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Abstract. This work presents a numerical study of two passive cooling strategies for photovoltaic (PV) modules
using recycled materials. The main goal is to limit the performance losses caused by high operating temperatures
under real outdoor conditions, which differ significantly from Standard Test Conditions (STC), and to improve
the overall electrical efficiency. The analysis is performed using three-dimensional transient simulations in
COMSOL Multiphysics, coupling heat transfer and fluid flow in solid and porous domains. In the first
configuration, a recycled polyurethane (PU) foam layer saturated with water is applied at the rear of the PV
module to enhance heat dissipation through coupled heat and moisture transport within the porous structure,
including evaporative cooling effects. The second configuration uses aluminum fins attached to the rear surface
of the module, increasing the heat exchange area and strengthening natural convection with ambient air. The
results show that the PU foam and aluminum fin systems reduce the average operating temperature by 16.4 °C
and 9.8 °C, respectively, compared with the reference module. These reductions translate into relative electrical
efficiency improvements of 8.49% and 5.10%, confirming the effectiveness of both passive cooling approaches

under the studied conditions.

Keywords: Photovoltaic modules / passive cooling / evaporative cooling / recycled materials /
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1 Introduction

The global energy sector is currently undergoing a major
transition driven by the urgent need to reduce greenhouse
gas emissions and ensure sustainable energy supply. With
continuous population growth and industrial development,
global energy demand is expected to increase significantly
in the coming decades. In this context, renewable energy
solutions have become essential to ensure long-term energy
security while reducing environmental impacts [1] and
their adoption has been driven by technological advance-
ments and increasing concerns over the environmental
impact of fossil fuels [2].

* e-mail: almazhoud. maryem@enim.u-monastir.tn

Within green energy solutions, photovoltaic (PV)
systems are widely used and have shown strong growth
in recent years [3]. However, their performance is
significantly affected by operating temperature [4].
Approximately 80-90% of incident solar radiation is
converted into heat, which increases module temperature
and reduces electrical efficiency [5].

This temperature rise mainly reduces the open-circuit
voltage (Voc), while the short-circuit current (1) is only
slightly affected [6,7]. PV efficiency typically decreases by
0.125% t0 0.75% per 1 °C increase in temperature 8], which
makes thermal management essential for improving
performance.

To reduce these losses, several cooling methods have
been proposed in the literature [9]. These techniques are
generally classified into active and passive systems [10].
Active cooling approach such as forced air cooling [11],
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water circulation [12], and nanofluids [13] provide high heat
removal capability, but require external energy input,
which increases system complexity and reduces net
efficiency.

In contrast, passive cooling strategies have attracted
increasing attention due to their simplicity, low cost, and
zero parasitic energy consumption [14]. These methods rely
on natural heat transfer mechanisms, including conduc-
tion, convection, radiation, and evaporation. PV tempera-
ture can be controlled using several passive cooling
approaches, such as thermoelectric cooling [15], phase
change materials (PCM) [16], liquid immersion [17] and
radiative cooling [18§].

Among passive approaches, evaporative cooling has
demonstrated strong potential for PV thermal regulation.
Arivazhagan et al. [19] reported that water film cooling can
reduce the temperature of the PV module by 8-12 °C,
leading to power output improvements of 11-23% and
efficiency gains of 13.3-26%. Similarly, wick-based evapo-
rative systems combined with fins have been shown to
achieve temperature reductions of up to 20 °C, with
average electrical performance improvements of 11.2% [20].
Hybrid configurations such as PV—solar still systems have
also demonstrated temperature reductions of about 8 °C,
resulting in electrical output improvements of 10% [21]. In
addition, Chea et al. [22] developed a collector-based model
for rear-side evaporative cooling using water flow,
confirming improved thermal behavior and an overall
performance enhancement of 4.7%.

Porous media cooling is another effective passive
strategy. It enhances heat transfer through conduction,
fluid transport, and diffusion within the porous structure.
A hybrid porous media—water system applied to a 30 W PV
module achieved a temperature reduction of 27% (50.9 °C
to 37.7 °C), together with improvements in the power
output (12.3%) and efficiency (13.5%) [23]. Numerical
studies on concentrated PV /T systems with porous heat
sinks have also reported severe thermal loads under high
porosity conditions, highlighting the importance of effi-
cient porous thermal management [24].

