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A B S T R A C T   

Latent Heat Thermal Energy Storage (LHTES) systems are essential due to their remarkable ability to compactly 
store significant thermal energy. Their pivotal role extends to various energy applications, prominently including 
solar heaters and waste thermal energy recovery initiatives. Metal foams have the ability to improve heat 
transmission and thermal charging of energy storage units dramatically. However, the metal foam cannot store 
latent heat energy, so the goal is to improve heat transfer by using minimal foam mass. Here, the LHTES is made 
of several parallel channel enclosures with a square cross-section of 120 mm in height/width. There is a 21 ◦C 
temperature difference between the heated channel walls and PCM fusion temperature. In the current study, the 
influence of the configuration of two metal foam layers was addressed on melting time in LHTES. The idea is to 
use heavy foam (porosity 0.90) in places where there is low convection and light foams (porosity 0.975) in places 
with good convection heat transfer to enhance thermal charging and keep the storage weight low. Therefore, 
three configurations of splitting into half, an L shape division, and splitting diagonally for foam layers were 
examined. The influence of metal foam configurations on melting volume fraction, thermal energy storage, 
isotherms, and streamlines was examined. The geometrical configuration of foam layers could significantly in
fluence the thermal charging time and energy storage profiles. The best layer configuration was a horizontal 
splitting of the enclosure with a light foam layer (high porosity metal foam) at the top. The well-configured foam 
layer could complete the charging process in 837 s, 32% faster than the same splitting but placing the light foam 
layer at the bottom.   

1. Introduction 

Energy is becoming a critical issue for scientists and governments 
worldwide, owing to the environmental threats posed by fossil fuel 
pollution and their non-renewable nature. Many efforts have been made 
to make alternative energy sources and pollution-free energy sources 
such as solar available to resolve ecological concerns and adjust energy 
supply and demand. The supply volatility caused by adverse weather 
and the regular day-night cycle is a significant barrier to the use of solar 
energy. As a result, recommended techniques that aim to improve the 
efficiency of existing sources focus on energy-saving technology. Ther
mal energy storage (TES) is an essential technology increasing energy 
storage density and has the potential to alleviate energy scarcity [1]. TES 

can be used as an energy storage system to smooth out supply fluctua
tions by storing excess thermal energy gathered during daylight hours 
for later use during dark hours. 

As TES methodologies, thermochemical energy, sensible heat, and 
latent heat have been presented [2–4]. Using phase change material 
(PCM), latent heat thermal energy storage (LHTES), has vastly greater 
energy efficiency compared to other solutions; along with their greater 
storage capacity, PCMs are capable of storing and releasing a substantial 
amount of energy during melting and solidification [5]. Potential ap
plications of the TES system include energy savings in buildings [6], 
industrial waste heat recovery [7], solar energy use [8], air-conditioning 
systems [9], and thermal control of electronic components [10]. 
Numerous studies on the charging and discharging capabilities of LHTES 
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systems [11] have been conducted. The results determined that the 
designs of the LHTES unit, the thermophysical characteristics of PCMs, 
and the temperature and velocity of the fluid had a considerable influ
ence on the thermal performance of the LHTES unit. Organic [12], 
inorganic [13], and eutectic PCMs are the three most common forms. 
The organic PCM is an ideal compromise; paraffin wax, which has a high 
latent heat, is non-toxic, inexpensive [14] compared to other PCMs, 
chemically stable, and abundantly available in nature. 

PCMs are restricted by their poor thermal conductivity, which varies 
between 0.1 and 0.8 W/(m K) [15]. Despite their remarkable energy 
storage capacity and efficiency, their low thermal conductivity caused 
energy storage rates significantly slow. As a consequence, choosing the 
best heat transfer augmentation method is crucial. Matrix fins, Micro- 
capsulation, carbon-fiber brushes, heat pipes, carbon nanotubes, and 
metal nanoparticles are some of the possible solutions [16]. In an 
interesting idea, Li et al. [17] focused on enhancing the melting process 
of a horizontal latent heat energy storage system, using a triplex-tube 
unit with a flip mechanism. Numerical simulations validated by exper
imental data show that a single flip at a dimensionless time of 0.4576 
can notably improve melting performance, reducing total melting time 
by 16.17% and increasing average heat absorption rate by 14.7%. 
However, this results in a slight 3.85% decrease in total heat absorption. 
Despite the trade-off, the flip mechanism makes the melting process 
more uniform and mitigates the impact of hard-to-melt zones. PCM- 
impregnated metal foams have been studied intensively [18]; for 
improving the overall heat conductivity of the system, metal foams 
appear to be a practical choice [19]. 

Buonomo et al. [20] numerically studied LHTES performance, 
including and excluding aluminum foam. According to the results, 
aluminum foam improves overall heat transfer by two compared to a 
pure enclosure. Pourakabar and Darzi [21] examined PCM phase change 
in an elliptical LHTES configuration. PCM with 90 and 70% porosities 
had 89 and 91.5 percent melting durations shorter than pure PCM. 
Sardari et al. [22] computationally evaluated the influence of copper 
foam porosity and foam arrangement on PCM’s melting. Yang et al. [23] 
experimentally examined the PCM melting properties incorporated in 
foam made of copper. The findings indicate the rectangular container’s 
angle of inclination did not influence melting characteristics. 

Moussa and Karkri [24] numerically explored the phase transition 
kinetics of metal foam PCM (MFPCM) inside a rectangular container. 
Compared to PCM composites with constant heat flow, MFPCM with 
sinusoidal heat flow demonstrated a shorter melting time. They [25] 
also observed that the overall heat transfer reduced when the pore 
density of composite PCM rose. Using a vertical shell-tube LHTES 
design, Wang et al. [26] examined the impacts of porosity foam made of 
copper on PCM melting rates. Compared to uniform porosity, gradient 
porosity reduced melting time by 37.6%. Singh et al. [27] also statisti
cally tested the influence of a nano PCM and fins in a conical shell. 
Several studies have analyzed the influence of tube design on LHTES 
thermal behavior. Mahdi et al. [28] analyzed an LHTES unit that consists 
of modules containing PCMs considering fusion temperatures. Various 
PCMs with a wide range of melting points improved the LHS. Multi- 
PCMs combined with nanoadditives and a cascaded foam metal resul
ted in the finest progress. 

