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Commercial photovoltaic modules typically convert only 5-25% of solar radiation into
electricity, wasting excess energy as heat. To improve efficiency, integrating
photovoltaic/thermal (PV/T) systems is forward-thinking. These systems generate
electricity while using absorbed heat for practical purposes, enhancing efficiency and
providing thermal energy for heating. This study analyzes a PV/T module with phase
change material (PCM) and metal foam (MF) throughout the typical day of two winter
months and two summer months. It investigates how thermal storage affects energy
production. Simulations assume heat transfer fluid flow during daylight hours,
controlling flow when necessary. Simulations use a heat transfer fluid at 20°C, typical
for PVIT systems, with paraffins wax RT25. Performance is simulated for January, June,
July, and December in Aversa (IT), with a 30 <panel inclination, using data from PVGIS.
The study evaluates the reliability of the simulation model and accuracy in representing
thermal behavior, using Fluent software. Anticipated outcomes include PV operational
hours, electrical and thermal efficiency, and energy output. This research advances
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efficient PV/T systems, offering insights for future applications.

1. INTRODUCTION

Currently, photovoltaic modules can only convert 5 to 25%
of incoming solar radiation into electricity, with the rest of the
solar energy being converted into heat within the modules,
which is often wasted. In contrast, a hybrid PV/T system can
capture this excess heat and convert it into usable thermal
energy while also generating electricity from solar radiation
using PV panels [1]. Mousavi et al. [2] showed that electrical
and exergy efficiencies could be optimized by integrating
phase change materials and metal foam into the PV-T panel.
In their study, they observed that thermal efficiency was lower
in configurations lacking the optimized combination of PCM
and MF. In the climate of Benha, Egypt, Sharaf et al. [3]
investigated the yearly energy and exergy performance of a PV
panel in conjunction with aluminium metal foam embedded
into pure PCM. They discovered that combining PCM with PV
panels improved the efficiency and output of electricity. In
order to attain peak performance, careful consideration should
go into choosing PCM [4-6]. Moreover, Dayer et al. [7]
investigated a 3D model of a PV-T panel incorporating copper
metal foam and phase change material (PCM), resulting in
reduced PV surface temperature and increased electrical
efficiency. In experiments conducted under 1000 W/m?
irradiance and 20°C ambient temperature, the collector
exhibited thermal and electrical efficiencies of 65% and 13%,
respectively. Sharaf et al. [8] showed that PCM is quite
effective at absorbing extra heat from PV panels that would
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otherwise be wasted. During peak heat periods, the latent heat
of PCM is used to keep panel temperatures below 25°C, which
improves the overall performance of PV-T system as well as
its thermal and electrical efficiency. Alsaqoor et al. [9]
investigated the impact of integrating phase change materials
into PVT panels and developed a graphic user interface within
MATLAB Simulink, using the weather conditions of Amman,
Jordan. They found that the maximum electrical power
achievable in a PVT system with PCM was 21 kW, compared
to 18 kW in a PVT system without PCM. According to
Bandaru et al. [10], PVT-PCM systems may store 50% more
heat than conventional PVT-water systems, which increases
power output and extends the time that thermal energy is
available. Nevertheless, poor PCM selection might result in
problems like poor heat conductivity and incorrect cycles of
charging and discharging, requiring more experimental study
to guarantee long-term system integrity and stop leaks.
Hossain et al. [11] demonstrated that PCM was used in the
development of a hybrid solar PVT system, and its
performance was compared with meteorological data from
Malaysia. The results show that the use of PCMs improved PV
performance (both electrical and thermal). PVT and PVT-
PCM collectors were found to have maximum electrical and
thermal efficiencies of 14.57% and 15.32%, and 75.29% and
86.19%, respectively. Noxpanco et al. [12] highlighted the
necessity of conducting an economic assessment of PV/T
systems, stressing the difficulty in acquiring pricing data and
arguing in favour of the timely availability of such data to
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support engineering and design decisions. Furthermore, they
recommended that in order to increase acceptance and
efficiency, greater attention should be paid to enhancing the
aesthetics of PV/T systems. The purpose of this article is to
create a photovoltaic thermal panel 3D module, consisting of
a heat transfer tube embedded in a layer of phase change
material and metal foam, in order to provide the panel itself
with a heat storage capacity that allows it to operate for a
greater number of hours compared to a typical photovoltaic
thermal panel. Specifically, the layer that acts as insulation in
conventional PVT panels has been replaced with a layer of
PCM+MF. The analysis was conducted assuming a

temperature of the heat transfer fluid at 20°C, and examining
the performance of the panel module under environmental
conditions of temperature and irradiance typical of January,
June, July, and December in Aversa (IT), with an inclination
of 30°.

