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Abstract: The melting duration in the photovoltaic/phase-change material (PV/PCM) system is a
crucial parameter for thermal energy management such that its improvement can realize better energy
management in respect to thermal storage capabilities, thermal conditions, and the lifespan of PV
modules. An innovative and efficient technique for improving the melting duration is the inclusion
of an exterior metal foam layer in the PV/PCM system. For detailed investigations of utilizing
different metal foam configurations in terms of their convective heat transfer coefficients, the present
paper proposes a newly developed mathematical model for the PV/PCM–metal foam assembly that
can readily be implemented with a wide range of operating conditions. Both computational fluid
dynamic (CFD) and experimental validations proved the good accuracy of the proposed model for
further applications. The present research found that the average PV cell temperature can be reduced
by about 12 ◦C with a corresponding improvement in PCM melting duration of 127%. The addition
of the metal foam is more effective at low solar radiation, ambient temperatures far below the PCM
solidus temperature, and high wind speeds in nonlinear extension. With increasing of tilt angle, the
PCM melting duration is linearly decreased by an average value of (13.4–25.0)% when the metal
foam convective heat transfer coefficient is changed in the range of (0.5–20) W/m2.K. The present
research also shows that the PCM thickness has a positive linear effect on the PCM melting duration,
however, modifying the metal foam configuration from 0.5 to 20 W/m2.K has an effect on the PCM
melting duration in such a way that the average PCM melting duration is doubled. This confirms the
effectiveness of the inclusion of metal foam in the PV/PCM system.

Keywords: photovoltaic module; phase change material; thermal energy storage; thermal management;
metal foam

Nanomaterials 2022, 12, 423. https://doi.org/10.3390/nano12030423 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano12030423
https://doi.org/10.3390/nano12030423
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-6060-5015
https://orcid.org/0000-0003-2968-2466
https://orcid.org/0000-0002-6142-9180
https://orcid.org/0000-0001-5947-8701
https://doi.org/10.3390/nano12030423
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12030423?type=check_update&version=2


Nanomaterials 2022, 12, 423 2 of 17

1. Introduction

The integration of phase-change materials (PCMs) for passive thermal management
of photovoltaic modules (PVs) is identified as a cost-effective and long-term approach for
addressing the decline in the PV conversion efficiency at high operating temperatures. In
this type of thermal management, a metallic container holding a PCM is attached to the
PV panel underneath so that the surplus heat is collected from the PV, allowing the PV
temperature to be dropped and the collected heat to be stored as latent heat of fusion in
the PCM during the melting mode. The collected heat can either be dispersed into the
environment or, better yet, saved for later use in heating applications such as supplying hot
water for buildings. This approach is considered to be very efficient since it is capable of
absorbing, storing, and releasing heat on demand, and it is also economically practical as
no additional power is required to derive the thermal management process. The combined
system is referred to as a PV/PCM collector, in which the PCM absorbs/releases latent
heat generated during the liquification/solidification mode within a small or even no
temperature swing.

Over the past two decades, PCMs have attracted broad attention as an effective option
for passive temperature regulation of photovoltaic modules. Huang et al. [1] performed a
numerical analysis on the PV-PCM system’s performance variables (velocity, temperature,
and vorticity), and discovered that the use of PCM leads to significant improvements in
the photovoltaic conversion efficiency. Another study verified these findings by the same
group [2]. Maiti et al. [3] showed that by employing paraffin wax as PCM with a melting
range of 56–58 ◦C, the average PV temperature could be reduced from 90 to 68 ◦C and be
maintained for about 3 h at 0.06-m thick bed of the PCM layer. Biwole et al. [4] observed
that by utilizing paraffin RT25 with 0.05-m thick PCM layer, the PV operating temperature
could be maintained below 40 ◦C for 80 min at a solar thermal flux of 1000 W/m2. Atkin
and Farid [5] reported a 12.97% higher efficiency of the PV panel with the inclusion of
PCM infused graphite and finned heat sink at incident solar radiation limited to 960 W/m2.
Khanna et al. [6] found that the PV tilt angle, wind velocity, ambient temperature, and
PCM melting temperature all had a significant impact on the PV temperature, the heat
removal rate of PCM, and the PV efficiency of the PV/PCM system. To achieve quicker
heat dissipation and longer thermal energy management of PVs, Mahdi et al. [7] proposed
integrating the PV/PCM system with an exterior metal foam layer. Results revealed
that the addition of a 5-mm thick metal foam layer could improve the PCM melting and
the accompanying PV thermal-management rates by up to 32% and 55%, depending on
the PCM thickness and PV tilt angle, respectively. In another research, Mahdi et al. [8]
discovered that by assembling a collection of multiple PCMs in such a manner that their
thermo-physical properties progressively increase along the heat-flow direction, a higher
storage density of the PV/PCM system could be achieved. This contributes to higher heat
extraction from the PV, slower melting rates of the PCM, with longer thermal management
of the PV/PCM module as a consequence.

Previous research shows that using metal foams could notably enhance the perfor-
mance of PCM thermal management. The key property that characterizes the thermal
performance of any foam configuration is the foam’s heat transfer coefficient. This is
due to the existence of pores, which promote the weaving of the fluid traveling through
them, resulting in increased terrestrial convective heat dissipation into the surround-
ing [9,10]. Applying metal foam [11–14], nano-additives [15–18], functional nano-phase
change coolants [19,20], and magnetic fields [21] are some of enhancement techniques.
Another enhancement technique is using metal nanofoam. This type of metal foam has
lower density and higher surface area that can also effectively be used for thermal energy
management. In fact, the heat extraction capability of the metal foam/nanofoam, which is
characterized by its convective heat transfer coefficient, is related to the structure, geometry,
dimensions, and specific properties of the corresponding metal foam/nanofoam. These
relationships have been investigated experimentally in [9] for copper metal foams. In
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addition, it was found that such metal foams have convective heat transfer coefficients
ranging up to 20.78 W/m2.K.