To discover the influence of geometrical designs on PCM phase 
change, Nie et al. [29] constructed seven vertical shell-tube LHS devices. 
This paper examines the performance of the composite and pure PCM. 
Conical shells improve natural convection over cylinders, while frustum 
tube systems improve heat conduction and convection over cylinders. 
Geometry adjustment showed a minimal influence on the thermal per
formance of MFPCM. The total melting time decreases with geometry 
change by less than 5.9% for MFPCM and within 9.2% for pure PCM 
compared to the cylinder LHS system. Bianco et al. [30] evaluated fin
ned and non-finned metal foam to optimize heat transfer rate; they 
discovered that the finned metal foam at equal pumping power could 
dissipate heat at a rate around 3.3– 3.5 times the rate of the metal foam. 

A study by Huang et al. [31] revealed that the fin MFPCM provided 
superior heat transfer compared to the fin PCM. Metal foam with 90% 
porosity improved MFPCM performance. 

Qureshi et al. [32] examined the heat transfer capabilities of three 
triply periodic cover-based foams utilized in an exemplary MFPCM 
system with those of the standard MFPCM. These findings indicate that 
the new designs significantly enhance LHTES performance by improving 
the average heat transfer coefficient and shortening the melting time of 
the PCM. Li et al. [33] presented a novel design of MFPCM for improved 
LHTES systems with Nano-Encapsulated Components (NEPCM). They 
considered the porosity of foam in evaluating the heat transfer capa
bilities of meta foam-NEPCM. Abandani and Ganji [34] investigated the 
melting behavior of three-layered PCMs with different melting tem
peratures within a heat exchanger. 

Several thin-film MFPCM systems have recently been developed for 
cooling CPUs, GPUs, tablets, laptops, and electronic components [17]. 
Dede and Joshi [18] used MFPCMs to create battery cells that produce 
increased electricity while operating at a lower temperature. This in
vention could increase energy production while extending the lifespan 
of batteries. Sutradhar et al. [35] simulated transient and continuous 
heat load conditions for a rectangular MFPCM TES using an analytical 
model. Yan et al. [36] investigated how the metal foam structure in
fluences the experimental temperature-controlling ability of the 
MFPCM. Zhuang et al. [37] assessed the heat transmission capabilities of 
a hybrid LHS, which included PCM, metal foam, and nanoparticles, in a 
cubic cavity with an internal heater. Naldi et al. [38] analyzed the dis
crepancies between experimental data and numerical conclusions by 
employing the most commonly used correlations for four distinct com
posite PCMs. Ashakibi et al. [39] studied the impacts of PCMs blended 
with copper and aluminum foam on the temperature reduction of solar 
panels. In addition, the impacts of foam porosity, PCM thickness, and 
metal foam type are investigated. 

Some researchers [36–39], among others, have undertaken research 
on the use of MFPCMs for thermal energy storage. Yan et al. [36] 
examined how the structure of metal foam affects the temperature- 
controlling capability of metal foam-based phase transition materials. 
Zhuang et al. [37] evaluated the heat transfer capacities of a hybrid LHS 
consisting of PCM, metal foam, and nanoparticles. Using regularly used 
correlations for four separate composite PCMs, Naldi et al. [38] evalu
ated the differences between experimental data and numerical findings. 
Ashakibi et al. [39] investigated the effects of PCMs mixed with copper 
and aluminum foam on solar panel temperature decrease, as well as the 
effects of foam porosity, PCM thickness, and metal foam type. 

Baruah et al. [40] developed a new design for encapsulated PCM 
containing metal foam structures implanted in PCM. In a rectangular 
system with varying degrees of inclination, Huang et al. [41] explored 
the heat transfer properties and melting of an MFPCM composite. Hafiz 
Muhammad [42] investigated different sink configurations that used 
nickel foam and paraffin wax to enhance the heat management of 
electronic components. 

Du et al. [43] explores ways to improve the thermal conductivity of 
phase change materials, critical for large-scale latent heat storage 
technology. Using a 3-D numerical model, they compare four structures - 
pure paraffin, fin, metal foam, and fin-metal foam within a square latent 
heat storage device. The results reveal significant reductions in melting 
time (47.48%, 79.53%, and 83.68%) and increased temperature uni
formity (28.97%, 79.37%, and 91.12%) with fin and metal foam addi
tions. However, total heat storage decreases slightly (6.0%, 4.6%, and 
11.64%). Additional dynamic temperature studies confirm the benefits 
of fins and metal foam in enhancing melting performance, despite the 
trade-off in heat storage. 

Nonetheless, the literature review above indicates that metal foam 
improves the heat transfer efficiency of PCMs. However, metal foams 
reduce an energy storage unit’s latent heat capacity since they cannot 
store latent heat and tend to suppress the natural convection flows by 
increasing resistance to fluid flow. Furthermore, filling metal foam takes 
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up a portion of the PCM volume, increasing the system’s weight. How
ever, there is a scarce number of research on using MFPCM layers with 
different porosities. This study aims to determine the impact of metal 
foam layers configuration in an enclosure to reduce the charging time 
while maintaining storage capacity. The highest thermal energy can be 
achieved by using less metal foam in one of the layers. 

2. Model description and mathematical model 

2.1. Description of the physical model 

An LHTES has various industrial and domestic energy cycle appli
cations. Here, Fig. 1(a) shows a simple loop of solar heat production 
where the solar heat received in the collectors and heats a working fluid. 
The working fluid enters an LHTES unit and moves toward the building. 

Fig. 1. The thermal energy storage for domestic hot water storage: (a) a simple solar hot water cycle, (b) the proposed LHTES design (3D); (c) a 2D schematic 
representation of the heat transfer model in the LHTES. 
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The building extracts the heat from the working fluid through a heat 
exchanger. Then the warm working fluid enters the collectors to be 
reheated. The LHTES unit absorbs the excess heat of working fluid when 
the solar heat production is higher than the building demand. Later, 
when solar energy is unavailable or insufficient, the LHTES releases its 
stored heat. Fig. 1(b) depicts a 3D view of an LHTES design for fast 
charging/discharging purposes. The LHTES unit is rectangular channels 
filled with composite PCM-metal foam where the working fluid can flow 
between the channels. Fig. 1(c) depicts a 2D model of the LHTES. The 2D 
model is a square cavity of size L = 120 mm, where all walls are insu
lated except a vertical wall exposed to the hot working fluid and 
maintained at a hot temperature Th. 

