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ARTICLE INFO ABSTRACT
Keywords: The photovoltaic modules’ (PV-M) temperature increase significantly reduces their efficiency and accelerates
Photovoltaic-thermal systems their degradation, highlighting the need to design more efficient and durable photovoltaic-thermal hybrid sys-

Copper nanoparticles

Nanofluids

Energy and exergy efficiency
Three-dimensional numerical simulation

tems (PVT-Ss). A new PVT-S, evaluated through three-dimensional numerical modeling in COMSOL Multi-
physics, is recommended, which analyzes several criteria varying inlet velocity and solar radiation, including
energy-exergy efficiency, durability, annual production, exergy destruction, and entropy generation phenom-
ena. Two working fluids were compared: clear water and a nanofluid based on copper nanoparticles (Cu NPs)
dispersed in water. Different forms of these nanoparticles were tested to identify the optimal configuration. The
results show that blade-shaped nanoparticles offer the best performance, with a 3.21 % improvement in thermal
efficiency compared to octahedron-shaped nanoparticles and a 3.56 % improvement compared to cooling using
water alone. The maximum exergy efficiency of 15.35 % is obtained for PVT-S using Cu/water nanofluid,
compared to a 15.13 % value achieved for PVT-S using pure water at low velocity. The total annual energy-
exergy productions for PVT-S using Cu/water are 2672.09 kWh and 515.76 kWh, respectively. These values
are higher than those obtained for PVT-S using pure water and for the conventional PV-M. The sustainability of
the system improves as solar irradiance increases, reaching a value of 1.1689 for the PVT-S based on the Cu/
water nanofluid. The findings of this work reveal that the use of Cu NP-based nanofluids, combined with ge-
ometry optimization, maximizes the energy and exergy efficiencies of the PVT-S while enhancing its overall

sustainability.
Nomenclature (continued)
EEF Electrical efficiency Xel Electrical exergy (W)

Abbreviations MEFRT Mass flow rate Te Solar cell temperature (°C)
TEF Thermal efficiency Xsun Exergy solar radiation on (m)

PVT system EVA Acetate ethylene vinyl m Mass flow rate (kg/s)
BC Boundary condition Tout Output water temperature FEM Finite element method Xen Thermal exergy (W)

(O] Cu Copper A Area of the collector (m?)
SI Sustainability index n Surface normal PVT-S Photovoltaic-thermal system dg Annual degradation rate
PV-M Photovoltaic module Xdes Exergy destruction of the Parameters u, v, Velocity components (m/s)

PVT system w
TPT Tedlar-polyester-Tedlar q Heat flow vector
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(continued)
Gy Annual solar irradiance Sgen Entropy generation in the
(kWh/m?/day) PVT system
Tted Tedlar temperature (°C) dge Annual model degradation
(%)
Apyr PVT area (m?) Eel Electrical power (W)
P. Packing factor (%) Greek Symbols
Vin Input velocity (m/s) u Viscosity (Pa.s)
Qth Thermal energy (W) Nel Electrical efficiency (%)
Ts Surface temperature, (°C) p Density (kg m~3)
k Thermal conductivity (Wm™' g, Exergy efficiency (thermal)
K )
Cp Specific heat (J kg™! K1) Nth Thermal efficiency (%)
Tg Glass temperature (°C) epyT Exergy efficiency (total) (%)
Eabs Received energy (W) €el Exergy efficiency (electrical)
(%)
Tin Inlet temperature (°C)

1. Introduction

The rapid growth of energy demand, together with the negative
impact of greenhouse gases on the climate, has led the scientific com-
munity to rethink traditional energy production methods [1]. Fossil
fuels, long considered the main energy source, are no longer able to meet
current environmental and sustainability challenges. This has shifted
research attention toward renewable energy, especially solar energy,
which is abundant and has a low ecological footprint [2,3]. Among the
available technologies, silicon-based PV-Ms are particularly important
because they can directly convert sunlight into electricity. However,
they also have limitations. Typically, around 80 % of the incoming solar
radiation is absorbed, but less than a quarter is converted into electrical
energy. The remainder is lost as heat, causing cell temperatures to rise
above 40 °C, which reduces both efficiency and long-term performance
[4].

