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Abstract- Photovoltaic thermal collector (PVT) is a power generation technology that adapts solar radiation into electrical and
thermal energy. There are two cooling methods in PV panels: active and passive. Phase Change Materials (PCM) have high
latent heat during charging and discharging, making them promising as thermal energy storage. However, their low thermal
conductivity remains a major drawback, which was to be solved by porous metal foams given their high thermal conductivity,
low density, and lightness. This study aimed to introduce and analyze a novel PVT design by integrating PCM with Copper
Foam Matrix (CFM) as passive cooling combined with submerged serpentine copper tubes for fluid flow as active cooling. This
novel PVT was run with and without CFM by conducting a 3D steady-state simulation using COMSOL Multiphysics. This study
showed that incorporating the PCM plus CFM will decrease the PV surface temperature and increase electrical efficiency. The
effective thermal conductivity of PCM increased, leading to higher thermal extraction at the tested mass flow rates. At an
irradiance of 1000W/m2 and an ambient temperature of 20°C, the collector achieved 65% and 13% thermal and electrical
efficiency, respectively.

Keywords Photovoltaic thermal collector; Phase Change Materials; Metal-foams; Thermal efficiency; Electrical efficiency.

1. Introduction photovoltaic thermal (PVT) system providing heating and

cooling for a plus-energy home. Their findings indicated that

The working fluid and collector configurations are the two
most essential factors in categorizing PVT systems. Some
designs may employ water, air, a combination of water and
air, or nanofluids as working fluids. Different types of
collectors can be distinguished, for instance, by the presence
of a tube, heat pipe, and various sheet configurations [1-5].
Tripanagnostopoulos et al. found that glazing has huge effects
on the whole system. The finding implies that the collector's
cell cover is one of the PVT collector's classifying factors [6].

Due to its minimal complexity and initial expense, air-
based PVTs are the most used configuration [7, 8]. However,
using liquids as circulating fluids increases the thermal
capacitance of systems, resulting in improved cooling [9].
Kazanci et al. examined an application of PCM in a

the PVT efficiency was around 42.8%, while the conventional
PV efficiency was 13.59% [10]. Qiu et al. studied the energy
of a novel PVT design using Microencapsulated Phase
Change Material slurry (MPCM). According to their findings,
the greatest electrical efficiency was 8.7%, while the
maximum thermal efficiency was 59% [11]. Hassan et al.
analyzed a solid-liquid PCM's electrical and thermal energy
efficiency with PV panels in two climatic regions. According
to their findings, the average efficiencies achieved under the
climatic conditions of Pakistan and Ireland were 20.3% and
14.6%, respectively [12]. Fiorentini et al. investigated a novel
air-based photovoltaic thermal (PVT) collector with a PCM
storage unit and a reverse cycle heat pump for HVAC
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applications obtaining 45% thermal and 9% electrical
efficiency [13].

Much research has been done to increase the low thermal
conductivity of the PCM, which is one of its main drawbacks.
Tao et al. evaluated the heat transfer of a porous medium filled
with phase change materials by adopting the Lattice
Boltzmann method [14]. Tao et al. evaluated the heat transfer
of a porous medium filled with phase change materials by
adopting the Lattice Boltzmann method [15]. Zhou and Zhao
studied on heat transfer of phase change material in a metal
foam using the phase-field method [16]. Others proposed a
two-temperature model for assessing the performance of
PCM-filled metallic foam. They used Darcy-Brinkman
equations to shed light on the effect of metal foam [1]. This
study increased the PVT module's overall efficiency using
water and metal-foam Phase Change Materials (PCM). This
research was conducted to improve the collector's overall
performance and create a new design for the PVT market.

2. METHODS
2.1. Physical Model

Fig. 1 shows the cross-sectional drawing of the proposed
PVT collector and illustrates the different layers of the PVT
collector. Comparing the proposed system to a reference
system is essential to comprehend its performance. The
systems employed are (i) conventional PVT with PCM only,
including water flowing to extract the heat, and (ii) a novel
proposed system with PCM embedded in copper foam with
water flowing. Such a comparison would show how well the
collector works when copper foam and PCM are used. To this
end, they used porous aluminium (0.8) and paraffin as porous
medium and phase change materials, respectively [17].