The literature also contains reports on the functionality of PCMs for managing the
thermal and electric performance in a variety of PV configurations, including photo-
voltaic/thermal (PV/T) [22–25], building-integrated PV (BIPV) [26–29], and photovoltaic-
thermal electric (PV/TE) [30–32]. Ma et al. [33] reviewed and explored various aspects
of PV/T technology reported in the literature, including system design, performance as-
sessment, material selection, and heat transfer enhancement. The study revealed that the
dual function of PCM for PV thermal control and solar thermal storage has significant
application potential for building heating services. Li et al. [34] developed a design for
PV/PCM and PV/PCM-T systems in order to compare their performance to that of a single
PV panel. It was found that the PV temperature could be reduced by 23 ◦C, and total
output energy could be increased by 5.2% and 74.3% in the PV/PCM and PV/PCM-T
systems, respectively, when compared to the single PV panel. Malvi et al. [31] explored
the impact of integrating a PCM with a PV/T unit and found that the addition of PCM
increased the PV output power by 9%, and the heat gain from the unit was adequate for
use as a water preheater. Park et al. [29] stated that the inclusion of PCM improved the
power production of the BIPV-PCM system by 1 to 1.5% in South Korea, depending on the
melting temperature and PCM thickness. In the experimental study of Japs et al. [27], which
covered the summer season in Germany, conflicting findings were noticed. It was reported
that utilizing the PCM has a detrimental impact on the efficiency of power production in
BIPVs and their economic benefits. Cui et al. [30] investigated the possibility of combining
the PCM with the PV/TE unit, and concluded that this notion cannot be justified for use
with current technology since the PV unit creates 98% of the electric power, while the
thermal electric component accounts for just 2% of total electric power production.

As indicated above, in addition to serving as a PV temperature regulator, the PV/PCM
system may also function as a thermal battery, storing the heat generated by the PV during
the melting phase and releasing it later on demand. Therefore, the melting duration of
the PCM is a crucial parameter for thermal energy management of the PV/PCM system.
The improvement, i.e., lengthening of the PCM melting duration, can attain better energy
management in respect to thermal storage capabilities, thermal conditions, and the lifespan
of PV modules. The main objective of the present paper is to improve the melting duration
of PV/PCM–metal foam systems for better thermal energy management using a newly
developed thermoelectrical mathematical model of good accuracy. As compared to the
widely used CFD solution, the present proposed model has the unique feature of using
simple numerical-solving functions of MATLAB without the need for mesh patterns, which
can greatly save computational resources. As such, the present model can readily be
implemented for a wide range of operating conditions. For the purpose of this research,
detailed investigations will be carried out into the effects of utilizing different metal foam
configurations on (1) the time profiles of main system parameters: PV cell temperature,
average PCM temperature with its melting duration, and heat transfer coefficients of the
PCM component at given operating conditions, and (2) the parametric variation of PCM
melting duration under a wide range of incident solar radiation, ambient temperature,
wind speed, tilt angle, and PCM thickness.

2. Mathematical Modeling of the PV/PCM–Metal Foam System

A PV/PCM-metal foam system consists of a PV module attached to PCM filled
aluminum chamber with an exterior metal foam layer, as shown in Figure 1, where the PV
module is divided into three layers: frontside, PV cell, and backside. The mathematical
model of the system proposed in this research is based on the PV/T thermal network of
Ref. [35], which is of excellent accuracy and without the need for mesh patterns in the
numerical formulation. To incorporate the PCM and the metal foam within the present
proposed model, two major modifications are needed on the base network of [35]. First,
the convective heat transfer coefficients of the working fluid are to be replaced by the
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overall (conductive and convective) heat transfer coefficients of the PCM which are split
into upper and lower layers according to the average PCM temperature. Second, the overall
back loss coefficient is to include the convective heat transfer coefficient of the metal foam
with the ambient. Accordingly, a new thermal network is developed to be applied for the
PV/PCM–metal foam system, as displayed in Figure 2. As the Al chamber has a very high
conductive heat transfer coefficient (>40 kW/m2.K), it is neglected in the thermal network
of Figure 2. The same is for the PV cell, where its conductive heat transfer coefficient is
greater than 500 kW/m2.K [35,36].
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Applying the energy balance on each element of the thermal network of Figure 2, the
average temperature of PV frontside (Tf ), PV cell (Tc), PCM upper layer (T1), PCM lower
layer (T2), and whole PCM component (Tav) are respectively found as:

Tf =
hpv1Tc + U f rontTa

hpv1 + U f ront
(1)

Tc =
qth + hpv1Tf + hpv2T1

hpv1 + hpv2
(2)

T1 =
hpv2Tc + hrT2 + U1Tav

hpv2 + hr + U1
(3)

T2 =
U2Tav + hrT1 + h f oamTa

U2 + hr + h f oam
(4)

Tav =



(U1T1+U2T2)t+k1
(U1+U2)t+L(ρCp)s

, f or Tav ≤ Ts

(U1T1+U2T2)t+k2
(U1+U2)t+L(ρCp)m

, f or Ts < Tav < Tl

(U1T1+U2T2)t+k3
(U1+U2)t+L(ρCp)l

, f or Tav ≥ Tl

(5)

The symbols U and h in the above equations stand for the different heat transfer
coefficients in the thermal network of Figure 2, qth the thermal absorbed flux by the PV cells,
and k1, k2, and k3 constants are all to be specified subsequently in this section. The symbols
Ts, Tl , L, ρ, and Cp are the solidus temperature, liquidus temperature, thickness, density,
and specific heat capacity of the PCM, respectively. The subscripts s, m, and l stand for the
solidus, melting, and liquidus phases of the PCM, respectively. The ambient temperature is
denoted by Ta and the time of simulation by t in the above equations.