Additionally, heat sink-based cooling, particularly
aluminum fins, remains widely used due to its high thermal
conductivity, low cost, and simple fabrication process.
Experimental investigations [25] reported a PV tempera-
ture reduction of approximately 4.2 °C with an efficiency
improvement of about 5%. In addition, other studies have
shown temperature reductions of up to 7.5 °C together with
an increase in the open-circuit voltage under different
operating conditions [26].

Despite these developments, most studies focus on a
single cooling technique under specific conditions. Few
works provide a direct comparative analysis of different
passive cooling strategies using a consistent numerical
framework. Moreover, the use of recycled materials in PV
thermal management remains limited in the literature.

In this study, two passive cooling approaches for PV
modules are numerically investigated using COMSOL
Multiphysics under identical environmental conditions.
The first approach consists of a water-saturated recycled
polyurethane (PU) foam layer to enhance evaporative
cooling via porous media effects. The second employs a

Aluminum fins

Polyurethane foam

Fig. 1. Photographs of experimental components used as
reference for numerical modeling.

simplified aluminum fin design to promote natural
convection and increase the effective heat transfer area.
Both approaches are evaluated against a reference
uncooled PV module in terms of thermal behavior and
corresponding electrical performance.

The main contribution of this work is a comparative
numerical assessment of two sustainable passive cooling
strategies under identical operating conditions, highlight-
ing the trade-off between evaporative porous cooling and
fin-based convective enhancement. The use of recycled
materials further emphasizes the environmental relevance
of the proposed solutions.

The remainder of this paper is organized as follows:
Section 2 presents the numerical modeling approach.
Section 3 discusses the simulation results. Section 4
compares the findings with previous studies. Finally,
Section 5 concludes the paper.

2 Numerical modeling approach

This section presents the numerical model developed for
the photovoltaic module and the two passive cooling
configurations. It describes the geometry, cooling designs,
boundary conditions, meshing strategy, and modeling
assumptions, including the evaporative cooling case, as
well as the governing physical processes.

The simulations were conducted using COMSOL
Multiphysics, selected for its capability to solve coupled
Multiphysics problems involving heat transfer, fluid flow,
and porous media transport within a unified finite-element
framework. This allows accurate representation of the
coupled thermal and fluid-dynamic behavior governing the
passive cooling systems.

2.1 Modeling of the photovoltaic panel

Figure 1 presents the cooling materials used as the basis for
the numerical model, namely polyurethane (PU) foam and
the aluminum fin structure.

The geometric configurations of the PV module,
including the reference panel and the two passive cooling
configurations, are illustrated in Figure 2. The PV
module is modeled as a rectangular plate with dimensions
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Fig. 2. Schematic representation of the modeled photovoltaic (PV) configurations: (a) Standard Panel, (b) PU Foam-Cooled Panel,

(¢c) Fin-Cooled Panel.

Table 1. Characteristics of the PV panel employed in the
simulations (SC Origin, SPM100-M) [27].

Characteristics Value

Type Monocrystalline
Dimensions 82 x 80.8 x 3.5 cm
Electrical efficiency at STC (ngpe)  15.1%

Maximum power (Pyfay) 100 W

Peak voltage (V) 18.75 V
Open-circuit voltage (Voc) 22.53 V

Peak current () 5.34 A
Short-circuit current (Isc) 5.70 A
Temperature power coefficient —0.45%/°C

of 8 cm x 80.8 cm and a total thickness of
0.6 cm, composed of a 0.2 ¢m silicon layer and a 0.4 cm glass
layer. The junction box is represented as a simplified
rectangular component with dimensions of 10 cm x 10 cm X
1.4 cm.

For the evaporative cooling configuration, a 0.5 cm
thickness PU foam layer is applied on the rear surface of the
PV module while preserving the original geometry,
ensuring full coverage and effective thermal contact. The
foam is assumed to remain fully saturated with water
throughout the simulation to evaluate the impact of the
evaporative cooling on the heat dissipation and the
electrical performance.

For the aluminum fin configuration, the complex
geometry of the recycled fins is simplified into an equivalent
arrangement of 29 horizontal rectangular fins to reduce
computational cost. Each fin has dimensions of 15 cm X
10 cm x 0.5 cm, with a spacing of 2 cm between adjacent
fins. This simplified representation preserves the main
geometric parameters governing heat transfer, including fin
dimensions, spacing, and thermal contact with the rear

surface of the PV module. This approximation is justified
by the objective of the present study, which focuses on the
overall thermal performance of the cooling system rather
than local flow details around individual fins. It allows the
dominant on the heat transfer mechanisms to be accurately
captured while maintaining computational efficiency.