Module
88888888 -
PCM Embedded in P
Copper Foam

Thermally Conductive
Adhesive Glue

* Insulation

Fig. 1. Cross-sectional drawing of the metal-foam PCM and
water-based PVT collector

2.2. Assumptions

The problem was solved by assuming Local Thermal
Non-Equilibrium (LTNE) between copper foam and Phase
Change Material (PCM). The Brinkmann-Forchheimer
extended Darcy equation is used to calculate PCM velocity
under incompressibility, the Boussinesq assumption, and the
absence of micro inertial effects (Egs. 1 and 2). It is assumed
that the flowing water is laminar and incompressible. For the
boundary conditions, all walls are considered to have zero
velocity. Heat flux enters the panel from the top. This study
splits the heat flux into two parallel PCM and copper foam
based on porosity weight.

qrcMm = qfe = €(inc 1)

dcrm = Qse = (1 — €)Qqin 2

Since the effective thermal conductivity of two phases is
roughly on the same magnitude scale, it is reasonable to
include this assumption. Consequently, the heat flux may be
divided according to porosity and boundary condition scaling
[18].

2.3. Mathematical Formulation

For heat transfer analysis, the applied governing equations
for the water fluid, encompassing mass, momentum, and
energy, are as Egs. 3-5:

2 4 V. (puVr) = 0 @3)

["V_w + 3V, .V )vw] =VP+V.(1,VV,,) (4)

ATy

pwcp,w at

+ PwCpwVw- VT = V. (k,VT,)  (5)

Subscript f denotes heat transfer in fluid, and P, V, p, and
p are fluid pressure, velocity vector, density, and dynamic
viscosity, respectively. In this 3D modelling with coordinates
(X, v, z) and unit vectors of axes {ey, &;,€,}, V is defined in
Eq. 6:

a , — 0 a 0 a
V= mlig gl (2,29
Xa + Yay+ Z 9z ox’ oy’ oz

(6)

There are two approaches to solving heat transfer between
copper foam and PCM: Local Thermal Equilibrium and non-
Equilibrium. In this case, the latter is implemented. Local
Thermal Non-Equilibrium (LTNE) is a more accurate method
to simulate the heat transfer since the thermal conductivity
difference between the two regions is significant. The
continuity, momentum, and energy equations for the PCM
embedded in the copper foam domain are derived as
mentioned in Egs. 7-12:

aPf d(psug) |, 9(pgve) | O(pgwp) _

+ p™ + oy + P 0 @)
s 0uf [ _0Pr  beo2 (e, PCpf
St (VV) up = —— I+ IV (K + |uf|)uf+
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pfove | pr _ 0P | Moo PCpf
St (VV) Ve 5 T V2v (K + IVfI)Vf+
S, ©)
p_fm ﬂ ¥4vi — _a_Pf H 2. — (B
LR 4 O (V). wp = — 20 + M p2yy, — (M4
p C
3_pf| fl)wf+ S + pfgﬁm (Ta —ATw)]  (10)

prcp (258 + U.VTf) = K V2T; + hyrage (T, — T) - (11)

( 8)pscps 6 kseva +h fasf(Tf ) (12)

The last term in the z-coordinate of the momentum
equation is the expression of the Forchheimer extended Darcy
model, which demonstrates the non-Darcy and inertia effects
incurred by copper foam. The physical parameters of the
copper foam structure, expressed in Egs. 13 - 18:

2

_ € 2
T 36x(x-1) di (13)
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X= 2+ 2cos [ 3 + 3 cos(Zs—l)] (14)
_ Xxdp

4= (15)
_224x1073

dp = 22— (16)

4.\~ 163
C = 0.00212(1 — £)~0132 (d—f) (17)
P

_ =
dr =118 |-d, (18)

K, x C, dg, dp, dy, € and w are the permeability,
tortuosity coefficient, inertial coefficient, fibre diameter,
pore size, characteristic length, porosity, and pores per
inch of copper foam, respectively. The tetrakaidecahedron
cell model presented by Boomsma and Poulikakos to
represent the effectiveness of thermal conductivity was
shown in Egs. 19 - 26 [19].