The hpv1 and hpv2 in the above equations are the conductive heat transfer coefficients of
the frontside and backside of the PV module, respectively. The overall front loss coefficient
(U f ront) of Equation (1) due to convection and radiation is given by:

U f ront = hv, f ront + hr, f ront (6)

where the convective heat transfer coefficient of the front surface (hv, f ront) due to wind
speed Vd is [37]:

hv, f ront = 2.8 + 3Vd (7)

The radiative heat transfer coefficient with the sky (hr, f ront) is given by

hr, f ront = σε f

(
T4

f − T4
sky

)
(

Tf − Ta

) Fsky (8)

where ε f is the emittance of the front surface and σ the Stefan–Boltzmann’s constant. The
sky temperature (Tsky) in relation to ambient temperature Ta can be found using [36]:

Tsky = 0.037536T1.5
a + 0.32Ta (9)

The view factor of the front surface with the sky in relation to the tilt angle θ of the
system is calculated as:

Fsky =
1 + cos(θ)

2
(10)

where θ is the tilt angle at which the PV/PCM system is inclined relative to the horizontal.
On the other hand, the overall back loss coefficient with the ground is included in the

present research within the convective heat transfer coefficient of the metal foam (h f oam) as
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it is only about 0.5 W/m2.K [35]. The thermal absorbed flux qth(W/m2) in Equation (2) is
found from:

qth =
(

τf αpv − ηpv

)
G (11)

where τf is the transmittance of the front surface, αpv the absorptance of PV cell, G the
incident solar radiation (W/m2), and ηpv the electrical conversion efficiency of the PV
module. The latter is evaluated based on the maximum electrical power generated at each
time, t. For that purpose, the exact solution of the five-parameter PV model is adopted in
the present study [35,37].

The radiative heat transfer coefficient (hr) through the PCM in Equations (3) and (4) is
calculated by

hr = σ
(T1 + T2)

(
T2

1 + T2
2
)

1/ε1 + 1/ε2 − 1
(12)

where ε1 and ε2 are the emittances of the upper and lower sides of the aluminum chamber,
respectively. It is worth noting that Equation (5) for the average PCM temperature Tav is
derived using the PCM absorbed energy E (J/m2) in terms of the temperature variation
∆T, then [38]:

E = LρCp∆T (13)

The constants k1, k2 and k3 in Equation (5) are given by:

k1 = TaL
(
ρCp

)
s (14)

k2 = TsL
(
ρCp

)
m − Esensible (15)

k3 = Tl L
(
ρCp

)
l − (Esensible + Elatent) (16)

where the total sensible energy absorbed (J/m2) during the solid phase is given by:

Esensible = (Ts − Ta)L
(
ρCp

)
s (17)

and the total latent energy absorbed (J/m2) during the melting phase is given by:

Elatent = (Tl − Ts)L
(
ρCp

)
m (18)

The thermophysical parameters of the PCM in charge are provided in Table 1.

Table 1. Thermo-physical parameters of the considered PCM (RT-35) [39].

Parameter Value Unit

Density (ρ) 770 (kg/m3)

Specific heat (Cp) 2000 (J/kg K)

Thermal conductivity (Kc) 0.2 (W/m K)

Kinematic viscosity (υ) 5 × 10−6 (m2/s)

Latent enthalpy of melting (∆hm) 160,000 (J/kg)

Melting temperature range (∆Tm) 305–309 (K)

Here, improved mathematical functions are developed from that of Tao et al. [36] for
the overall heat transfer coefficients of the upper and lower PCM layers (U1 and U2) of the
thermal network of Figure 2 for the three phases as:

U1 =
Kc1 +

Kv1
1+eξ(Tav−Tm)

L1
(19)
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U2 =
Kc2 +

Kv2
1+eξ(Tav−Tm)

L2
(20)

where Kc1 and Kc2 are the thermal conductivity, and Kv1 and Kv2 are the convection con-
stants of the upper and lower PCM layers respectively. The parameter ξ is the shaping
factor of PCM convection. The average PCM melting temperature (Tm), the thickness of the
upper PCM layer (L1), and thickness of the lower PCM layer (L2) in Equations (19) and (20)
are respectively given by:

Tm =
Ts + Tl

2
(21)

L1 = βL (22)

and
L2 = (1 − β)L (23)

where β is the fraction of the upper PCM layer thickness. It should be noted that the
parameters Kv1, Kv2, and ξ in Equations (19) and (20) and β in Equations (22) and (23) are
to be adjusted by a CFD simulation of the system, as will be explained. It can be observed
that the PCM, as represented in the thermal network of Figure 2, has three heat transfer
coefficients U1, U2, and hr as given by Equations (12), (19), and (20), respectively.

The last component in the considered system is the metal foam layer at the rear side of
the PCM container. This integration enables faster heat dissipation from the PV/PCM unit
leading to better thermal energy management in respect to thermal storage capabilities,
thermal conditions, and the lifespan of the PV modules by improving the PCM melting
duration [7]. For the purpose of this research, to simplify the evaluation of using different
metal foams within the thermal network of Figure 2, a configuration is denoted for the
specific structure, geometry, dimensions, and other properties of the metal foam. In this
regard, the metal foam configuration can be characterized by its convective heat transfer
coefficient h f oam with the ambient air. The maximum value of h f oam in the present paper is
taken to be 20 W/m2.K according to the work of [9].

The developed thermoelectrical mathematical model in the present study is simulated
by a computer program using MATLAB [40]. The program predicts the time profiles of
the temperatures of the thermal network of Figure 2 and the corresponding heat transfer
coefficients. Also, the computer program calculates the PCM melting duration according to
the time profile of average PCM temperature.