Table 1 summarizes the electrical specifications of the
PV module, while Table 2 reports the thermophysical
properties of the materials used in the simulations.

The computational domain is discretized using the
physics-controlled meshing tool available in COMSOL
Multiphysics, which automatically generates an optimized
tetrahedral mesh based on the simulation requirements.
The mesh is refined in regions with strong thermal
gradients, particularly near the PV surface and the cooling
configurations. A mesh independence study has been
conducted to ensure that the numerical results are not
affected by grid resolution. Three mesh levels were
considered: coarse, medium, and fine. The effect of mesh
refinement was evaluated for all configurations (Standard
panel, Foam-Cooled, and Fin-Cooled) using key output
parameters, including the average PV temperature, the
maximum PV temperature, and the electrical power output
(Tab. 3).

The results indicate that the solution is weakly sensitive
to the mesh refinement. The differences between the
medium and fine meshes are negligible for all variables,
with relative deviations generally below 1%, confirming
mesh independence.

Based on this analysis, the medium mesh is selected as the
reference discretization for all simulations, as it provides an
optimal compromise between numerical accuracy and
computational cost while ensuring stable and reliable results.

The mesh generation parameters and the resulting
mesh statistics are summarized in Tables 4 and 5,
respectively, while the generated mesh for the PV module
configurations is illustrated in Figure 3. In addition, the
simulation results were recorded at 30-minute intervals,
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Table 2. Physical properties of materials employed in the simulation [28].

Material Thickness  Density Thermal Heat capacity = Porosity Permeabilit;/
(mm) (kg.m™®)  conductivity (Jkg " K™ (%) x 107" (m*)  Emissivity
(Wm 'K
Glass 4.0 2500 1.8 750 - - 0.92
Silicon 2.0 2329 130 710 - - 0.70
Water - 1000 0.58 4182 - - 0.95
PU foam 5.0 30 0.03 1400 90 1 0.85
Aluminum fins 5.0 2700 205 900 - - 0.2
Table 3. Mesh independence study results.
Mesh level Average PV Maximum PV Power
temperature (°C) temperature (°C) output (W)
Stand. Panel Coarse 51.22 59.20 67.10
Medium 50.99 59.06 67.17
Fine 51.05 59.10 67.15
Foam Cool. Coarse 34.64 37.95 72.68
Medium 34.51 37.79 72.73
Fine 34.59 37.82 72.74
Fin Cool. Coarse 41.82 46.58 70.29
Medium 41.12 46.22 70.49
Fine 41.22 46.42 70.52
Table 4. Mesh characteristics.
Table 5. Mesh characteristics of the simulated config-
Characteristic Value urations.
Mini'mum element si'ze 0.016 m Mesh characteristics  Edge Boundary  Domain
Maximum element size 0.054 m elements  elements elements
El t th rat 1.2
CTICIE BOWHA Tate Standard Panel 828 21132 40122
Curvature refinement factor 0.7 .
Narrow region resoltion 0.6 Foam Cooling 1695 91222 219572
& : Fins Cooling 7664 260282 715152

which provides sufficient temporal resolution to capture
the system dynamics while avoiding the excessive data
storage requirements.

2.2 Boundary conditions

Transient simulations were performed using time-
dependent meteorological data for Monastir, Tunisia
(22 May), including solar irradiance, ambient tempera-
ture, wind speed, and relative humidity (Figs. 4 and 5).
The solar irradiance varies from 608 W.m ™2 at 7:00 h to a
maximum of 1001 W.m 2 at 11:00 h, followed by a
gradual decrease during the afternoon. This time-
dependent profile is applied as a surface heat flux on
the front glass layer of the PV module.

The incident solar radiation is implemented as a
surface heat flux applied on the front glass surface of the
PV module, representing the absorbed portion of the

incoming solar irradiance. This formulation ensures
that the solar energy input is treated strictly as a
boundary heat source. The absorbed solar radiation is
expressed as:

Qsolar = O[I(t) (1)

where « is the absorptivity coefficient, equal to 0.85 and
I(t) is the time-dependent solar irradiance.

Convective heat transfer is modeled using Newton’s law
of cooling. The ambient temperature is imposed as a time-
dependent boundary condition varying between 24.7 °C
and 28.6 °C. The convective heat transfer coefficient is
defined as a function of wind speed, introduced as a time-
dependent environmental parameter with an average value
of 2.14 m.s~ ', allowing the model to capture both natural
and forced convection effects under realistic operating
conditions.
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Fig. 3. Mesh layout of the PV module.
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Fig. 4. Temporal evolution of ambient temperature and solar irradiation.