kfe = kefflks =0 (19)

Kse = Kegrlks = 0 (20)
_ V2

Ketf = SRarRaRevRD) @)
_ 4d
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Rp = —— (25)

e2kg+(4—e2)kg

_ fﬁ(z—(s/ Je3v2-2e)
d= m , e = 0.339 (26)

Term B is employed to ensure that when PCM is solid,
velocity remains equal to the initial value of zero. g and S are
defined as in Egs. 27 - 30, respectively:

if T < (T — 2T/,

B AT
l 1, if T > (Tm+ATm/ )
(27)
Su = Amush %uf (28)
Sy = Amushbri;iffﬁgvf (29)
Sy = Apuen —F_w, (30)

mush
bmush +B3

The two terms A, Which denotes geometrical constant
and by,usn Which is used to avoid zero division and subtract
from the Carmen-Kozney equation [20, 21]. In this study, we
assumed A,,sn = 10* while bp,,sn = 1073, The interfacial
heat transfer coefficient hy¢ and interfacial surface area a¢ are

calculated based on Zhukauskas' correlations in Eqgs. 31-32
[22]:

ag = 2 (31)
dp
ke
hsf = Nud—f (32)

The Nusselt number (Nu) is determined by the Eq. 33
correlation [23]:

0.76Re%4Pro-37, if0 < Re< 40
0.52Re®>Pro-37, if40 < Re <1000 (33)
0.26Re%®Pr%37 if 1000 < Re < 2 x 10°

Nu =

The Re and Pr are non-dimensional variables calculated
as in Egs. 34-35:

Re = mPrdic yy = [u + v¢Z + w2 (34)

ue

Przﬁ,vfzE (35)

of Pf

3. Results and Observations
3.1. Phase Change Materials and Metal Foam

Phase change materials retain thermal energy, allowing
temperature stabilization for PVT collectors [24]. During the
melting and freezing cycles, PCM undergoes a physical
change that allows energy to be stored and released later as
"latent" heat. However, given that the structure of paraffin as
an organic hydrocarbon has a low thermal conductivity, a
copper foam was used to retain the temperature gradients
within the PVT collector [25]. Table 1 illustrates the
thermophysical properties and other specifications of the
utilized paraffin wax and copper foam.

Table 1. Thermophysical Properties of PCM and copper
foam

Copper
Property PCM Foam
Solid-state density (ps, Kg/m3) 930 | 8960
Liquid-state density (o, Kg/m?) 830 |-

Thermal conductivity-Solid(k,,W/m°K) | 0.21 | 400

Thermal conductivity-Liquid(k, W/m°K) | 0.15 | -

Latent heat of fusion (L, ki/kg) 196 -
. . 7.1x

Dynamic viscosity (u, Pa.s) 102 |°
. _ . 7.78

Thermal expansion coefficient (a, 1/°K) <104 |
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Solid state-specific heat (c, s, J/kg'K) 2100 | 385
Liquid state-specific heat (c,, ¢, J/kg’K) | 2100 | -
Melting point temperature (T, “°C) 49 -
Melting range (AT,,, °C) 2 -
Porosity (e, 1) - 90%
Pores Per Inch (PPI) (w, 1) - 40

3.2. Verification

The simulation findings were validated by comparing
them to an investigation by Browne et al. [26] and a simulation
study by Mousavi et al. [27]. To this end, the mass flow rate,
phase change material, and porous metal foam from both
investigations were utilized as a source for the present
simulation. In addition, the impacts of mass flow rates on
thermal efficiency were compared with recent research
results. Moreover, the mesh independence analysis has been
done for the present modeling. The number of elements
selected for the current study is 750640 in the case of PCM
plus CFM presence. By further refinement of mesh, no
significant change was discovered in fluid outlet temperature,
hence the employed number of elements was sufficient.