3. Adjustment and Validation of the Proposed Model

To specify the four parameters Kv1, Kv2, ξ, and β of the proposed model, a CFD
model is designed and constructed in the present research using Ansys FLUENT [41].
The corresponding simulation is carried out for a system of 100 W PV module with PCM
RT35 [40] under the conditions of incident solar radiation 1000 W/m2, ambient temperature
25 ◦C, wind speed 0 m/s, tilt angle 90◦, and PCM thickness 30 mm. By comparison with
the predicted time profile of PV cell temperature of the presently proposed model with that
of the CFD model, the four parameters were adjusted for the best accuracy. The optimum
values of those parameters along with the other design parameters of the model, are given
in Table 2. According to the statistical validation between the two models of Figure 3, the
percentage error is 2.5%, and the correlation coefficient is 0.987. Furthermore, the proposed
model is validated against the experimental results of Biwole et al. [4], see Figure 4, which
displays a percentage error of 1.4% and a correlation coefficient of 0.999. Thus, both CFD
and experimental validations prove the good accuracy of the proposed model.
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Table 2. The main design parameters of the proposed model.

Parameter Value Parameter Value

hpv1 210.8 W/m2.K ε2 0.1

hpv2 240 W/m2.K Kv1 1.48 W/m K

εf 0.88 Kv2 2.47 W/m K

τf 0.96 ξ 0.51 K−1

αpv 0.95 β 0.6

ε1 0.1
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4. Results and Discussion

The PV/PCM-metal foam system of 100 W PV module with PCM RT35 is investigated
in this study for the effects of utilizing different metal foam configurations on (1) the time
profiles of main system parameters: PV cell temperature, average PCM temperature with its
melting duration, and heat transfer coefficients of the PCM component at given operating
conditions, and (2) the parametric variation of PCM melting duration under a wide range of
incident solar radiation, ambient temperature, wind speed, tilt angle, and PCM thickness.

It is worthwhile to mention that the PCM turns fully liquid when the ambient temper-
ature reaches a high enough value. Later, the PCM becomes no longer able to remove heat
from PV as a result of the phase transition. This reveals that there is a need for an effective
strategy for enhancing the evacuation of stored heat from melted PCM. Therefore, boosting
heat evacuation from the PCM through an exterior metal foam layer to achieve a higher
heat-transfer coefficient is critical for a longer melting duration of the PCM and efficient
thermal management of the PV. For the purpose of the present research, the metal foam
configurations are considered to be of convective heat transfer coefficients h f oam with five
case values as 0.5, 5.0, 10, 15, and 20 W/m2.K, including the back loss coefficient of the
system as mentioned above.

4.1. Time Profiles of Main System Parameters

The system is first studied under the operating conditions of incident solar radiation
700 W/m2, ambient temperature 25 ◦C, wind speed 0 m/s, tilt angle 0◦, and PCM thickness
30 mm for a total simulation time of 11 h as illustrated by Figures 5–7 and Table 3.
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From Figure 5, it can be seen that the temperature profile of the PV cell undergoes
has different regions according to the corresponding average PCM temperature when
the PCM phase is solid, melting, or liquid. Also, it can be observed that the PV cell
temperature would be lower and smoother using a metal foam configuration with a higher
convective heat transfer coefficient due to a better heat extraction action. The average PV
cell temperature over the whole range of data is 48.3 ◦C, 43.1 ◦C, 40.0 ◦C, 38.2 ◦C, and
36.8 ◦C for metal foam configurations of 0.5, 5.0, 10, 15, and 20 W/m2.K, respectively. Thus,
better thermal operating conditions are obtained and consequently a longer life of the
PV module.

A similar time profile is found for the average PCM temperature, see Figure 6, with a
lower temperature range of about 1.0–2.4 ◦C as compared to that of PV cell temperature. It
can be seen that metal foam configurations of higher convective heat transfer coefficients
exhibit reduced PCM temperatures. The corresponding PCM melting durations improve
exponentially, as presented in Table 3, which indicates better thermal storage capabilities.
The longer durations of PCM melting as shown in Table 3 are due to heat being extracted
from the PCM by the metal foam layer to the air as a convective heat loss. A larger amount
of extracted heat is associated with a higher convective heat transfer coefficient of the
attached metal foam layer. In fact, the heat transfer process within the PCM is governed by
the exponential Equations (19) and (20) as will be explained in the next figure.

Figure 7 shows the evolution of the three heat transfer coefficients (U1, U2, and hr)
of the PCM in the thermal network of Figure 2 over the simulation time. For the case of
0.5 W/m2.K metal foam, it can be noted that the overall heat transfer coefficient of PCM
lower layer (U2) is less than 400 W/m2.K due to its larger thickness, and that of the radiative
coefficient through the PCM (hr) is even smaller at only 0.5 W/m2.K over the whole range
of data. The same can be applied for the other cases of metal foam convective heat transfer
coefficients. While the overall heat transfer coefficient of the PCM upper layer (U1) shown
in Figure 7 is comparatively more effective and logarithmically increasing by the convection
heat transfer mechanism of Equation (19) with a saturation value of about 5000 W/m2.K
during the PCM liquid phase for the five cases of metal foam configurations. A slower
time profile is observed for the overall heat transfer coefficient of the PCM upper layer
(U1) when utilizing a metal foam configuration of a higher heat transfer coefficient, which
indicates a longer PCM melting duration and in turn, better thermal energy management.

4.2. Parametric Variation of PCM Melting Duration

In this subsection, the impact of wide-ranging variations in the incident solar radiation,
ambient temperature, wind speed, tilt angle, and PCM thickness on the PCM melting dura-
tion of the system at the operating conditions of Section 4.1 is demonstrated in Figures 8–12
respectively.