Radiative heat exchange between the PV surfaces and
the environment is modeled using a surface-to-sky
radiation approach. A constant emissivity is assumed
for the PV module, and the sky temperature is estimated
using the empirical correlation: Ty, = 0.0552 Ty, [29],
which is widely used in the literature as a practical
approximation in the absence of detailed atmospheric
radiation data.

The role of the relative humidity is particularly
important in the PU Foam Cooling configuration. In this
study, the relative humidity is introduced as a time-
dependent environmental parameter obtained from mete-
orological data and imposed at the foam-air interface. It
governs the evaporative cooling process through the vapor
pressure difference between the saturated foam surface and

the surrounding air, which acts as the main driving force for
interfacial mass transfer. Consequently, variations in the
relative humidity directly influence the evaporation
intensity and the resulting cooling performance.

All simulations are conducted under fully transient
conditions using coupled thermal boundary conditions to
ensure a realistic representation of the behavior of the PV
system.

2.3 Modeling assumptions and evaporative cooling
configuration

The numerical model is developed based on a set of
simplifying assumptions to ensure computational efficiency
while preserving the dominant physical mechanisms
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Fig. 5. Variations of the ambient humidity and wind speed over time.

governing the behavior of the system. The PV module is
modeled as a multilayer structure composed of homoge-
neous and isotropic materials with temperature-indepen-
dent thermophysical properties over the simulation period.
Perfect thermal contact is assumed between adjacent
layers, and interfacial thermal resistance is neglected.

The surrounding airflow is assumed to be incompressible
and laminar, while buoyancy-induced flow is accounted for
using the Boussinesq approximation to model the natural
convection effects. Surface fouling phenomena, including
dust accumulation, are not considered. Transient simula-
tions are performed using time-dependent meteorological
data to reproduce realistic outdoor operating conditions.

The PU foam layer is assumed to remain continuously
saturated with water throughout the simulation. This
assumption represents a practical operating condition
commonly adopted in porous evaporative cooling systems.
It is ensured by a passive water supply mechanism, such as
capillary action or a reservoir-fed system, which compen-
sates for the evaporation losses and maintains continuous
wetting of the porous medium during operation.

Under this assumption, the evaporation rate, the water
consumption, the and drying behavior are not explicitly
modeled, as their accurate representation would require a
fully coupled multiphase heat and mass transfer formulation
involving liquid transport, vapor diffusion, and phase change
processes, which is beyond the scope of this study.

The effect of the humidity is reflected through the vapor
pressure gradient between the saturated foam and the
surrounding air, which governs the evaporation process and
controls the moisture exchange at the foam—air interface.

2.4 Description of the physical processes

Figure 6 illustrates the heat transfer mechanisms occurring
within the PV module under solar irradiance for the two
passive cooling configurations are investigated in this study.

The incident solar irradiance, I(t), passes through the
glass cover and is absorbed by the silicon layer. A fraction of
the absorbed energy is converted into electrical power, while
the remaining portion is transformed into heat, leading to an
increase in the module temperature. Heat is dissipated from
both the front and rear surfaces through convection (Qeony)
and thermal radiation (Q.q), with the heat transfer rate
depending on the surrounding environmental conditions.

For the evaporative cooling configuration, a PU foam
layer is attached to the rear surface of the PV module. Due to
its low thermal conductivity, the foam modifies the heat
transfer pathway through the rear side of the module. Heat is
primarily released from the external foam surface through
the convective and the radiative heat transfer. When the
porous medium remains saturated with water, an additional
cooling effect is provided through evaporation (Qy). One
part of the thermal energy is consumed as latent heat of
evaporation during the phase-change process, thereby
reducing the operating temperature of the PV module.

For the Fin-Cooled configuration, aluminum fins are
mounted on the rear surface of the PV module. Owing to the
high thermal conductivity of aluminum, heat is efficiently
conducted from the module to the fins. The increased heat
transfer area promotes greater heat dissipation to the
surrounding air through convection and radiation, thereby
enhancing the cooling performance of the system.

These cooling configurations rely on different heat transfer
mechanisms and consequently produce distinct thermal
responses. The corresponding heat transfer pathways form the
basis of the energy balance equations and the comparative thermal
and the electrical performance analysis are presented in this work.