The high metal foams’ thermal conductivity enhances the overall 
thermal conductivity of the MFPCM and accelerates the charging pro
cess (melting of paraffin wax). Each PCM channel can be filled with two 

different copper foams with porosities ε1 and ε2. Then the PCM, paraffin 
wax, is filled inside the metal foams. Here, the aim is to find the best 
configuration of metal foam layers to yield the shortest charging time 
and the highest rate of thermal energy storage. Fig. 2 shows 12 proposed 
configurations for the metal foam layer layouts. These proposed designs 
are grouped into three categories splitting into half (group I), an L shape 
division (group II), and splitting diagonally (group III). The metal foam 
configuration impacts the melting rate in two major ways. The metal 
foam with different porosities results in different composite thermal 
conductivity (effective PCM thermal conductivity). A low-porosity metal 
foam is more thermally conductive than a high-porous metal foam. 
Thus, different layers pass the heat differently. Besides, a high porosity 
open-cell metal foam layer is less dense, allowing better natural con
vection circulation and contributing to convection heat transfer. The 
present study aims to find a configuration of metal foam layers 

Fig. 2. The possible configurations of metal foam layers (ε1 and ε2) for three proposed groups splitting into half (I), an L shape division (II), and splitting diago
nally (III). 
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benefiting from the highly effective thermal conductivity of low porous 
metal foams and the high permeability and convection heat transfer 
capability of high porous metal foams (with lower effective thermal 

conductivity). The horizontal and vertical division configurations were 
selected to allow two different heat conduction channels perpendicular 
and parallel to the heated wall. This allows an uneven melting in the 
enclosure with the hope of commencing a natural convection flow in the 
high porosity layer. The triangular layer configuration was selected to 
accelerate the melting using low porosity later at the top and to build a 
potential natural convection circulation for the second high porosity 
layer. The L shape configuration can make more complex melted areas 
during the charging process and may be useful for boosting the natural 
convection for the high porous layer. 

The simulation of phase change thermal energy storage is compu
tationally expensive. It takes weeks to simulate a single case. In the 
present study, the impact of a metal foam layer on the storage and heat 
transfer rate is investigated. Since the heat storage capacity and heat 

Fig. 2. (continued). 

Table 1 
Thermophysical properties of copper and paraffin wax [50].  

Properties Copper foam Paraffin Wax 

ρPCM (kg.m− 3) 8900 900 
μl (Pa.s) – 0.0324 
Cp (J.kg− 1.K− 1) 386 2300 
k (Wm− 1 K− 1) 380 0.3 
ρPCM (kgm− 3) 8900 900 
hf (kJkg− 1) – 148.8  
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transfer rate of each unit are estimated using simulations, the estimated 
data can be directly employed for designing a larger system composed of 
multiple units. For instance, the heat capacity of a larger system, 
whether for domestic or industrial applications, is the accumulated total 
of the capacities of the individual units used. Similarly, the heat transfer 
rate of the larger system is the sum of the heat transfer rates from the 
individual domains. 

2.2. Governing equations 

The governing equations consist of flow and heat transfer in a porous 

medium. The flow in the porous medium is modeled using the Darcy- 
Brinkman model, which is similar to the Navier-Stokes equations, but 
it also has a source term (fDarcy) which explains the Darcy flow resis
tance. In a solid region, the velocity of fluid movement is heavily 
impeded by the sink term, which creates a significant resistance force 
and brings the velocity to zero. This study employs the thermal equi
librium model of MFPCM, which disregards the temperature differential 
between the metal foam and PCM inside the pores. Even though local 
thermal non-equilibrium (LTNE) models may represent temperature 
differences between two materials during melting, empirical research 
suggests that the LTNE condition is only important at the beginning of 
the melting process [44]. Furthermore, experimental and computational 
investigations [45–47] demonstrate that the LTNE condition becomes 
less significant as the melting process advances. The local thermal 
equilibrium (LTE) model is often utilized for thermal energy storage 
applications for its simplicity and fair modeling accuracy. Considering 
the above model, the governing equations for the conservation of mass, 
momentum, and energy are given by [48–50]: 

Conservation of mass: 
(

∂ui

∂xi

)

= 0 (1) 

Conservation of momentum: 

ρPCM

ε
∂ui

∂t
+

ρPCM

ε2

(

uj
∂ui

∂xj

)

= −
∂P
∂xi

+

[
∂

∂xj

(
μPCM

ε
∂ui

∂xj

)]

+ fDarcy,i + fsink,i + fb,i

(2) 

Conservation of energy: 

(ρcp)eff
∂T
∂t

+(ρcp)PCM

(

ui
∂T
∂xi

)

=
∂

∂xi

(

keff
∂T
∂xi

)

+ hsource (3) 

where ui is the velocity components in an i direction where i = 1 and 
2 denote the x and y directions, respectively. The dynamic viscosity (μ), 
density (ρ), specific heat capacity (cp), and thermal conductivity (k) are 
the thermophysical properties. The subscripts PCM and eff indicate the 
PCM and effective thermophysical properties of the composite-PCM, 
respectively. The subscripts Dacy, sink, b, and source denote the Darcy 
force, the sink term, the buoyancy force, and the heat storage due to the 
phase change. Here, fDarcy accounts for the Darcy force resistance against 
the fluid motion in the metal foam in x or y directions (i direction). fsink 
exerts a huge force against the fluid motion in the solid regions, which 

Fig. 3. The diagram of the solution method.  

Table 2 
The details of the selected meshes for mesh sensitivity analysis.  