2. MODULE DESCRIPTION

It was chosen to analyse the module of a photovoltaic
thermal panel composed as follows in Figure 1.
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Figure 1. Front view of the analyzed PVT module

Table 1 shows the dimensions of the analyzed 3D module,
in Figure 2, and in Table 2 data regarding the characteristics
of the various materials used in the PVT module are reported.

The RT25 from Rubitherm was chosen as the phase change
material, with its characteristics detailed in Table 3.
Aluminum foam with PPI20 and 95% porosity was selected as
the metal foam.

Figure 2. 3D module

Table 1. Dimensions of the PVT module

Components Dimensions [mm]
EVA 1640%200%0.5 (LxWxH)
PV unit 1640%200x0.3 (LxWxH)
Tedlar 1640%200x0.1 (LxW xH)
Copper absorber plate 1640%200x0.4 (LxWxH)
Outer diameter of collector pipes 10
PCM 1640x200x15 (LxWxH)

Table 2. Properties of components

Glass PV
o 0.01 o 0.93
p [kg m3] 2700 p [kg m3] 2328
v 0.16 € 0.90
€ 0.90 MNref 0.126
C [Jkg'K"] 800 Trer [K] 294
A [W m'K'] 1.80 C [Jkg'K 677
s [mm] 4 A [W m'K!] 140
T 0.95 B [K'] 0.0052
EVA s [mm)] 0.35
A [W m'K'] 0.2 T 0.01
s [mm)] 0.1 Tedlar
Adhesive AW mK1] 0.35
AW mK1] 0.85 s [mm] 0.5
s [mm] 0.05
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Table 3. Properties of RT25

p [kg m3] 767
Hu [kJ ke''] 232
C [J ke K] 2100
AW m'K)] 0.185
T;s [K] 298.75
T [K] 300.75

3. ENERGY EQUATIONS
CONDITIONS

AND BOUNDARY

In this study, several assumptions and simplifications have
been incorporated:

-The PV panel components are assumed to exhibit isotropic
and homogeneous properties.

-The first layer of the PV unit (EVA) generates incident
solar radiation, which is uniform, and it is considered that the
transmissivity of the EVA layer is 100%

-There is negligible contact resistance between the various
solid components of PVT/PCM systems.

-The analysis does not consider the possible impact of rain
on the density of accumulated dust.

-Equations governing the system are expressed in terms of
velocity and pressure variables.

-Enthalpy-porosity modeling, following method of Voller
and Prakash, is employed for the PCM.

-The influence of gravity is included in this investigation.

-Flow of the heat transfer fluid (HTF), water, through the
channel is presumed to be two-dimensional, unsteady,
laminar, and incompressible.

-Natural convection within the molten PCM container is
considered as two-dimensional, unsteady, laminar, and
incompressible.

-The porous medium is treated as saturated, homogeneous,
and isotropic.

-Flow within the porous medium is analyzed using the
Brinkman—Forchheimer-extended Darcy model.

-Thermo-physical properties are assumed temperature-
independent, except for density which varies linearly with
temperature (Boussinesq approximation), evaluated at
ambient temperature.



-The porous medium analysis is conducted under local

thermal equilibrium (LTE) conditions.
3.1 Energy equation for PV-layer
The energy equation for PV-layer is:

or

(oC,) _ o°T  &°T  &°T
Plp PV_layer gg | PV-layer

X2 +?+ 22 J+Q (1)

Q is the internal heat source, p is the density, C is the heat
capacity (J/(kg-K)) and 1 is the thermal conductivity.

It has been assumed that heat will be released as a result of
the residual solar energy that is absorbed and not transformed
into electricity. As a result, this internal heat source causes the
temperature of the PV panel to rise. To evaluate Q the Eq. (2)
is used:

A=774)GA

Q =
Vey

2

Gi is the absorbed solar radiation, A is the surface of the PV
panel and V), is the volume of the PV cells in the panel.

3.2 PCM and metal foam layer

Continuity equation, momentum and energy equations in
local thermal equilibrium, were used for PCM and MF.

Continuity equation:
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Energy equation in local thermal equilibrium (LTE):

+p pcm}/ (T _Tmelt ) g

(pc)eff or

(7

In the Eq. (8) H| represents the latent heat of the PCM, and
t is the time.