Figure 8 shows that the PCM melting duration exponentially increases with the
incident solar radiation decreasing due to lower heat input to the system. Hence, adding
a metal foam layer is more effective for improving the melting duration at lower solar
radiation with larger enhancement using a metal foam configuration of a higher convective
heat transfer coefficient where a considerable heat extraction is available as compared to
the heat input from the solar radiation.



Nanomaterials 2022, 12, 423 12 of 17

Nanomaterials 2022, 12, x FOR PEER REVIEW 11 of 16 
 

 

coefficient through the PCM (ℎ௥) is even smaller at only 0.5 W/m2·K over the whole range 
of data. The same can be applied for the other cases of metal foam convective heat transfer 
coefficients. While the overall heat transfer coefficient of the PCM upper layer (𝑈ଵ) shown 
in Figure 7 is comparatively more effective and logarithmically increasing by the convec-
tion heat transfer mechanism of Equation (19) with a saturation value of about 5000 
W/m2·K during the PCM liquid phase for the five cases of metal foam configurations. A 
slower time profile is observed for the overall heat transfer coefficient of the PCM upper 
layer (𝑈ଵ) when utilizing a metal foam configuration of a higher heat transfer coefficient, 
which indicates a longer PCM melting duration and in turn, better thermal energy man-
agement. 

4.2. Parametric Variation of PCM Melting Duration 
In this subsection, the impact of wide-ranging variations in the incident solar radia-

tion, ambient temperature, wind speed, tilt angle, and PCM thickness on the PCM melting 
duration of the system at the operating conditions of Section 4.1 is demonstrated in Fig-
ures 8–12 respectively. 

 
Figure 8. Impact of incident solar radiation on PCM melting duration for different metal foam con-
vective heat transfer coefficients. 

 
Figure 9. Impact of ambient temperature on PCM melting duration for different metal foam convec-
tive heat transfer coefficients. 

Figure 8. Impact of incident solar radiation on PCM melting duration for different metal foam
convective heat transfer coefficients.

Nanomaterials 2022, 12, x FOR PEER REVIEW 11 of 16 
 

 

coefficient through the PCM (ℎ௥) is even smaller at only 0.5 W/m2·K over the whole range 
of data. The same can be applied for the other cases of metal foam convective heat transfer 
coefficients. While the overall heat transfer coefficient of the PCM upper layer (𝑈ଵ) shown 
in Figure 7 is comparatively more effective and logarithmically increasing by the convec-
tion heat transfer mechanism of Equation (19) with a saturation value of about 5000 
W/m2·K during the PCM liquid phase for the five cases of metal foam configurations. A 
slower time profile is observed for the overall heat transfer coefficient of the PCM upper 
layer (𝑈ଵ) when utilizing a metal foam configuration of a higher heat transfer coefficient, 
which indicates a longer PCM melting duration and in turn, better thermal energy man-
agement. 

4.2. Parametric Variation of PCM Melting Duration 
In this subsection, the impact of wide-ranging variations in the incident solar radia-

tion, ambient temperature, wind speed, tilt angle, and PCM thickness on the PCM melting 
duration of the system at the operating conditions of Section 4.1 is demonstrated in Fig-
ures 8–12 respectively. 

 
Figure 8. Impact of incident solar radiation on PCM melting duration for different metal foam con-
vective heat transfer coefficients. 

 
Figure 9. Impact of ambient temperature on PCM melting duration for different metal foam convec-
tive heat transfer coefficients. 

Figure 9. Impact of ambient temperature on PCM melting duration for different metal foam convec-
tive heat transfer coefficients.



Nanomaterials 2022, 12, 423 13 of 17

Nanomaterials 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 10. Impact of wind speed on PCM melting duration for different metal foam convective heat 
transfer coefficients. 

 
Figure 11. Impact of tilt angle on PCM melting duration for different metal foam convective heat 
transfer coefficients. 

 
Figure 12. Impact of PCM thickness on PCM melting duration for different metal foam convective 
heat transfer coefficients. 

Figure 10. Impact of wind speed on PCM melting duration for different metal foam convective heat
transfer coefficients.

Nanomaterials 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 10. Impact of wind speed on PCM melting duration for different metal foam convective heat 
transfer coefficients. 

 
Figure 11. Impact of tilt angle on PCM melting duration for different metal foam convective heat 
transfer coefficients. 

 
Figure 12. Impact of PCM thickness on PCM melting duration for different metal foam convective 
heat transfer coefficients. 

Figure 11. Impact of tilt angle on PCM melting duration for different metal foam convective heat
transfer coefficients.



Nanomaterials 2022, 12, 423 14 of 17

Nanomaterials 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 10. Impact of wind speed on PCM melting duration for different metal foam convective heat 
transfer coefficients. 

 
Figure 11. Impact of tilt angle on PCM melting duration for different metal foam convective heat 
transfer coefficients. 

 
Figure 12. Impact of PCM thickness on PCM melting duration for different metal foam convective 
heat transfer coefficients. 

Figure 12. Impact of PCM thickness on PCM melting duration for different metal foam convective
heat transfer coefficients.

Regarding the impact of ambient temperature, a longer PCM melting duration can be
attained at an ambient temperature lower than the PCM solidus temperature, as shown by
Figure 9. This relationship would be of higher nonlinearity with a larger improvement of
PCM melting duration at a greater convective heat transfer coefficient of the metal foam. In
fact, the effect of ambient temperature is somewhat analogous to that of solar radiation in
Figure 8 where ambient temperature can be considered as another heat input for the system.

Figure 10 indicates that higher wind speed can help to get a better enhancement of
PCM melting duration as the wind causes heat losses from the system by the convective
heat transfer mechanism. On the other hand, it shows that the inclusion of metal foam
will invoke further nonlinear enhancement as the metal foam has a higher convective heat
transfer coefficient leading to additional heat dissipation to the ambient.