To reduce these losses, various cooling techniques have been
developed. Active methods use pumps or fans to circulate heat transfer
fluids, while passive methods rely on natural mechanisms such as air
convection or the use of phase-change materials. More recently, hybrid
solutions that combine both approaches have been introduced [5],
aiming to take advantage of the strengths of each method. It is in this
context that PVT-S technology has been developed [6]. By coupling a
thermal collector with a PV-M, PVT-Ss can simultaneously generate
electricity and useful heat, offering an effective way to enhance solar
energy utilization and tackle current energy and environmental
challenges.

Numerous studies have focused on optimizing and evaluating the
performance of PVT-Ss and PV-M. Variyenli et al. [7] studied a
water-cooled PVT-S with a flat-surface elliptical cooling tube to improve
heat transfer between the PV-M and the tubes. Experimental tests and
numerical simulations showed that the designed PVT-S achieves a
maximum electrical efficiency (EEF) of 17.57 % and an overall effi-
ciency of 69.38 %, surpassing conventional PV-M (16.13 %), with an
average deviation of 3.2 % between experimental and numerical results,
demonstrating the design effectiveness to improve thermal-electrical
performances. El Alami et al. [8] suggested a simplified, lightweight
PVT-S to overcome the limitations of conventional systems. Their study
evaluated the number of holes and fluid thickness effects on
energy-exergy efficiency and pressure drop. The configuration with a
thin liquid layer of 1 mm showed the best performance, with an EEF,
TEF, and total exergy efficiency of 13.76 %, 79.80 %, and 15.96 %,
respectively. But pressure losses were higher (848-875 Pa). Satpute
et al. [9] compared rectangular and circular spiral PVT-S absorbers with
water as the heat transfer fluid. The rectangular coil showed the best
performance, with an EEF of 14.32 % and a TEF of 63.56 %, reducing the
temperature of the cells and outperforming the circular coil and PV-M
without an absorber, with good agreement between experimental and
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numerical results. Wang et al. [10] analyzed several PVT-S configura-
tions to optimize heat transfer and electrical performance, studying the
influence of collector material, irradiation, mass flow rate (MFRT), and
inlet temperature. The cylindrical structure increased EEF by 1.73 % and
TEF by 8.29 %, with aluminum identified as the most cost-effective
material. Jha et al. [11] compared a PVT-S with a trapezoidal plate to
a conventional unit with a flat plate. The trapezoidal plate reduced the
PV-M temperature by 2.8 °C, increased the outlet temperature by 1.9 °C,
and decreased exergy destruction by 1.89-2.73 %. It also improved
overall annual energy by 8.7 %, overall exergy by 8.4 %, and net elec-
trical energy by 1.62 %, while reducing energy payback time by 5.4-9.5
% and increasing annual CO, mitigation by 8.6-8.8 % compared to the
conventional unit. El Alami et al. [12] proposed an innovative PVT-S
without an absorber plate, allowing direct contact between the water
and the PV cells to reduce cost, weight, and pressure drop. Parametric
analysis showed that the best configuration, with a side inlet, a collector
height of 30 mm, and a water layer of 1 mm, achieves a TEF of 81.27 %,
an EEF of 13.76 %, and an overall exergy efficiency of 16.51 %.
Increasing the water MFRT improves the annual CO3 reduction by 1.02
t, with a 28 % increase in environmental cost and a slight decrease in the
sustainability index of 0.025. Basalike et al. [13] studied a laminar roll
PVT-S with an innovative hexagonal grid channel coupled to a coil,
modeled in 3D for its evaporator and condenser functions. The results
showed that this configuration optimizes the microchannels’ tempera-
ture difference and pressure drop, achieving an EEF of 17.56 %, a TEF of
9.25 %, and a maximum refrigerant coefficient of performance of 4.64.
Over 15 years, the system would reduce energy costs and CO, emissions.
In this regards, Liu et al. [14] developed a biomimetic PVT-S collector
inspired by leaf veins for improving cooling and temperature unifor-
mity. They found that optimizing design parameters (such as inlet
MFRT, channel diameter, bifurcation angle, and number of branches)
can reduce the average temperature by 0.6 K, decrease flow resistance
by 83.2 Pa, and improve thermal uniformity, offering an innovative
approach for high-performance PVT-Ss. In the same direction, Kumar
et al. [15] experimentally investigated a PVT-S collector in India for
evaluating its electrical, thermal, and exergetic performance under
different climatic conditions. Many parameters as water temperature,
ambient air temperature, and solar radiation measurements were uti-
lized for analyzing the overall efficiency of this system. And their results
confirmed that combined heat and power generation improves overall
energy utilization and supports the practical deployment of PVT-Ss. On
the other hand, Almadhhachi et al. [16] developed a modified PVT-S
that incorporate a transparent sheet for reducing heat loss. Their nu-
merical study showed that this modification can improve the overall
efficiency of the collector, stabilize performance in the face of envi-
ronmental variations, and optimize heat transfer, which makes the
system particularly suitable for cold climates. Recently, El Alami et al.
[17] experimentally and numerically compared an uncooled PV, a
partially cooled PVT-S, and a thoroughly cooled PVT-S regarding energy
and exergy performance. Their findings revealed that the thoroughly
cooled PVT-S can offer the better performance, with an increase in TEF
of up to 77.89 %, a maximum decrease in cell temperature of 7.04 °C,
and a minimum improvement in EEF of 0.48 %. Increasing the MFRT
enhances performance, and the thoroughly cooled system reduces the
return-on-investment time by 3.86 years compared to the partially
cooled PVT-S. Cerci et al. [18] studied an air-cooled PVT-S incorporating
NACA 8412 aerodynamic profiles arranged in different positions to
improve heat exchange. The study evaluated the influence of geometric
parameters and air flow conditions on energy and exergy performance.
The best results were obtained with a spacing of 50-70 mm in the flow
direction and 35 mm in the transverse direction, while limiting the air
velocity to 5 m/s to reduce fan consumption. This configuration opti-
mized heat and electrical transfer, demonstrating the value of aero-
dynamic fins as heat exchangers in PVT-Ss.