2.5 Thermal model of the PV panel with passive
cooling systems

The thermal behavior of the passive cooling layer located
on the rear side of the PV module is described employing a
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Fig. 6. Schematic of heat transfer mechanisms in a PV panel equipped with passive cooling.

general energy conservation equation. The model accounts
for both conductive and convective heat transfer, allowing
a comprehensive representation of heat transport within
the system. The energy balance is expressed as:

pcpu~VT +V.g=Q + Qq- (2)

The conductive heat flux is governed by Fourier’s law:

(3)

Convective heat loss is described using Newton’s law of
cooling, where h is the convective heat transfer coefficient.
The heat flux depends on the temperature difference
between the external fluid temperature T',; and the surface
temperature (T) [30]:

q=—kVT.

4. = h(Text - T)- (4)
The convective heat transfer coefficient h is determined
using the following empirical relation reported in [31]:

h=5.7+3.8v (5)

. . . 1
where v is the wind speed in m.s™".

Stefan-Boltzmann’s law is employed to describe the
radiative heat transfer, representing the net radiation
exchange between the surface of the module and the effective
sky temperature [32]:

q, = eo(T?

sky T4) . (6)

2.6 Governing equations for cooling using porous
media (PU foam)

2.6.1 Moisture transport in porous medium
In the porous foam layer, moisture transport occurs

through both water vapor diffusion within the pores and
liquid water movement in the porous matrix. For modeling

purposes, these mechanisms are represented using a unified

mass conservation equation that accounts for vapor

transport, liquid flow, and phase interaction effects:

pgug- Vo, +V.g, +u.Vo +V.g,. =G. (7)

The water vapor mass fraction w,, representing the
proportion of vapor in the gas phase, is defined as:

_ M’ud’wcsat(T)
= (8)
Py
The transport of water vapor in the gas phase is driven
by the pressure gradient in the gaseous flow field, uyg,
determined from the Brinkman equation, while g,

represents its diffusive flux due to binary diffusion in dry
air [33]:

9)

The velocity of the liquid phase, u;, within the porous
medium is determined using Darcy’s law:

gu) = 7,0gDeffV(,l)/U

KrlK
M

u = — VPA (10)

2.6.2 Evaporation flow of water vapour

The evaporative mass flux at the liquid-vapor interface is
expressed as:

MK (csat — Cy)- (11)

gevap =

2.7 Analytical expressions of PV panel performance

The electrical efficiency of the PV module varies with the
cell temperature and can be calculated as [34]:



8 M. Almazhoud et al.: EPJ Photovoltaics 17, 28 (2026)

" T ' T j * Raferance pansl (Numerical)
60 |- * * Reference pansl (Experimental)
[[] Ceooled pansl (Numerical)
| * B Cool=d pansl (Experimental)
LR I

55 i —
~ ; ; - e
o/
s L O - * ]
& O x
= 30 b _
5 * n 0
2, ve [} [}
2 L * _
@ | %
= n O

45 L o .

*
g
40 L 1 1 1 L | L | L
8 10 12 14 16 18
Time (h)

Fig. 7. Experimental and numerical evolution of the average rear-surface temperature for reference and cooled PV modules [25].

P=nx1x A (12)
The electrical efficiency of the PV panel varies with the
PV temperature, and can be expressed as follows [35]:

n = nsrc[l — Bsre(Trv — Tsre)] (13)
where ng7¢ is the electrical efficiency under Standard Test
Conditions (STC), Bsrc is the temperature coefficient of
the PV panel (—0.45%/°C as provided by the manufactur-
er), Tpy is the average temperature of the rear surface of
the PV module, and Tg7rc = 25 °C.

3 Results and discussion

This section presents and discusses the numerical results
obtained for the reference PV module and the two passive
cooling configurations. The analysis is structured as
follows: the model validation, the thermal behavior, the
electrical performance, and the overall comparison.

3.1 Model validation

The developed COMSOL Multiphysics model is validated
using experimental and numerical data reported in the
literature for photovoltaic modules equipped with alumi-
num-fin cooling systems. In particular, the study of
Almazhoud et al. [25] is used as the primary benchmark
reference for validation.

As shown in Figure 7, a good agreement is observed
between the numerical predictions of the present model and
the reference data for both the uncooled and Fin-Cooled
configurations. The relative deviation remains within
1-4%, confirming the ability of the model to accurately
reproduce the transient thermal behavior of the PV system.

The same governing heat transfer mechanisms, including
conduction, convection, and radiation, are considered in
both the present model and the benchmark study, ensuring
physical consistency. In addition, comparable assumptions
are adopted regarding material properties, fin geometry, and
thermal boundary conditions, where applicable.