(pc)eff = (1_8P)pmf Cmf +8Pppcpcm (8)

/q’eff = (l_ ‘S‘P)ﬂh‘ﬂ +‘C"P/1pcm (9)

The weighted average is obtained in Eq. (8), and the
effective thermal conductivity is calculated in Eq. (9). The
density and specific heat of MF and PCM are represented by
Pmf, Ppem, aNd Cmp, Cpem. The metal foam and PCM thermal
conductivities are denoted by Amr and A,. P stands for porosity,
K for permeability [m?] (viscous drag or Darcy drag), and Cr
for Forcheimer coefficient (inertial drag) in the case of the
metal foam. Regarding the phase change material, Hy stands
for specific heat latent [J/kg], Amush is an empirical constant
that fluctuates between 10° and 108, and f; is the liquid
fraction.

4. PERFORMANCE EVALUATION

The photovoltaic thermal module efficiency was calculated
applying the following formulas. The electrical efficiency (1e1)
of the PV cells is described by Nouira and Sammouda [13]:

nref (1 ﬂref (TPV ref )) (10)
where, Ny¢f , Bres and Ty.p are panel parameters, listed in
Table 1. The formula to determine the instantaneous electrical
power of the module is Eq. (11):

Pout = 77e| AGI (1 1)

The energy produced by the panel was obtained by
multiplying the annual average of the power by the total
number of hours the panel is operated. PVGIS data was
consulted for data concerning solar radiation and ambient
temperature. In addition, the change in Tsky was calculated as
follows by Swinbank [14]:



T,, =0.0552-T, ' (12)
Both the thermal energy generated by the water moving
through the channel and the thermal energy brought on by the
presence of PCM were measured.
In order to accomplish this, the heat transfer rate of channel
is:

Ef =M Ci(Th e —Trin) (13)

where i1y is the mass flow rate, C is the specific heat and
Tf out»> Tr,in are the temperature of the heat transfer fluid on
inlet and outlet. In our scenario, the temperature at the inlet
section remains constant, assuming control over the fluid
temperature within the system.

Integrating over time yields the total thermal energy
generated by the channel.

W, = [E, (tdt (14)

The process was repeated for the thermal energy produced
by the PCM. Beginning with the enthalpy of the PCM, its
variation over time was determined, leading to the calculation
of the heat transfer rate of the PCM as:

aH
dt

(15)

EPCM

Next, integrating over time yielded the accumulated thermal
energy stored:

Woey = I Epcy ()t (16)

Regarding the thermal aspect, when comparing the thermal
efficiency of a PVT module without PCM to one with PCM, it
is observed that the module without PCM exhibits higher
thermal efficiency [15]. Eq. (17) exclusively accounts for the
thermal characteristics of the fluid [16]:

=E_ (17)

sun

Thn, ¢

Where in Eq. (17), the numerator represents the thermal
power of the channel, and Gi represents the solar radiation
incident on the PV/T system [17].

E-sun = Tg aPV Gi APV (1 8)

In our case, with the tube embedded in a layer of PCM, the

thermal energy generated by the panel can be expressed as:

En = Ef +Epcu (19)
And the total thermal efficiency is:
E, +E
== (20)

sun
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5. MODEL VALIDATION

The model was validated based on the 3D model by
Kazemian et al. [18], which had previously been validated by
them through comparison of the numerical results obtained
with the numerical work of Su et al. [19] and the experimental
work of Browne et al. [20]. The properties of the various
components used in the simulation are listed in Table 4.

Table 4. Characteristics validation components

Components plkgm?] CJkg'K!' A[Wm!'K']
EVA 960 2090 0.35
PV 2330 700 1.48
Tedlar 1220 1250 0.20
Absorber plate 8960 385 401

In the numerical simulation, the calculation time for the
unsteady model is set at two hours, during which the average
electrical and thermal efficiencies are computed. The same
boundary conditions were recreated and used the same
numerical methods. The PCM used has the characteristics
listed in Table 5 [15].

Table 5. Properties of the PCM used in validation [15]

p [kg m3] 800
Hu [kJ kg 170
C [J kg1 K1) 2300
AW mK) 0.25
T [K] 324.15
T [K] 330.15

The temperature of the outdoor environment is set at 30°C
for 2 hours of simulation. In Figure 3 the temperature of the
heat transfer fluid (water) is set at 30°C, and the fluid velocity
in the single channel is 0.0281 m/s. It was compared the
surface temperature of the photovoltaic panel in the base case
with a To = 30°C and solar radiation of 800 W/m?.