3.3. Efficiency analysis

The thermal efficiency was computed using the Duffie
and Beckman equation, as shown in Eq. 36 [28]:

N1,th GercxAc

Nihy Gste, A and Q,, denote the thermal efficiency, solar
irradiance under the standard test conditions, panel area, and
effective heat collected. PVT collector's thermal efficiency is
represented by Eq. 37:

Qu =m x Cp X (Tout — Tin) (37)

PVT collector's electrical efficiency is represented by
Eq. 38:

Nel = Neln X [1 - Br(Tpanel - 250)] (38)

3.4. The Mass Flow Rate Effect

The mass flow rate is a crucial determinant of the thermal
performance of PVT systems. Nevertheless, the optimum
mass flow rate must be determined as low and high rates result
in reduced efficiency and energy costs. Fig. 2 shows that as
the mass flow rate increases, the thermal efficiency improves.
The experiment results indicate that the optimum mass flow
rate is about 0.01kg/s. Fig. 3 illustrates the influence of
increasing mass flow rates on the electrical efficiency of the
PVT collector whether PCM is employed alone or in

conjunction with a porous medium. As shown, the
incorporation of PCM reduces PVT temperature by acting as
thermal storage. During the phase change process, a fraction
of solar radiation will be absorbed by melting PCM, hence
dissipating the PVT temperature. During the melting process,
the heat transfer rate from PVT to the PCM is reduced because
of the formation of a thermally resistant interface. Therefore,
implementing a metal foam will overcome the thermal
resistance by lending higher conductivity. While using PCM
caused higher thermal efficiency for the collector, using PCM
incorporated with a porous medium resulted in higher
electrical efficiency, as shown in Fig. 2 and Fig. 3. Fig. 4
indicates that the electrical efficiency decreases drastically as
the average PV temperature increases [29]. In fact, for every
1-degree Celsius decrease in PVT temperature, the collector's
electrical efficiency increases by about 0.06%.
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Fig. 2. Thermal efficiency of PVT using PCM and PCM
Copper Foam for various mass flow rates
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Fig. 4. Effects of average PV temperature on electrical
efficiency at different irradiance values with PCM alone and
incorporated with CFM.

3.5. Optimizing Efficiency of PV/T

Thermal absorbers are important in optimizing integrated
collectors' thermal and electrical performance by directly
affecting PV modules' cooling [30]. The numerical analyses
were carried out to test the effects of the thermal conductivity
behaviour of PCM as a standalone and in combination with
CFM on PVT efficiencies under three solar irradiance
intensities. Fig. 5 summarize the analysis results by presenting
the thermal, electrical, and total efficiencies. The cumulative
energy performance of the designed collector was obtained by
combining the thermal and electrical efficiency values. Solar
irradiance of 1000 (W/m2) resulted in electrical efficiencies
varying from 12.3 to 13.4%, while thermal efficiencies varied
from 66.6 to 69.5% when PCM was present and from 63.5 to
65.5% when PCM and CFM were both presents. Even though
the overall performance of the PVT in the presence of PCM
was higher than that of PCM+CFM, the higher thermal
efficiency was recorded at a higher average PV temperature
(Fig. 6). The optimal configuration seems to rely on the
overall efficiency and energy balance of the PVT collector.
As appears in Fig. 5 the mass flow rate at which the maximum
efficiencies were achieved was about 0.01kg/s.
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Fig. 5. Thermal and electrical outputs of PV/T collector as
functions of solar irradiances under PCM and PCM+CFM
module cooling at different mass flow rates

Fig. 6 indicates that higher thermal efficiencies (69%) in
the case of using PCM as a coolant under the 1000 (W/m2)
irradiance regime may not be desirable given the higher
average PV temperature (67 °C) that coincided because, the
higher the PVT temperature, the lower the electrical efficiency
gained. It is particularly emphasized when considering that
65% thermal efficiency was obtained at an average PV
temperature of 57°C when using combined PCM+CFM as a
coolant under the same irradiance intensity.
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Fig. 6. comparison of thermal efficiency of the PVT systems
under various irradiance regimes