Although minor discrepancies may arise due to differ-
ences in PV module dimensions, fin configuration, and
environmental conditions (solar irradiance, ambient tem-
perature, ambient humidity and wind speed), the proposed
model successfully reproduces the same overall thermal
trends reported in the literature. The main difference lies in
the number of fins (29 in the present study compared to 5 in
the reference work), which allows for a more detailed
investigation of the effect of fin density on thermal
performance.

Overall, the agreement with previous studies confirms
the robustness, reliability, and predictive capability of the
developed numerical model.

3.2 Thermal behavior under identical operating
conditions

The thermal behavior of the PV modules is governed by the
balance between the absorbed solar radiation and the heat
dissipation through conduction, convection, and radiation.
The temperature evolution (Fig. 8) reflects how each cooling
strategy modifies this energy balance throughout the day,
and the corresponding values are summarized in Table 6.

The Standard Panel exhibits the highest operating
temperature because the absorbed solar energy is mainly
dissipated through relatively weak natural convection and
thermal radiation. Under high irradiance, the heat
generation exceeds the dissipation capacity, leading to
the progressive heat accumulation.
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Fig. 8. PV panel temperature variations throughout the day:
Ambient Temperature, Standard Panel, Foam Cooled, and Fin
Cooled.

The Fin-Cooled configuration improves the thermal
performance by increasing the effective surface area, which
enhances the convective and the radiative heat losses.
However, its effectiveness is limited by the internal
conduction resistance within the PV module, which
restricts the efficient heat transport toward the fins.

In contrast, the Foam-Cooled system introduces an
additional evaporative cooling mechanism. When the porous
medium is saturated, the part of the thermal energy is
consumed as latent heat during water evaporation. This
phase-change process significantly increases heat removal
capability and stabilizes the temperature of the module,
particularly under peak irradiance conditions. As a result,
evaporative cooling becomes the dominant heat transfer
mechanism, surpassing purely the sensible heat dissipation.

Quantitatively, the average operating temperatures are
50.99 °C, 41.12 °C, and 34.51 °C for the Standard Panel,
Fin-Cooled, and Foam-Cooled systems, respectively,
corresponding to reductions of 19.35% and 32.32%. These
results confirm that phase-change-driven cooling provides
a substantially higher thermal regulation capacity com-
pared with extended-surface convective enhancement.

3.3 Electrical performance under thermal regulation

The electrical performance of PV modules is strongly
dependent on the temperature. An increase in the PV
temperature reduces the open-circuit voltage due to
enhanced carrier recombination, which leads to a lower
power output and efficiency.

3.3.1 Power output

The electrical power output is calculated using equation
(12). As shown in Figure 9, all the configurations follow the
typical PV daily profile, characterized by an increase in the
morning, a peak around 11:00 h, and a decrease in the
afternoon.

Both the cooling strategies improve the electrical
performance compared with the uncooled module.
The Foam-Cooled method achieves the highest average
power output (71.5 W), followed by the Fin-Cooled
configuration (69.9 W), while the Standard Panel
records 65.2 W. This corresponds to average gains
of 6.3 W (Foam-Cooled) and 4.7 W (Fin-Cooled),
respectively.

These improvements are directly attributed to reduced
thermal losses and improved voltage retention at elevated
irradiance levels.

3.3.2 Electrical efficiency

Figure 10 presents the temporal evolution of the electrical
efficiency for the three configurations.

A slight decrease in the efficiency is observed around
midday, mainly due to the increase in the PV temperature
during the peak solar irradiance conditions. In this regime,
thermal losses become more significant, leading to a reduction
in the open-circuit voltage and the overall conversion
efficiency. Compared with the Standard Panel, both cooling
techniques consistently improve efficiency throughout the day
by limiting the temperature rise of the PV module.

However, the Foam-Cooled method provides a more
stable thermal environment, resulting in higher and more
sustained efficiency levels. The average efficiencies are 13.15%
for the Standard Panel, 13.92% for the Fin-Cooled system, and
14.33% for the Foam-Cooled configuration, respectively.