80 7 LIRS B N LN R R
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g 7 - Kazemian et al.
§45 L ,_" our model
i /7 Solar radiation: 800 W/m?
= - /7 TD=30°C
a7 -
/i
H !
i
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Time [s]

Figure 3. Comparison between PVT+PCM surface
temperature of the Kazemian et al. [15] model and our model
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Figure 4. Comperison, in terms of the melted PCM
percentage vs solar radiation, between present model and
Kazemian et al. [18] model

Then, Figure 4 shows the comparison of the melting rate of
the phase change material as the solar radiation on the panel
changes. The obtained results show good agreement between
the model of Kazemian et al. [18] and our model.

6. RESULTS
6.1 Electrical energy

The average day of January, June, July, and December was
used for the simulations, and the results were presented in
terms of power production, electrical efficiency, and panel
operating hours of the photovoltaic panel.

Only the hours with solar irradiation—which correspond to
the real working hours of photovoltaic panel—were taken into
consideration from the electrical point of view of panel
module. The graphs, in Figure 5, demonstrate that the PV
module with PCM+MF state has a higher electrical efficiency
than the case without the storage layer. This is especially
noticeable during winter months, as the presence of PCM+MF
allows the photovoltaic panel to maintain a temperature closer
to the optimal working temperature, as it absorbs heat. There
is a shift in tendency at the end of the day when solar radiation
becomes less intense. This is because, in the last hour of the
day, the panel cools down more quickly and exhibits higher
electrical efficiency due to the module without PCM heating
up and cooling down more quickly. On the other hand, the
efficiency of the PCM+MF panel is slightly lower than that of
the PCM-free panel because the heat that accumulates during
the day needs to be gradually dissipated.
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Figure 5. Time evolution of efficiency and power output

In general, compared to panels without an accumulation
layer, solar panels with a PCM+MF layer have more stable
efficiency over the winter. Production of electricity is
impacted by efficiency, however as the results demonstrate,
there is not much difference in efficiency and noticeable
variations are only seen at periods of maximum solar radiation.
In fact, a considerable variation in efficiency between panels
with and without PCM has little effect on power output during
the early and late hours of the day when solar radiation is low.

The data collected indicates that there has been a 2%
increase in electricity generation when comparing a solar
module with and without an accumulation layer.

6.2 Thermal energy

From the perspective of thermal energy efficiency, the



system does not show significant improvements; however,
when considering the number of operating hours, in Table 6,
there is an extension of the operating period. This can be
observed both in summer and winter months but is more
pronounced in winter months. In fact, the percentage increase
in the operating period is approximately 40% and 42% for
January and December, and 29% and 28% for June and July.
Therefore, the presence of the PCM+MF layer extends the
operating hours of the module under consideration. The
operating hours were calculated by considering the outlet
temperature to be higher than the inlet temperature.

Table 6. Operating hours

No PCM PCM %
January 6.1h 10.1h 40
June 12.2h 17.1h 29
July 12.6 h 17.4h 28
December 59h 10.1 h 42
7. CONCLUSIONS

Based on the simulations and analysis conducted for
different months throughout the year, several conclusions can
be concluded regarding the performance of the PV panel with
and without a PCM and MF layer. The PV module with the
PCM+MF layer demonstrates higher electrical efficiency
compared to the module without the storage layer, especially
noticeable during winter months. The presence of the
PCM+MF layer contributes to a more consistent efficiency
throughout the day, particularly in winter, by absorbing excess
heat and extending the effective operating period of the PV
panel. This enhancement is attributed to the PCM+MF layer
enabling the PV panel to maintain a temperature closer to the
optimal operating range. Additionally, there is a notable
extension in the operating hours of the system due to the
effective heat storage and release capabilities of PCM+MF,
with the operating period extension being more pronounced
during winter months. In summary, the incorporation of a
PCM+MF layer into the PV module results in improved
electrical efficiency, maintained performance under varying
solar conditions, and significantly extended hours of
operation. These results highlight the potential benefits of
using phase change materials and metal foams to improve the
performance and effectiveness of photovoltaic systems,
especially to optimize energy production and utilization in
different seasons.
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NOMENCLATURE
C specific heat, J kg'! K-!
g gravitational acceleration, m s
H;  heat of fusion, kJ kg™!
s thickness, mm
T temperature, K
Ti melting temperature, K
Ts freezing temperature, K
Greek symbols
a absorptivity
p thermal expansion coefficient, K™!
Yzi liquid fraction
y diffuse reflection coefficient
& emissivity
& porosity
n efficiency
A thermal conductivity, Wm-'K"!
u dynamic viscosity, kg m-'s™!
p density, kg m3
T transmissivity
Subscripts
el electrical
f heat transfer fluid
g glass

mf  metal foam
pcem  phase change material
th thermal