3.6. Balancing PVT Energy Outputs

Thermal behaviour of cooling materials, ambient and
coolant temperature, mass flow rate, PV and thermal module
designs, and solar irradiance are just a few aspects that affect
the PVT system's performance [31, 32]. Al-Waeli et al.
reported that a 10°C rise in the temperature of the PV module
might lead to a reduction in the photovoltaic efficiency to 5%
[33]. The research acknowledged that the 1°C rise in the PV
temperature would reduce the electrical efficiency to about 0.4
- 0.5% for the crystalline silicon cell. Fig. 7 shows that, in both
cases, using PCM alone or with CFM, an increase in AT (water
inlet and outlet temperature difference) strictly linked to solar
radiation results in reduced thermal efficiencies. In the case of
PCM coolant, the increase of 4°C resulted in a reduction in
thermal efficiency of about 3.5%. At the same time, the same
temperature increase in the PCM+CFM coolant was about 2%
under the solar irradiation of 1000 (W/m2), indicating the
latter coolant's heat absorbance, which positively affects the
thermal efficiencies. On the other hand, the highest thermal
efficiencies were obtained when the mass flow rates of
coolants approached 0.01(kg/s), after which no increase was
recorded.
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Fig. 7. Thermal efficiency as a function of mass flow rate and
AT using PCM and PCM+CFM coolants under two solar
irradiation regimes.

3.7. Exergy Analysis

The maximum amount of work possible from a system
can be determined by calculating its exergy, as required by the
second law of thermodynamics [34]. Therefore, thermal
exergy was described according to Eq. 39-40:

Tout—Tin
Ty = 215t (39)
ln—Tin
. ) T
Exon = e X Cp X (Tou = Tin) X (1-12) (40)

Furthermore, the equations for solar and electrical exergy
are provided as Egs. 41-42:

. 4
Eysorar = G X A X [1 St L 1(To) ] (a1)

3 Tsun 3 Tsun

Ex,el =MNel X G X Ac (42)

As previously stated, the second law efficiency may be
derived using Eq. 43:

— Ex,useful _ Ex,el"’Ex,th
‘111 - E.:x,solar - Ex,solar (43)

By substituting these exergy terms, the second law
efficiency equation can be rewritten as Eq. 44:

N = W [m,th (1 - :—Z) + nel] (44)

3Tsun 3

Tsun

Dead state conditions for computing exergy terms are
298.15 K and 100 kPa. As a blackbody, the sun was thought
to have a temperature of 5774 K.

3.8. Exergy efficiency analysis

The exergy PVT with PCM is slightly lower than PVT
with PCM plus porous copper foam. Using PCM+CFM, the
electrical exergy has compensated for the decrease in thermal

exergy compared to the PVT using PCM (Fig. 8). Moreover,
the exergy of the PVT utilizing a PCM-filled porous medium
is much greater than that of the PCM-incorporated PVT, with
an exergy efficiency of 14.4% under dead state conditions.

14.6
14.4

e 14.2
14
13.8
13.6
13.4

Exergy Efficiency (%

N
w
N}

13
12.8

PCM PCM+CFM

Fig. 8. Exergy efficiency influenced by implementation of
standalone PCM or combined with CFM.

4. Conclusion

Numerical CFD modelling was utilized to investigate the
effects of incorporating Phase Change Materials (PCMs)
embedded in Copper Foam Matrix (CFM) on the enhancement
of electrical efficiencies of the collector. The collector's
thermal efficiency, including CFM, is lower than the
conventional PCM due to the increment in temperature
distribution that occurred in PCM. Additionally, our findings
showed that the incorporation of CFM led to a 12% increase
in the phase change of PCM, thanks to the higher effective
conductivity of the CFM. This, in turn, resulted in increased
heat storage in the PCM, which can be released at night when
there is no sunlight available. Moreover, the total exergy
efficiency of both collectors was calculated, and the proposed
collector showed higher efficiency than the conventional. The
proposed collector's most challenging factor is the CFM's high
price. For this reason, further investigation into the use of
porous media in solar energy would be an interesting topic for
future work. Further research should be done in the field to
increase the total efficiency of PVT and discover ways to
reduce the cost of fabrication. As a potential solution, future
research could investigate the use of other porous materials
that could achieve similar results at a lower cost. In addition,
modifications to the design or manufacturing process could
potentially reduce the cost of using Copper Foam Matrix.
These avenues of investigation would be interesting topics for
future work in the field. It is important to note that any
potential alternatives should also be evaluated in terms of their
environmental impact and overall sustainability. By exploring
these avenues, we can work towards developing more cost-
effective and sustainable solutions for solar energy collection
and storage.
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