3.3.3 Overall performance comparison

Figure 11 presents the relative improvement in the
electrical efficiency of the cooling configurations compared
with the standard PV module. The efficiency gain is
calculated using equation (14):

nCooling — NStandard
nGain(%) =

% 100. (14)

NStandard

The results show a clear diurnal variation, with higher
efficiency gains observed during periods of high solar
irradiance and elevated ambient temperature. This con-
firms the strong coupling between thermal and electrical
behavior in PV systems. On average, the Foam-Cooled and
Fin-Cooled configurations achieve efficiency improvements
of 8.49% and 5.10%, respectively. The superior perfor-
mance of the foam system is attributed to its enhanced
thermal regulation through evaporative cooling.

4 Comparative analysis

Table 7 compares the proposed passive cooling config-
urations with previously reported PV cooling techniques in
terms of the temperature reduction and the electrical
performance enhancement.

The aluminum-fin system achieves a temperature
reduction of 9.87 °C (19.35%), while the PU foam
configuration reaches 16.48 °C (32.32%). The correspond-
ing improvements in the electrical efficiency are 5.10% and
8.49%, respectively.
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Table 6. Temperature values of the PV panels at various times of the day under Standard, Foam-Cooled, and Fin-

Cooled configurations.

Time (h) Amb. T. (°C) Stand. Panel (°C) Foam Cool. Fin Cool. Diff. Stan. Panel - Foam Diff. Stan. Panel -
(°C) (°C) Cool. (°C) Fin Cool. (°C)
7:00 24.7 43.19 30.35 32.62 12.84 10.57
8:00 26.4 49.79 33.30 37.64 16.50 12.15
9:00 274 55.06 35.62 41.33 19.44 13.74
10:00 28.1 58.47 37.07 43.98 21.40 14.49
11:00 284 59.06 37.79 46.02 21.27 13.04
12:00 28.6 58.03 37.57 46.22 20.46 11.82
13:00 28.5 55.17 36.55 45.19 18.62 9.98
14:00 28.1 50.34 34.80 43.11 15.53 7.23
15:00 27.5 43.79 32.48 39.59 11.30 4.20
16:00 26.4 36.98 29.53 35.48 7.45 1.50
Prom. 27.41 50.99 34.51 41.12 16.48 9.87
100 —@— Stand. l"anel x
wl e mem T ]
sor T 144 - 4
Tk ]
g S
§ 60 - h E 14,0 - 4
ﬁ? 50 - s
40 . B 136 | -
30 .
20 1 1 1 1 1 132 —®— Stand. Panel
6 8 10 12 14 16 —*— Foam Cool.
Time (h) —#— Fin Cool.

Fig. 9. Electrical power of the PV modules under: Standard,
Foam, and Fin Cooling configurations.

It should be noted that the studies included in this
comparison involve different PV systems, cooling geome-
tries, environmental conditions, irradiance levels, and
evaluation methodologies. Therefore, the comparison is not
fully normalized, and direct quantitative ranking between
techniques should be interpreted with caution.

Despite these differences, the obtained results remain
within the range of values reported in the literature for
similar passive cooling strategies, confirming consistency
with previously published studies.

From a physical perspective, evaporative cooling
systems generally provide higher thermal and electrical
performance improvements compared to fin-based
heat sink systems, which is also observed in the present
work.

Overall, the comparative analysis confirms that the
proposed cooling configurations follow the same trends
reported in the literature on PV thermal management,
without implying performance superiority.

6 8 10 12 14 16
Time (h)

Fig. 10. Electrical efficiency of PV panels: Standard, Foam
Cooling, and Fin Cooling.

The level of agreement with previous studies is
considered qualitative in terms of trends and semi-
quantitative in terms of order of magnitude, due to
differences in the configurations of the systems, boundary
conditions, and modeling assumptions.

5 Conclusion

This study investigated the thermal and the electrical
performance of a PV module equipped with two passive
cooling methods, namely a water-saturated polyure-
thane (PU) foam layer and aluminum fins attached to
the rear surface. The analysis was carried out using
three-dimensional transient numerical simulations in
COMSOL Multiphysics under realistic environmental
conditions.

