the melting of the PCM with the following param-
eters: nanoparticle concentration of 0 to 4 vol%; fin angle 
(α) from − 45° to 45°, and pitch (p) from 45 to 65 mm. In 
this investigation, the Al2O3 concentration ranges from 0 
(pure PCM) to 4 vol%, because larger nanoparticle con-
centrations would not enhance the overall HTR and could 
cause the model to be inaccurate [10]. The results revealed 
that at an early stage of heat transmission, when the liquid 
percentage was 0.25, heat conduction was dominating, and 
melting occurred only along the HTF tube’s wall. At this 
point, the investigated factors (fin angle, nanoparticle con-
centration, and pitch) had slightly influenced the melting 
process. In all cases studied, adding Al2O3 nanoadditives 
into the PW declined the thermal performance resulting in 
a longer charging time in all cases. Their results indicated 
that thermal conductivity improvement with nanoadditives 
may not be able to make up for natural convection reduc-
tion when the nanoadditives are added to the finned TESS 
unit. In another study, Othman et al. [181] investigated 
the CuO NP’s impacts on the solidification time of a unit 
with curved walls filled with water. Results illustrated that 
dispersing nanoparticles can accelerate the solidification 
process, and the NP’s shape affects the conductivity of the 
mixture. The FEM was used to solve the energy equation, 
and the results demonstrated that the increase in the frac-
tion of nanoparticles and shape factor can significantly 

decrease the solidification time. Furthermore, the using 
of nanoparticles can improve the performance of stor-
age systems. When the fraction of CuO nanoparticles 
increases from zero to 0.04, the required solidification 
time decreases by 31.39%.

The thermal conductivity of the PCMs was enhanced by 
the use of a high porosity metal foam, resulting in enhanced 
heat transfer and, hence, promoting the PCM melting and 

Fig. 16   Various classes of 
PCMs reported in literature

Material
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Parrafin wax

Sodium nitrate

Erithrol

Octadecane

PEG

Modified

Metal foam

EG composite
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Fig. 17   a SEM image of the fumed silica, b SEM image of dodecane/
hydrophobic fumed silica composite PCM with 85 mass% dodecane 
and c schematic diagram of the synthesis mechanism presented by 
Chen et al. [175]
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solidification by Alhusseny et al. [182]. An open-cell copper 
foam filled with PCM, specifically PW, is incorporated into 
staggered bundled tubes to create a TESS. The schematic 
representation of this design is depicted in Fig. 19. The PCM 
unit is charged and discharged by utilizing moderately hot- 
and cold-water streams that pass through the tube-bundle 
units. The proposed design of the LTES system was found 

to be not only easy to configure but also highly efficient, 
exhibiting remarkable overall performance. Moreover, by 
carefully selecting the design parameters, the charging and 
discharging rates can be significantly increased, surpassing 
those of similar methods using pure paraffin by more than 
50%. The combination of PCM-metal foam composites into 
a LTES system offers exciting prospects due to the vast sur-
face area available for heat exchange in bundled tube archi-
tectures and the exceptional potential of such composites. 
The results indicate that the solidification process takes 
approximately half the time required for a similar system 
to melt, primarily due to the significant role of buoyancy 
during the early stages of these processes. Furthermore, it 
was discovered that denser storage units outperform lighter 
systems in terms of storage capacity density and charging or 
discharging time. Table 3 provides a summary and illustra-
tion of recent CFD studies focusing on the material configu-
rations of TESS.

Conclusions

TESS integration with PCMs has emerged as a viable and 
environmentally friendly approach to maximizing energy 
efficiency and reducing reliance on fossil fuels. This study 
extensively reviews the application of PCMs in various 

Fig. 18   Pictures of the specimens with cold compression a NaNO3, b 
NaNO3/5 mass% EG presented by Xiao et al. [177]
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Fig. 19   Schematic description of the LTES unit examined presented by Alhusseny et al. [182]
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industrial settings, including building compartments, lith-
ium-ion batteries, solar energy systems (SE), heating and 
cooling systems, and electronic devices. The following inter-
pretations are highlighted by this investigation:

•	 Notably, the passive implementation of TESS plays a 
crucial role in safeguarding on-board applications such 
as electric vehicles (EVs), by preventing thermal run-
aways and nail penetrations in lithium-ion batteries, as 
well as mitigating malfunctions in electronic devices like 
smartphones. Computational fluid dynamics (CFD) sim-
ulations enable the prediction of TESS’s thermal char-
acteristics and the determination of optimal geometrical 
configurations for PCM containers and layer thicknesses.

•	 SE systems and building compartments integrated with 
TESS have been extensively investigated due to the need 
for efficient energy storage and release during periods of 
limited SE availability, such as nighttime. The selection 
of PCM melting and solidification ranges should be care-
fully considered, given the diverse climates worldwide 
and seasonal variations. Numerical techniques facilitate 
the identification of appropriate PCMs with minimal 
operational costs and effort.

•	 In heating and cooling applications, which have been 
extensively explored using CFD simulations, conven-
tional organic PCMs with low thermal conductivity 
require geometrical modifications, such as the inclusion 
of fins and extended surfaces, to enhance convective heat 
transfer. Furthermore, packed-bed and porous media con-
figurations have emerged as promising approaches for 
improving heat transfer between the heat transfer fluid 
(HTF) and PCM, leading to more efficient phase change 
phenomena. Porosity and pore density are crucial param-
eters in CFD investigations involving porous media, as 
they significantly impact melting time.

•	 While CFD simulations have confirmed the efficacy of 
geometrical adjustments in addressing the limited ther-
mal behavior of organic PCMs, their application in small-
scale systems remains constrained by the limitations of 
further surface extensions. Consequently, the literature 
introduces PCM composites with modified thermo-
physical properties achieved through the incorporation 
of metal foams and alloys, conductive nanoparticles, 
and ethylene glycol (EG). To explore and optimize the 
modified thermophysical properties of PCM compos-
ites, CFD simulations in conjunction with user-defined 
functions (UDFs) can be employed. These simulations 
enable researchers to investigate the thermal behavior 
of novel synthesized PCMs and determine the desired 
mass fractions of the additive materials. By utilizing 
CFD simulations and UDFs, researchers can accurately 
model and predict the thermal characteristics of the PCM 

composites, assisting in the design and optimization of 
small-scale systems.

Future perspectives and limitations

As mentioned previously, PCMs play a crucial role in opti-
mizing energy consumption. With the long-term energy 
shortage that humanity is expected to face, there is a need 
for further scrutiny of novel materials to meet future energy 
demands. Numerical simulation and modeling are valuable 
tools for predicting various processes, offering advantages in 
terms of cost and time savings. Therefore, this study focused 
on utilizing CFD methods in PCM technology, addressing a 
gap in the existing literature. The review comprehensively 
covered various PCM applications, geometries, and mate-
rials, providing detailed discussions on each topic. Opti-
mal methods and devices were introduced to guide future 
studies in employing appropriate simulation techniques for 
PCM research. However, it is important to acknowledge that 
new hybrid materials and applications are constantly being 
discovered. Therefore, this review can serve as a founda-
tion for future research to select the best PCM materials 
and efficient geometries for various desired applications. 
Furthermore, it is important to note that CFD simulations 
may encounter limitations in complex processes or geom-
etries, including convergence issues and high computational 
resource requirements. Future investigations could focus on 
simulating hybrid nanomaterials in complex and combined 
geometries to achieve notable efficiency and overcome the 
aforementioned limitations of the CFD method.
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