The PCM melting duration of the system decreases almost linearly with increasing tilt
angle, see Figure 11, by an average percentage of 13.4, 14.8, 17.4, 20.7, and 25.0 for the five
cases of metal foam configurations, respectively, as the radiative front loss would be lower
due to the view factor with the sky. Whereas the average percentage improvement of PCM
melting duration in respect to the 0.5 W/m2.K metal foam is 15.4, 36.8, 68.6 and 116.1 for
the other cases of metal foam configurations, respectively, as heat removal is higher due to
the action of the metal foam.

Figure 12 shows that the PCM melting duration is proportional to PCM thickness
for the five cases of metal foam configurations by the effect of decreasing the overall heat
transfer coefficient of the PCM upper layer. The corresponding average slope of that
relation is found to be 0.097, 0.112, 0.133, 0.160, 0.195 h/mm, respectively, due to larger
heat extraction. It can be observed that the average improvement of PCM melting duration
due to the 20 W/m2.K metal foam with respect to the 0.5 W/m2.K metal foam is 100% for
any PCM thickness at the given operating conditions. This confirms the effectiveness of
including metal foam in the PV/PCM system.

5. Conclusions

In this paper we have reported detailed investigations utilizing different metal foam
configurations for improving the melting duration of PV/PCM systems for better thermal
energy management under a wide range of operating conditions using a newly developed
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mathematical model. Both CFD and experimental validations proved the good accuracy of
the proposed model for further applications. The main findings and recommendations of
the present research are as follows:

1. The new PV/PCM–metal foam model proposed in the present paper would greatly
save computational resources compared to the widely used CFD simulation as the
present model has the unique feature of using simple numerical solving functions of
MATLAB without the need for mesh patterns in the mathematical formulation.

2. Utilizing a metal foam configuration with a higher convective heat transfer coefficient
would promote a slower time-variation of the heat transfer process within the PCM,
as depicted by the developed functions in this paper for the PCM heat transfer
coefficients, thus causing a longer melting duration and in turn a better thermal
energy management.

3. The variation of the operating conditions: solar radiation, ambient temperature,
and wind speed of the PV/PCM–metal foam system has nonlinear effects on the
improvement of PCM melting duration and thus on the thermal energy management
for different metal foam configurations. While the effect of tilt angle variation is
almost linear with an average improvement of PCM melting duration of 116% using a
metal foam configuration of a high convective heat transfer coefficient (20 W/m2.K).

4. The PCM thickness has a positive linear effect on the PCM melting duration for
different metal foam configurations. The average improvement in PCM melting
duration using a metal foam configuration of a high convective heat transfer coefficient
(20 W/m2.K) is 100% at a given PCM thickness.

5. The average PV cell temperature can be reduced by about 12 ◦C using a metal foam
configuration of a high convective heat transfer coefficient (20 W/m2.K), which offers
better thermal operating conditions and, consequently, a longer lifespan of the PV
module. The corresponding improvement of PCM melting duration is 127% which as
a result will enhance the thermal storage capability of the system.

6. It is recommended that the inclusion of a metal foam layer of an appropriate configu-
ration to a given PV/PCM system would be advantageous at operating conditions of
low solar radiation, low ambient temperature, or high wind speeds for a compara-
tively effective improvement of PCM melting duration and thus better thermal energy
management in respect to thermal storage capabilities, thermal conditions, and a
lifetime of PV modules.

Author Contributions: Conceptualization, J.M.M. and H.M.T.A.-N.; methodology, N.B.K. and P.T.;
software, N.K.A., M.J.C.O. and P.T.; validation, J.M.M.; formal analysis, H.M.T.A.-N., N.B.K., J.M.M.,
D.O.B., N.K.A., M.J.C.O., M.A.F., W.Y. and P.T.; investigation, M.J.C.O., M.A.F., H.M.T.A.-N., J.M.M.,
D.O.B., N.B.K., N.K.A., W.Y. and P.T.; resources, H.M.T.A.-N., P.T. and W.Y.; writing—original draft
preparation, D.O.B., M.J.C.O., M.A.F., J.M.M., N.B.K., N.K.A., H.M.T.A.-N., W.Y. and P.T.; writing—
review and editing, H.M.T.A.-N., J.M.M., M.J.C.O., M.A.F., W.Y. and P.T.; visualization, J.M.M. and
P.T.; supervision, J.M.M. and P.T. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Huang, M.; Eames, P.; Norton, B. Thermal regulation of building-integrated photovoltaics using phase change materials. Int. J.

Heat Mass Transf. 2004, 47, 2715–2733. [CrossRef]
2. Huang, M.; Eames, P.; Norton, B. Phase change materials for limiting temperature rise in building integrated photovoltaics. Sol.

Energy 2006, 80, 1121–1130. [CrossRef]

http://doi.org/10.1016/j.ijheatmasstransfer.2003.11.015
http://doi.org/10.1016/j.solener.2005.10.006


Nanomaterials 2022, 12, 423 16 of 17

3. Maiti, S.; Banerjee, S.; Vyas, K.; Patel, P.; Ghosh, P.K. Self regulation of photovoltaic module temperature in V-trough using a
metal–wax composite phase change matrix. Sol. Energy 2011, 85, 1805–1816. [CrossRef]

4. Biwole, P.H.; Eclache, P.; Kuznik, F. Phase-change materials to improve solar panel’s performance. Energy Build. 2013, 62, 59–67.
[CrossRef]

5. Atkin, P.; Farid, M.M. Improving the efficiency of photovoltaic cells using PCM infused graphite and aluminium fins. Sol. Energy
2015, 114, 217–228. [CrossRef]

6. Khanna, S.; Reddy, K.; Mallick, T.K. Performance analysis of tilted photovoltaic system integrated with phase change material
under varying operating conditions. Energy 2017, 133, 887–899. [CrossRef]