M £ N Cell numbers Edge elements MVF 
@800 s 

TES (kJ) 
@800 s 

80 × 80 6400 400  0.937 4066 
120 × 120 14,400 600  0.944 4100 
160 × 160 25,600 800  0.947 4112 
200 × 200 40,000 1000  0.948 4116  

Fig. 4. The MVF over time for various mesh sizes.  
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leads to negligible (zero) fluid velocity in the solid regions. fsink disap
pears from equations in the liquid regions. Finally, fb induces a body 
force on the fluid due to the temperature changes and causes the natural 
convection flows. The term hsource takes into account the latent heat 
energy due to the phase change. These terms in the governing equations 
are introduced as [48–50]: 

fDarcy,i = −
μPCM

κ
ui , fsink,i = − Amush

1 − 2θ(T) + θ2(T)
λ + θ3(T)

. ui, (4a)  

fb,i =

{
0 i = 1

ρPCMgβPCM
(
T − Tf

)
i = 2 (4b) 

and. 

hsource= ερPCMLf
∂θ(T)

∂t
(4c) 

The latent heat of fusion (Lf), volumetric thermal expansion (β), and 
fusion temperature (Tf) are thermophysical properties. Moreover, g =
9.81 m/s2, Amush = 1010 (Pa⋅s/m2) and λ = 0.001. The volume fraction of 

Fig. 5. Views of mesh with size 120 × 120 for case 1; (a) A full view of mesh. Important mesh regions are marked in (a) and then a zoomed view of these regions is 
depicted as. (b) the bottom corner of mesh; (c) the mesh at the interface of two metal foam regions; (d) the top right corner. 

Fig. 6. A comparison of this investigation’s results with those of Gau and Viskanta’s experimental study [48] and Brent et al.’s numerical study [49].  
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molten PCM, θ, is introduced as: 

θ(T) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

0 T <
(
Tf − ΔTf /2

)

(
T − Tf

ΔTf

)

+
1
2

(
Tf − ΔTf /2

)〈
T <

(
Tf + ΔTf /2

)

1 T >
(
Tf + ΔTf /2

)

(5) 

where θ = 1 indicates a fully melted PCM, and θ = 0 indicates a fully 
solid PCM. ΔTf denotes the phase change temperature range. The 
porosity (ε) and permeability (K) depend on the metal foam layer and 
are computed as: 

ε =

{
ε1 layer 1
ε2 layer 2 , and K =

{
K1 layer 1
K2 layer 2 (6) 

The thermophysical properties of paraffin wax in the solid and liquid 
regions were considered constant, according to Table 1. The effective 
heat capacity and thermal conductivity of the MFPCM are computed as: 
(
ρCp

)

eff,PCM = (1 − ε)
(
ρCp

)

m + ε
(
ρCp

)

PCM (7) 

The effective thermal conductivity was evaluated from [51]: 

keff =
1 − γ

(
1− ε
km

+ ε
kPCM

)+ γ((1 − ε)km + εkPCM ) (8) 

Fig. 7. The paraffin wax phase change embedded in copper foam from the bottom 1.5, 3, and 4.5 h after heating. A comparison between experiments of Zheng et al. 
[50] (with permission from Elsevier) and (II) the current simulations. 

Fig. 8. The characteristics curves for group I: (a) Melting volume fraction, (b) Total stored energy.  
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where γ = 0.35 [51]. Eq. (8) is in good agreement with the practical 
observations of [52]. The subscript m denotes the metal foam. Besides, 
the porous permeability was obtained by invoking [53]: 

K = d2
p

73 × 10− 5

(1 − ε)0.224

(
dld− 1

p

)− 1.11
(9a)  

(
dld− 1

p

)
= 1.18

(
1 − ε

3π

)0.5

[1 − exp( − (1 − ε)/0.04 ) ]− 1 (9b) 

wheredp = 254× 10− 4ω− 1
p , and ωp denotes the pore per inch char

acteristics of the porous (PPI), which was selected as 5 PPI. The per
meabilities are also computed as K1 = 2.976E-7 m2 and K2 = 4.117E-7 
m2. Moreover, ε1 = 0.9 and ε2 = 0.975. 

The hydraulic imposed boundary conditions are the surface zero 
velocity. The thermal boundary conditions are zero heat flux at all 
surfaces except the heated surface where T = Th. The initial condition is 
a uniform constant temperature T = T0. In the current research, Th =

70 ◦C, T0 = 25 ◦C, and PCM fusion temperature is 54 ◦C. Besides, the 
copper metal foam and paraffin wax properties are listed in Table 1. 

3. Verification of the code and numerical method 

3.1. Numerical method 

The partial differential equations are explained in Eqs. (1)-(3), along 
with the corresponding initial and boundary conditions, were integrated 
over a discretized mesh using the finite element method [54]. The Gauss 
quadrature elements were used to integrate the field variable and obtain 
the residual equations. The residual equations were solved for field 
variables in a coupled approach by employing the Newton method. 
Then, the timesteps and accuracy of the computations were controlled 
by the backward differential formula [55] consisting of a free order 
between 1 and 2 to keep the relative error lower than 10− 4. The details 
of the solution approach are explained in Fig. 3. The stop condition for 
computations was the total melting, which could be satisfied by MVF >
0.999. 

3.2. Mesh sensitivity 

A structured mesh with M mesh vertexes in the x-direction and N 
mesh vertexes in the y-direction was selected. Case 1 was chosen for 
mesh sensitivity analysis, and the impact of various mesh sizes on the 
results was explored. Table 2 shows the details of each examined mesh, 

Fig. 9. Temperature contours for group I.  
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the number of created cells, and the MVF and stored energy (TES) re
ported after 800 s of the melting process. Table 2 and Fig. 4 show that a 
mesh size of (120 × 120) could provide a fair accuracy and computa
tional cost. Thus, the present research results are computed with a mesh 
size of 120 × 120. A general and detailed view of the adopted mesh is 
depicted in Fig. 5. 

3.3. Validation and verification 

The accuracy of the model and code used in this study was confirmed 
by comparing the results to previous research. Specifically, Gau and 
Viskanta conducted a study on the melting heat transfer of PCMs in a 
rectangular enclosure with a height of 63.5 mm and a width of 88.9 mm. 
In their experiment, the PCM was initially at a low temperature of 
28.3 ◦C, and the left wall of the enclosure was exposed to a constant 
temperature of 38 ◦C. 