The numerical model has been validated against
experimental data reported in the literature, showing good
agreement and confirming its ability to accurately
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Table 7. Comparative performance of passive cooling strategies for PV panels including the present study.
Ref Cooling configuration Temperature Electrical performance
reduction improvement
Passive Evaporative Present PU foam 16.48 °C(32.32%) Power: 9.16%Efficiency:
cooling cooling Study 8.49%
[36] Evaporative Solar Chimney System 5 °C Efficiency: 4.9%
[37] Fan-Assisted Wet Cloth Cooling 10 °C Power: 5%
[38] Cotton Wick Efficiency: 1.4% 15.61%
Heat-sink Present Aluminum fins 9.87 °C(19.35%) Power: 5.65%Efficiency:
cooling Study 5.10%
[39] Aluminum fins with perforations 3°C Electrical performance:
2.61%
[40] Finned aluminum plate attached 6.1 °C Conversion efficiency:
with thermal grease 1.75%
[41] Aluminum fins with thermal glue 8 °C Conversion efficiency: 5%
[42] Aluminum fins fixed on the 6 °C Efficiency: 2%
backside surface
12 i : i ; — absorption during the water phase change significantly
—ha " :: ::"é’o(oi’d increases the heat removal compared to the purely
" ) convective or conductive cooling.
i * i Overall, the findings confirm that passive cooling
strategies can significantly improve the PV performance
= P - 1 by reducing the thermal losses without requiring external
e s g 8 . energy input. Among the investigated solutions, the PU
= ¥ ' e Foam-based configuration demonstrates superior thermo-
?, °r i * 1 electrical performance under the studied conditions.
£ a - From a practical application standpoint, the proposed
g 4f . 1 cooling configurations are particularly suitable for real-
= ; = world PV systems due to their simplicity, low cost, passive
b operation, and absence of external energy consumption.
T | Their structural design enables easy integration into
- existing PV modules or incorporation during the
0 . L . L L L L manufacturing process, making them highly relevant for
. . - - - - deployment in hot and high-irradiance environments where
Time (h) efficient thermal management is essential to maintain

Fig. 11. Efficiency gain of PV panels: Standard, Foam Cooling,
and Fin Cooling.

reproduce the transient thermal behavior of PV systems,
thereby ensuring the reliability of the simulation frame-
work.

The results demonstrate a strong dependence of the PV
performance on the operating temperature. The PU foam
configuration provides the most effective thermal regulation,
reducing the average module temperature from 50.99 °C to
34.51 °C (32.32%). This thermal improvement leads to an
increase in the electrical power output from 65.2 Wto71.5 W,
while the efficiency is improved from 13.15% to 14.33%. The
Fin-based configuration also enhances the performance,
although to a lesser extent due to its reliance mainly on the
convective heat transfer enhancement. This superior
performance can be attributed to the additional evaporative
cooling mechanism in the foam layer, where latent heat

stable performance.

It should be noted that the present study is based on
numerical simulations under controlled conditions. Real-
world effects such as dust accumulation, material aging,
wind variability, and seasonal variations have not been
considered. In addition, no economic or lifecycle assessment
has been performed in this work.

Nomenclature

A Area of the PV panel (m?)

Cp Specific heat Capacity at constant pressure (J.kg *.K™')
C, Vapor concentration in the bulk air (mol.m )

Cs,;  Saturated vapour concentration at the interface (mol.m73)
D.s  Effective vapor diffusivity in the porous medium (m?s™)
Gevap ~ Evaporative mass flux (kg.nf?.s*l)

Jic Capillary liquid mass flux (kg.m 2.s™")

G Volumetric mass source (kg.m *.s)
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h Convective heat transfer coefficient (W.m 2K ™)

I Incident solar irradiance (W.m™?)

k Thermal conductivity (W.m 1.K™)

Kegr Effective thermal conductivity of the porous medium

(Wm K™
k. Permeability of liquid water (m?)
K Mass transfer coefficient (m.s™")
My Molar mass of water vapor (kg.mol )
P Electrical power output (W)
Py Absolute pressure of moist air (Pa)
q Heat flux (W.m™?)
Q Volumetric heat source (W.m™)

Heat source due to evaporation (W.m™?)
wea  Volumetric thermal energy dissipation term (W.m™?)
S; Liquid saturation

T Temperature (°C)
(' Gas phase velocity (m.s™')
Uy Liquide phase velocity (m.s™")

Greek symbols

Bsrc Temperature coefficient of electrical efficiency (K™*)
g Surface emissivity

&y Porosity of the porous medium

n Electrical efficiency of the PV module

Wy Dynamic viscosity of the liquid phase (Pa.s)
P Density (kg.m™®)

log Stefan-Boltzmann constant (W.m 2K ™%
() Relative humidity at the panel surface
w, Water vapor mass fraction

Og Solid volume fraction

\% Gradient operator

Subscripts

amb  Ambient

eff  Effective

evap Evaporation

g Gas phase

l Liquid phase

P Porous medium

PV Photovoltaic panel

S Solid matrix

STC Standard Test Conditions

V Vapor
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