7. Mahdi, J.M.; Pal Singh, R.; Taqi Al-Najjar, H.M.; Singh, S.; Nsofor, E.C. Efficient thermal management of the photovoltaic/phase
change material system with innovative exterior metal-foam layer. Sol. Energy 2021, 216, 411–427. [CrossRef]

8. Mahdi, J.M.; Mohammed, H.I.; Talebizadehsardari, P. A new approach for employing multiple PCMs in the passive thermal
management of photovoltaic modules. Sol. Energy 2021, 222, 160–174. [CrossRef]

9. Elayiaraja, P.; Harish, S.; Wilson, L.; Bensely, A.; Lal, D.M. Experimental Investigation on Pressure Drop and Heat Transfer
Characteristics of Copper Metal Foam Heat Sink. Exp. Heat Transf. 2010, 23, 185–195. [CrossRef]

10. Mahdi, J.M.; Najim, F.T.; Aljubury, I.M.A.; Mohammed, H.I.; Khedher, N.B.; Alshammari, N.K.; Cairns, A.; Talebizadehsardari, P.
Intensifying the thermal response of PCM via fin-assisted foam strips in the shell-and-tube heat storage system. J. Energy Storage
2022, 45, 103733. [CrossRef]

11. Ghalambaz, M.; Zhang, J. Conjugate solid-liquid phase change heat transfer in heatsink filled with phase change material-metal
foam. Int. J. Heat Mass Transf. 2020, 146, 118832. [CrossRef]

12. Mahdi, J.M.; Nsofor, E.C. Multiple-segment metal foam application in the shell-and-tube PCM thermal energy storage system.
J. Energy Storage 2018, 20, 529–541. [CrossRef]

13. Mahdi, J.M.; Mohammed, H.I.; Hashim, E.T.; Talebizadehsardari, P.; Nsofor, E.C. Solidification enhancement with multiple PCMs,
cascaded metal foam and nanoparticles in the shell-and-tube energy storage system. Appl. Energy 2020, 257, 113993. [CrossRef]

14. Talebizadeh Sardari, P.; Mohammed, H.I.; Mahdi, J.M.; Ghalambaz, M.; Gillott, M.; Walker, G.S.; Grant, D.; Giddings, D. Localized
heating element distribution in composite metal foam-phase change material: Fourier’s law and creeping flow effects. Int. J.
Energy Res. 2021, 45, 13380–13396. [CrossRef]

15. Chamkha, A.; Doostanidezfuli, A.; Izadpanahi, E.; Ghalambaz, M. Phase-change heat transfer of single/hybrid nanoparticles-
enhanced phase-change materials over a heated horizontal cylinder confined in a square cavity. Adv. Powder Technol. 2017, 28,
385–397. [CrossRef]

16. Mehryan, S.; Vaezi, M.; Sheremet, M.; Ghalambaz, M. Melting heat transfer of power-law non-Newtonian phase change
nano-enhanced n-octadecane-mesoporous silica (MPSiO2). Int. J. Heat Mass Transf. 2020, 151, 119385. [CrossRef]

17. Mahdi, J.M.; Nsofor, E.C. Solidification of a PCM with nanoparticles in triplex-tube thermal energy storage system. Appl. Therm.
Eng. 2016, 108, 596–604. [CrossRef]

18. Mahdi, J.M.; Nsofor, E.C.; Ashrae. Melting of PCM with Nanoparticles in a Triplex-Tube Thermal Energy Storage System. Ashrae
Trans. 2016, 122, 215–224.

19. Ho, C.; Liu, Y.-C.; Ghalambaz, M.; Yan, W.-M. Forced convection heat transfer of Nano-Encapsulated Phase Change Material
(NEPCM) suspension in a mini-channel heatsink. Int. J. Heat Mass Transf. 2020, 155, 119858. [CrossRef]

20. Liu, S.; Sheng, M.; Wu, H.; Shi, X.; Lu, X.; Qu, J. Biological porous carbon encapsulated polyethylene glycol-based phase change
composites for integrated electromagnetic interference shielding and thermal management capabilities. J. Mater. Sci. Technol.
2022, 113, 147–157. [CrossRef]

21. Ghalambaz, M.; Zadeh, S.M.H.; Mehryan, S.; Pop, I.; Wen, D. Analysis of melting behavior of PCMs in a cavity subject to a
non-uniform magnetic field using a moving grid technique. Appl. Math. Model. 2020, 77, 1936–1953. [CrossRef]

22. Klugmann-Radziemska, E.; Wcisło-Kucharek, P. Photovoltaic module temperature stabilization with the use of phase change
materials. Sol. Energy 2017, 150, 538–545. [CrossRef]

23. Mahmood, A.S. Experimental Study on Double-Pass Solar Air Heater with and without using Phase Change Material. J. Eng.
2019, 25, 1–17. [CrossRef]

24. Walshe, J.; Carron, P.M.; McLoughlin, C.; McCormack, S.; Doran, J.; Amarandei, G. Nanofluid Development Using Silver Nanopar-
ticles and Organic-Luminescent Molecules for Solar-Thermal and Hybrid Photovoltaic-Thermal Applications. Nanomaterials 2020,
10, 1201. [CrossRef] [PubMed]

25. Wu, H.; Hu, X.; Li, X.; Sheng, M.; Sheng, X.; Lu, X.; Qu, J. Large-scale fabrication of flexible EPDM/MXene/PW phase change
composites with excellent light-to-thermal conversion efficiency via water-assisted melt blending. Compos. Part A: Appl. Sci.
Manuf. 2022, 152, 106713. [CrossRef]

26. Elarga, H.; Goia, F.; Zarrella, A.; Dal Monte, A.; Benini, E. Thermal and electrical performance of an integrated PV-PCM system in
double skin façades: A numerical study. Sol. Energy 2016, 136, 112–124. [CrossRef]