An essential part of the research on phase-change processes is the 

investigation and measurement of the geometry of the solid–liquid 
interface. To do this, researchers have used two basic methods: the pour- 
out technique and probing. Pour-out involves stopping the phase-change 
process at predefined intervals and rapidly dumping out the liquid 
(melt). Certain external factors may affect the geometry of the solid
–liquid contact when the liquid drains away. To get insight into the 
underlying physics of the phase-change process, researchers closely 
observe the geometry of the interface throughout this process. Fig. 6 
shows the melting interface during the time reported by Gau and Vis
kanta [56], the numerical study of Brent et al. [57], and the current 
research results. As seen, the trend of the results agrees well. However, 
there are also some differences between the numerical and experimental 
results which may be attributed to the impact of the pour-out approach 
utilized for the interface measurements. In order to further evaluate the 
accuracy of the present model and simulations, the results were com
parted with other literature works. 

As another comparison, the results of current research for melting 

Fig. 10. Streamlines for group I.  
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Fig. 11. The characteristics curves for group II: (a) Melting volume fraction and (b) Total stored energy.  

Fig. 12. Contour of isotherm for group II.  
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paraffin in copper foam were compared with the experimental obser
vations of Zheng et al. [50]. Fig. 7 depicts the melting of paraffin-copper 
foam from below in an enclosure of size 100 mm and a porosity of 
97.5%. The melting interfaces computed in current research are in fair 
agreement with observations of [50]. However, there are some differ
ences in the details of interface shapes between the experiment and 
simulations. These details could be due to small heat losses from the side 
walls of the enclosure and small heat flux fluctuation of the heater 
during the experiment. 

4. Results and discussion 

In this work, LHTES was studied with layers of metal foam arranged 
in several configurations distributed into 3 groups, each containing four 
different configurations. Thus, the total number of studied configura
tions is 12. Each configuration contains two types of metal foam with 
different porosity, the first porosity equal to 0.9 and the second porosity 
equal to 0.975. Metal foam (porous medium) is a cellular structure 
composed of interconnected ligaments to form a metal matrix. The lower 
the porosity of the metal foam, the greater the diameters of the 

Fig. 13. Streamlines for group II.  
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ligaments. Thus, the surface area of heat transfer increases, the effective 
thermal conductivity increases, and the PCM volume decrease. 

The first group (cases from 1 to 4) is discussed in figures from Fig. 8 
to Fig. 10. In this group, the arrangement of metal foam layers is hori
zontal and vertical. Fig. 8 shows the melting volume fraction and the 
total energy stored. As can be seen, the melting process in cases 1 and 3 
are completed faster than in cases 2 and 4. The fastest melting is in case 
3, where the melting is completed by 837 s, while the slowest melting is 
in case 2, with a melting time of 1247 s. This means that the arrange
ments of this group can affect the completion of the melting time by 
about 7 min. 

In case 1, the melting process of the PCM proceeds faster, but the 
steep slope has been reduced with increasing time, and more time is 
required to complete the melting. The melting process of case 3 
continued with a slower slope than in case 1, where its slope remained 
constant until the end of the process and reached full melting earlier 
than in other cases. Here it is worth noting that the melting process of 
the PCM begins with the transfer of heat to it from the hot wall by 
conduction, and thus the layers of PCM adjacent to the hot wall melt 
first. The temperature of the PCM is greater at the top of the LHTES as a 
result of the effect of natural convection in the melted PCM, where the 
hot PCM with low density rises to the top. In contrast, the cold PCM with 
high density descends; thus, melting begins from the top of the LHTES 
and continues gradually to the bottom, and the lower right part that is 
distant from the hot wall is the last Melt part of the LHTES. 

In case 1, the first porous medium (with the least porosity) is adja
cent to the left vertical hot wall, while the second porous medium (with 
the higher porosity) is to the left. As depicted in Fig. 8, the melting 
fraction continued steeply. These results are the consequences of the 
improved heat transfer caused by the first porous medium with high 
effective thermal conductivity. Then, the molten PCM enters the second 
porous medium with a low effective thermal conductivity. Therefore, 
the slope gradually decreases, and reaching the bottom right of LHTES, 
requires a considerable time to melt completely. Instead, in case 3, the 
first porous medium covers the lower areas of LHTES. Since the melting 
is delayed at the bottom of LHTES, the first porous medium with a high 
effective thermal conductivity has solved this problem. According to the 
arrangement of a porous medium in cases 1 and 3, the progress of the 
melting front in the upper half of the LHTES (second porous medium) in 
case 3 continues more slowly than in case 1, due to the low porosity of 
this layer and lower effective thermal conductivity. This is while the 
melting front progresses in the lower half of the LHTES. Therefore, the 
melting time for case 1 to fully melt the bottom right of the chamber is 

much longer than in case 3. As a result, the MVF curve raises more 
smoothly for case 1, but case 3 continues with a constant slope until a 
full melt. 

The full melting time for cases 2 and 4 is almost the same, but during 
the process, case 4 performed better than case 2. The first porous me
dium in the right half of the LHTES has caused the melting fraction curve 
of case 2 to approach case 4 in the final moments. On the other hand, the 
melt front in case 4 continued with a relatively steep slope until mo
ments after leaving the first porous medium. However, melting the PCM 
located in the lower-right areas of the LHTES for Case 4 takes more time. 
As mentioned, cases 3 and 4 provide the shortest (837 s) and longest 
(1246 s) thermal charging times in group I. In comparison to the sce
nario where the light foam layer is placed at the bottom, positioning the 
light foam layer at the top (ε2) decreases charging time by roughly 32%. 

The total stored energy for cases from 1 to 4 of the first group is 
depicted in Fig. 8(b). It is clear that the obtained patterns completely 
follow the melting fraction patterns of cases from 1 to 4. The amount of 
stored energy is a function of the melting process of the PCM. The 
quicker the melting process, the shorter the energy storage time. Instead, 
if the melting front continues to slow down, more time is required to 
store energy. Hence, the stored energy pattern for cases 1 to 4 during the 
melting process follows the pattern for the melting fraction of the PCM. 
It is worth noting that changing the arrangement of the first and second 
porous medium did not impact the maximum stored energy and, in all 
four cases, stored more than 4000 kJ. 

Fig. 9 shows the constant temperature lines for cases from 1 to 4 at 
time-snaps of the 60 s, 360 s, and 900 s. For cases 2 and 3, there are 
seven isotherm labels which the lowest temperature next to the wall and 
the highest temperature in the domain. The labels were not added over 
each line to avoid congestion. According to the results, the amplitude of 
the constant temperature lines at any time corresponding to the first 
porous medium is greater than the second porous medium. For example, 
the isotherms are wider in the left half of case 1 and the right half of case 
2. A similar trend could also be in cases 3 and 4. The lower part of the 
LHTES in case 3 and the upper half of the chamber in case 4 had the 
largest width. Instead, the constant temperature lines for all four cases 
are compressed in the second porous medium. As mentioned, the second 
porous medium has less effective thermal conductivity than the first 
porous medium, so the possibility of developing constant temperature 
lines in the second porous medium is less than that in the first porous 
medium. 

The flow lines and melting front for all four cases in the first group 
are shown in Fig. 10 at time snaps of the 60 s, 360 s, and 900 s. As can be 

Fig. 14. The characteristics curves for group III: (a) Melting volume fraction, (b) Total stored energy.  
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seen, in the beginning, the most natural pattern of the progress of the 
melting front and flow lines is related to cases 1 and 2. 

Also, at the same time, depending on the placement of the first 
porous medium in the lower and upper parts of the LHTES for cases 3 

and 4, respectively, the flow lines and the melting front in those halves 
are more advanced. At the time (360 s), regardless of the location of the 
first and second porous medium, the most progress of the melting front 
and the development of flow lines can be seen in the upper areas of the 

Fig. 15. Temperature contours for group III.  
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LHTES. In the last time (900 s), only case 3 reached full melting. After 
that, case 1 is on the verge of completing the melting. Then comes cases 
4 and 2, respectively. The results obtained in the category of Figs. 9 and 
10 entirely agree with the results of Fig. 8. 

To evaluate the second group, the melting fraction and the amount of 
stored energy in cases from 5 to 8 have been evaluated, as shown in 
Fig. 11. The fastest and slowest melts are in cases 5 and 6, which lasted 
(850 and 1226 s), respectively, while cases 7 and 8 are located between 
cases 5 and 6. As can be seen, the characteristic patterns of case 7 are 
very close to that of case 5, with up to 65% melting. After that, the slope 
decreases in case 7 and takes a longer time to complete the melting than 
in case 5 due to the existence of the second porous media in the lower 
right part. The first porous medium is adjacent to the hot wall in both 
cases. In case 5, the first porous layer covers the lower part of the LHTES, 
while in case 7, the first porous medium covers the upper part of the 
LHTES. As mentioned, a heavy porous media in the lower portions of the 
LHTES improves effective thermal conductivity. It causes the melting 
front to advance as much as possible. 

As for cases 5 and 8, the first porous medium covers the lower part of 
the LHTES. However, the presence of the first porous medium in contact 
with only the lower part of the hot wall in case 8 makes the melting 
delayed compared to case 5. As mentioned above, the slowest melting 
case is case 6. In this case, which is diagonally symmetrical to case 5, the 

first porous medium is not adjacent to the bottom of the hot wall. 
Therefore, the thermal conductivity in the lower parts in case 6 is lower 
than in other cases. 

On the other hand, the presence of the first porous media in the upper 
parts of this case makes the melting front advance quickly, but it does 
not impact the full melting time. Therefore, completing the melting 
process of the PCM, in this case, required more time than in other cases 
(cases 5, 7, and 8). The shortest (850 s) and longest (1226 s) melting 
times belong to cases 5 and 6, respectively. So, changing the foam layer 
configurations could reduce the thermal charging time by 30%. 

As depicted in Fig. 11(b), the results trend of the stored energy fol
lows the melting fraction of the PCM. Also, the last value recorded at the 
completion of the melting process for the four cases is approximately 
equal to 4000 kJ. The full melting for case 5 is achieved faster than in the 
other three cases. In this case, the amount of stored energy is achieved in 
a shorter time than in cases 6, 7, and 8. 

Isotherms for the four cases from 5 to 8 of the second group are 
shown in Fig. 12 at three times-snaps of the 60 s, 360 s, and 900 s. As can 
be seen, the extension of the isotherms for case 5 in all three corre
sponding times is more than in the other three cases. The development of 
isotherms in case 7 is also better than in cases 6 and 8 in the first and 
second time-snaps, while in the last time, the melting front for case 8 is 
more significant than in case 7, in accordance with the results obtained 

Fig. 16. Streamlines for group III.  
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in Fig. 11(a). Also, the amplitude of the isotherms at the early time in 
case 6 is similar to that of case 8, but with increasing time, the difference 
in the porous arrangements in cases 6 and 8 caused case 6 to take more 
time to melt compared to case 8. 

The melting front and flow lines in the melt area are shown for cases 
from 5 to 8 in Fig. 13. The flow lines are pretty distant in the first porous 
medium relative to the second porous medium. Also, the compaction of 
these lines and the lack of proper progress of the melting front in the 
second porous medium is evident compared to the first porous medium. 
The observed behavior results from the lower thermal conductivity of 
the second porous medium compared to the first one. 

Fig. 14 depicts the MVF and total stored energy for the third group. 
As can be observed, the is good concordance between profiles of MVF 
and stored energy since the dominant form of energy storage is latent 
heat storage. Cases 9 and 12 show almost similar patterns, while cases 
10 and 11 are also similar. The main reason for the similarity between 
these cases is placing the heavy foam layer next to the active wall. For 
cases 9 and 12 foam layer with ε1 is located adjacent to the heated wall, 
while for the other two cases, the foam with porosity ε2 is close to the 
heated wall. Initially, there is no molten PCM, and thus the conduction 
heat transfer is the dominant heat transfer mechanisms. The heavy foam 
layer boosts the conduction heat transfer in these cases. The best 
configuration among the studied cases is Case 12, with an 887 s melting 
time, which provides about a 32% reduction in melting time compared 
to case 11, with a 1226 s melting time. 