27. Japs, E.; Sonnenrein, G.; Krauter, S.; Vrabec, J. Experimental study of phase change materials for photovoltaic modules: Energy
performance and economic yield for the EPEX spot market. Sol. Energy 2016, 140, 51–59. [CrossRef]

28. Karthick, A.; Murugavel, K.K.; Ramanan, P. Performance enhancement of a building-integrated photovoltaic module using phase
change material. Energy 2018, 142, 803–812. [CrossRef]

http://doi.org/10.1016/j.solener.2011.04.021
http://doi.org/10.1016/j.enbuild.2013.02.059
http://doi.org/10.1016/j.solener.2015.01.037
http://doi.org/10.1016/j.energy.2017.05.150
http://doi.org/10.1016/j.solener.2021.01.008
http://doi.org/10.1016/j.solener.2021.04.044
http://doi.org/10.1080/08916150903399722
http://doi.org/10.1016/j.est.2021.103733
http://doi.org/10.1016/j.ijheatmasstransfer.2019.118832
http://doi.org/10.1016/j.est.2018.09.021
http://doi.org/10.1016/j.apenergy.2019.113993
http://doi.org/10.1002/er.6665
http://doi.org/10.1016/j.apt.2016.10.009
http://doi.org/10.1016/j.ijheatmasstransfer.2020.119385
http://doi.org/10.1016/j.applthermaleng.2016.07.130
http://doi.org/10.1016/j.ijheatmasstransfer.2020.119858
http://doi.org/10.1016/j.jmst.2021.11.008
http://doi.org/10.1016/j.apm.2019.09.015
http://doi.org/10.1016/j.solener.2017.05.016
http://doi.org/10.31026/j.eng.2019.02.01
http://doi.org/10.3390/nano10061201
http://www.ncbi.nlm.nih.gov/pubmed/32575601
http://doi.org/10.1016/j.compositesa.2021.106713
http://doi.org/10.1016/j.solener.2016.06.074
http://doi.org/10.1016/j.solener.2016.10.048
http://doi.org/10.1016/j.energy.2017.10.090


Nanomaterials 2022, 12, 423 17 of 17

29. Park, J.; Kim, T.; Leigh, S.-B. Application of a phase-change material to improve the electrical performance of vertical-building-
added photovoltaics considering the annual weather conditions. Sol. Energy 2014, 105, 561–574. [CrossRef]

30. Cui, T.; Xuan, Y.; Li, Q. Design of a novel concentrating photovoltaic–thermoelectric system incorporated with phase change
materials. Energy Convers. Manag. 2016, 112, 49–60. [CrossRef]

31. Malvi, C.; Dixon-Hardy, D.; Crook, R. Energy balance model of combined photovoltaic solar-thermal system incorporating phase
change material. Sol. Energy 2011, 85, 1440–1446. [CrossRef]

32. Fan, S.; Wang, Y.; Cao, S.; Sun, T.; Liu, P. A novel method for analyzing the effect of dust accumulation on energy efficiency loss in
photovoltaic (PV) system. Energy 2021, 234, 121112. [CrossRef]

33. Ma, T.; Yang, H.; Zhang, Y.; Lu, L.; Wang, X. Using phase change materials in photovoltaic systems for thermal regulation and
electrical efficiency improvement: A review and outlook. Renew. Sustain. Energy Rev. 2015, 43, 1273–1284. [CrossRef]

34. Li, Z.; Ma, T.; Zhao, J.; Song, A.; Cheng, Y. Experimental study and performance analysis on solar photovoltaic panel integrated
with phase change material. Energy 2019, 178, 471–486. [CrossRef]

35. Amori, K.E.; Taqi Al-Najjar, H.M. Analysis of thermal and electrical performance of a hybrid (PV/T) air based solar collector for
Iraq. Appl. Energy 2012, 98, 384–395. [CrossRef]

36. Ma, T.; Zhao, J.; Li, Z. Mathematical modelling and sensitivity analysis of solar photovoltaic panel integrated with phase change
material. Appl. Energy 2018, 228, 1147–1158. [CrossRef]

37. Duffie, J.A.; Beckman, W.A.; Blair, N. Solar Engineering of Thermal Processes, Photovoltaics and Wind; John Wiley & Sons: New York,
NY, USA, 2020.

38. Brent, A.; Voller, V.; Reid, K. Enthalpy-porosity technique for modeling convection-diffusion phase change: Application to the
melting of a pure metal. Numer. Heat Transf. Part A Appl. 1988, 13, 297–318.

39. Rubitherm GmbH, Germany. Available online: https://www.rubitherm.eu (accessed on 20 December 2021).
40. MATLAB R2019b (9.7.0.1190202). In Getting Started Guide; MathWorks Inc.: Natick, MA, USA, 2019.
41. Fluent 14.0 User’s Guide; ANSYS FLUENT Inc.: Canonsburg, PA, USA, 2011.

http://doi.org/10.1016/j.solener.2014.04.020
http://doi.org/10.1016/j.enconman.2016.01.008
http://doi.org/10.1016/j.solener.2011.03.027
http://doi.org/10.1016/j.energy.2021.121112
http://doi.org/10.1016/j.rser.2014.12.003
http://doi.org/10.1016/j.energy.2019.04.166
http://doi.org/10.1016/j.apenergy.2012.03.061
http://doi.org/10.1016/j.apenergy.2018.06.145
https://www.rubitherm.eu

	Introduction 
	Mathematical Modeling of the PV/PCM–Metal Foam System 
	Adjustment and Validation of the Proposed Model 
	Results and Discussion 
	Time Profiles of Main System Parameters 
	Parametric Variation of PCM Melting Duration 

	Conclusions 
	References