Figs. 15 and 16 show the isotherms and streamlines for Cases 9–12 
for three timesteps of the 60 s, 360 s, and 900 s. A foam layer with low 
porosity (Cases 9 and 12) accelerates the melting process at the initial 
times. In later times when the melting front reaches the foam with 
higher porosity (ε2 = 0.975), the molten liquid can more freely flow in 
the second region. However, placing the foam with high porosity at the 
top is even more advantageous since it effectively contributes to the 
natural convection flows at the top and right region of the LHTES. 

Regarding cases 10 and 11, the melting starts with a fair slope but is 
much smaller than in the previous cases (9 and 12). The reason is the 
high porosity of the foam layer next to the heated wall. Since the 
porosity is high, there is a larger amount of PCM in this region, while the 
MFPCM thermal conductivity is also low. As a result, the melting front 
progress slowly in this configuration. Later, when the melting front 
reaches the first foam layer (ε1), it resists natural convection due to low 

permeability. However, it contributes to heat transfer by a better con
duction heat transfer (higher composite thermal conductivity) and also a 
smaller amount of PCM in the pores (lower latent heat to be absorbed). 
Therefore, the slope of MVF and stored energy remains almost the same. 
Moreover, since the natural convection is weak in the first porous layer 
(ε1), there is not much difference between its configuration in cases 10 
and 11. 

Fig. 17 compares MVF and stored energy for the best cases of each 
configuration. The best case among the investigated cases was selected 
in terms of a faster melting process (quick thermal charging). Interest
ingly, cases 5 and 12 show similar melting and thermal energy storage 
behavior, but case 3 shows different behavior. Cases 5 and 12 benefit 
from a full layer of low porosity foam (ε1 = 0.90) next to the heated wall, 
followed by a well-circulated natural convection heat transfer in a high 
porosity layer (ε2 = 0.975). However, case 3 benefits from a partial layer 
of low porosity metal foam at the bottom and simultaneously a layer of 
high porosity foam at the top, contributing to both the conduction heat 
transfer and free convection. Thus, case 3 starts with fair thermal con
duction due to the low porosity foam layer and proper natural circula
tion. As a result, a constant slope for MVF could be seen during the 
melting process until it reaches its full melting at 837 s. 

Fig. 18 scrutinizes the effect of porosity on the MVF for three 
promising cases: 3, 5, and 12, each exhibiting minimal melting times. 
The presumption was made that the mean porosity within the enclosure 
mirrors the average porosity of the original cases. Given that the area of 
MF layers 1 and 2 is identical, the mean porosity is computed as (ε1 +

ε2)/2. Taking into account the porosity of MF layer 1 (ε1 = 0.9) and layer 
2 (ε2 = 0.975), the derived average porosity stands at ε = 0.9375. 
Consequently, a reference case maintaining a constant average porosity 
of ε = 0.9375 across both layers was established. In addition, another 
case was incorporated, characterized by ε1 = 0.925 and ε2 = 0.95, 
resulting in the same average porosity of ε = 0.9375. 

As Fig. 18 demonstrates, the use of two metal foam layers with un
equal porosity yields a shorter total melting time compared to the 
reference case. Notably, as seen in Fig. 18(a), the MVF for Case 3 with ε1 
= 0.90 and ε2 = 0.975 initially lags behind the other two cases during 
the early to middle stages of the melting process. However, it eventually 
leads, displaying the shortest melting time due to the reduced porosity of 
layer 2 (ε2 = 0.975), which enables an effective natural convection flow 
in the top layer. The reference case results in a melting time of 889 s. In 

Fig. 17. The characteristics curves for best cases of groups I-III.  
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contrast, Case 3 with ε1 = 0.90 and ε2 = 0.975 records a melting time of 
837 s, while Case 3 with ε1 = 0.925 and ε2 = 0.95 has a melting time of 
854 s. Thus, Case 3 with ε1 = 0.90 and ε2 = 0.975 achieves approxi
mately a 6% reduction in melting time compared to the reference. 
Similarly, Case 3 with ε1 = 0.925 and ε2 = 0.95 results in roughly 4% less 
melting time. Evidently, increasing the difference in porosity between 
layers contributes to a superior total melting time for promising design 
cases. 

Fig. 18(b) indicates that Case 5 with ε1 = 0.90 and ε2 = 0.975 yields a 
more optimal melting profile compared to both the reference case and 
Case 5 with ε1 = 0.925 and ε2 = 0.95. The full melting time for Case 5 
with ε1 = 0.90 and ε2 = 0.975 is approximately 5% superior to the 
reference case. Fig. 18(c) highlights Case 12, which exhibits the same 

trend of results as Case 5. The advantage of using porous layers with 
varying porosities becomes more apparent as the disparity in porosity 
between layers widens. This is primarily because a layer with higher 
porosity tends to enhance areas where convection dominates, while a 
layer with lower porosity can be beneficial in areas where heat transfer 
is primarily governed by conduction. This interplay between porosity 
and heat transfer mechanisms optimizes the melting process, thereby 
influencing the melting process. 

5. Conclusions 

The charging time of an LHTES unit with various configurations of 
metal foams was investigated. Two foam layers with porosities for ε1 =

Fig. 18. The impact of porosity on the melting heat transfer for three promising design cases of 3, 5 and 12. The reference case shows the melting profile for an 
enclosure filled with a uniform MF of porosity 0.9375. 
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0.9 and ε2 = 0.975 were considered heavy and light foam, respectively. 
A heavy foam could notably increase the effective thermal conductivity 
of the composite PCM and boost the conduction heat transfer mecha
nism. Yet, it significantly suspends the natural convection flows due to 
low permeability. The high porosity light foam could improve the 
effective thermal conductivity and allow some degrees of natural con
vection. Thus, a combination of these layers could boost each heat 
transfer mechanism where ever needed. The temperature contours and 
streamlines were studied to understand the physics of heat transfer 
enhancement better. The examined foam layer configurations were 
studied in three groups. In each group, four configurations were studied. 
Each foam layer’s area (mass) was constant for all cases. 

The enclosure was split in half for group I, either horizontally or 
vertically. The melting fraction and energy storage showed that splitting 
the enclosure horizontally and placing the foam layer with low thermal 
conductivity on top could result in the shortest thermal charging (full 
melting time). The shortest melting time (case 3) was 837 s, while the 
longest melting time was 1246 s (case 4). Therefore, changing the foam 
layer configuration could improve the melting time by 32%. 

Regarding group II, the enclosure was divided into square and L- 
shape layers. Inserting a heavy layer adjacent to the heated and bottom 
walls, followed by the light layer at the top right corner, could boost the 
thermal conduction regime and allow good natural convection melting. 
Using this foam layer configuration could decrease the melting time by 
about 30% in comparison to an opposite configuration (case 6). 

In group III, a diagonal division was considered for the foam layers. 
Placing the heavy foam (ε1) next to the heated wall and bottom, fol
lowed by the light layer (ε2) at the top and right (case 12), could result in 
the shortest melting time (887 s) for this configuration which was 391 s 
shorter than the opposite configuration (case 11). 

A general comparison between the shortest melting time of each 
group shows that inserting the heavy foam layer (ε1) adjacent to the 
heated and bottom walls, followed by the light foam layer next to the top 
and right walls, could provide the shortest melting time for each group. 
Moreover, among all investigated foam layer configurations, the melting 
time for case 3 (horizontal split with the light foam layer at the top) 
could provide the shortest melting time (837 s). In Case 3, the low 
porous layer was placed at the bottom, and the highly porous layer was 
placed at the top. At the same time, the low porous layer at the bottom 
provides an excellent, effective thermal conductivity that advances the 
melting process by conduction mechanism and the low porous layer at 
the top benefits from the free convection heat transfer circulations. 
Thus, overall melting process accelerates. Case 3, compared to a uniform 
metal foam with the same average porosity, provides a 6% shorter time. 

An increase in the difference between the porosities of the MF layers 
leads to a decrease in melting time. This variation in porosity enhances 
the thermal performance of the system by optimizing the balance be
tween convection and conduction heat transfer mechanisms, conse
quently speeding up the melting process. 

In the present study, the impact of the metal foam configurations on 
the charging time was investigated. However, the discharging of PCMs is 
another important aspect that could be the topic of future research. 

CRediT authorship contribution statement 

Mohammad Ghalambaz: Conceptualization, Methodology, Writing 
– original draft, Software, Validation, Formal analysis, Data curation, 
Supervision. Mehdi Fteiti: Visualization, Writing – original draft, 
Investigation, Formal analysis, Data curation, Writing – review & edit
ing. Obai Younis: Methodology, Formal analysis, Data curation, 
Writing – review & editing, Writing – original draft. Mikhail Sheremet: 
Investigation, Conceptualization, Methodology, Formal analysis, 
Writing – original draft, Writing – review & editing. Hiba A. Hasan: 
Conceptualization, Methodology, Investigation, Writing – original draft, 
Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgments 

The authors would like to thank the Deanship of Scientific Research 
at Umm Al-Qura University for supporting this work by Grant Code: 
(23UQU4310414DSR006). This research of Mohammad Ghalambaz and 
Mikhail Sheremet was supported by the Tomsk State University Devel
opment Programme (Priority-2030). 

References 

[1] Y. Filali Baba, H. Ajdad, A.A.L. Mers, Y. Grosu, A. Faik, Multilevel comparison 
between magnetite and quartzite as thermocline energy storage materials, Appl. 
Therm. Eng. 149 (2019) 1142–1153. 

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

[3] A. Mawire, C.S. Ekwomadu, T.M. Lefenya, A. Shobo, Performance comparison of 
two metallic eutectic solder based medium-temperature domestic thermal energy 
storage systems, Energy 194 (2020). 

[4] S.S. Mostafavi Tehrani, Y. Shoraka, K. Nithyanandam, R.A. Taylor, Shell-and-tube 
or packed bed thermal energy storage systems integrated with a concentrated solar 
power: A techno-economic comparison of sensible and latent heat systems, Appl. 
Energy 238 (2019) 887–910. 

[5] A. Saxena, P. Verma, G. Srivastava, N. Kishore, Design and thermal performance 
evaluation of an air heater with low cost thermal energy storage, Appl. Therm. Eng. 
167 (2020). 

[6] M. Dardir, K. Panchabikesan, F. Haghighat, M. El Mankibi, Y. Yuan, Opportunities 
and challenges of PCM-to-air heat exchangers (PAHXs) for building free cooling 
applications—A comprehensive review, J. Storage Mater. 22 (2019) 157–175. 

[7] A.R. Shaibani, M.M. Keshtkar, P. Talebizadeh Sardari, Thermo-economic analysis 
of a cold storage system in full and partial modes with two different scenarios: A 
case study, J. Storage Mater. 24 (2019). 

[8] L. Qiu, Y. Ouyang, Y. Feng, X. Zhang, Review on micro/nano phase change 
materials for solar thermal applications, Renew. Energy 140 (2019) 513–538. 

[9] X.-Y. Li, L. Yang, X.-L. Wang, X.-Y. Miao, Y. Yao, Q.-Q. Qiang, Investigation on the 
charging process of a multi-PCM latent heat thermal energy storage unit for use in 
conventional air-conditioning systems, Energy 150 (2018) 591–600. 

[10] A. Farzanehnia, M. Khatibi, M. Sardarabadi, M. Passandideh-Fard, Experimental 
investigation of multiwall carbon nanotube/paraffin based heat sink for electronic 
device thermal management, Energ. Conver. Manage. 179 (2019) 314–325. 

[11] D. Luo, L. Xiang, X. Sun, L. Xie, D. Zhou, S. Qin, Phase-change smart lines based on 
paraffin-expanded graphite/polypropylene hollow fiber membrane composite 
phase change materials for heat storage, Energy 197 (2020). 

[12] R.K. Sharma, P. Ganesan, V.V. Tyagi, H.S.C. Metselaar, S.C. Sandaran, 
Developments in organic solid–liquid phase change materials and their 
applications in thermal energy storage, Energ. Conver. Manage. 95 (2015) 
193–228. 

[13] L.F. Cabeza, A. Gutierrez, C. Barreneche, S. Ushak, Á.G. Fernández, A. Inés 
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