Recently, nanofluids have been widely utilized in such systems due
to their ability to lower the temperature of PV-Ms and improve their
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overall performance. For example, Safarianbana et al. [19] studied a
PVT-S using a two-phase thermosiphon with a water/MAX phase
nanofluid for rear panel cooling. The nanofluid has high thermal con-
ductivity and low cost compared to MXenes. A concentration of 1 wt%
reduced the temperature by 19.9 °C and increased the electrical power
by 1.68 W. This configuration improved EEF by 19.63 % compared to
conventional PV-M. Jabeen et al. [5] evaluated a PVT-PCM system with
and without fins using 3D transient simulation, using water, rGO/water
nanofluid, and Ag-rGO/water as fluids. The fins reduced the PV-M
temperature by approximately 3 K, increased the liquid fraction of the
PCM by 10 % and the energy storage by approximately 52 kJ, thereby
improving EEF (up to +1.38 %) but with a slight decrease in the TEF of
the fluid (—2.82 %). The Ag-rGO/water nanofluid offered the best
thermoelectric performance compared to the other fluids. Madadi and
Abbasian [1] developed a PVT-S collector with Cu fins and tubes with
PCM (paraffin) attached to the back of the PV, tested with water,
SiC/water, and graphene/water (0.2-0.4 %, 0.5-1 L/min). The gra-
phene/water nanofluid offered the best cooling and thermoelectric
performance, and increasing the concentration and MFRT further
enhanced these gains. Sofiah et al. [20] studied the integration of an
hBN/water nanofluid (0.5 % vol.) into an indoor PVT-S. Experimental
results showed that the panel temperature was reduced from 63 °C to
39°Cat 380 W/mz, electrical power increased from 12.03 W to 21.17 W,
and heat gain reached 255 W at 780 W/m?. Exergy efficiency improved
to 8.7 %, compared to 5.8 % for water alone. In comparison, exergy
losses and entropy generation decreased by 2.9 % and 2.8 %, respec-
tively, highlighting the potential of hBN/water nanofluid to improve the
performance and sustainability of PVT-Ss. In this context, Radhi et al.
[21] investigated a PVT-S featuring square microfins, micro-fin tubes,
and twisted ribbon, employing water and an AlyO3 nanofluid at con-
centrations of 0.1-0.2 % vol., together with enriched PCM at 1 % vol.
With this configuration, the cell temperature reduced from 77.8 to
35.7 °C, achieving a TEF of 86.5 %, an EEF of 13.171 % (representing a
gain of 39.24 %), and a maximum power of 24.44 W. Similary, Azeez
et al. [22] developed an advanced PVT-S that combines dimpled and
petal-patterned absorber tubes twisted ribbons and nanofluids
embedded in PCM. With this configuration, thermal performance was
improved threefold compared with a smooth tube using water alone,
leading to a 32 % increase in EEF and to a 21.2 % increase in TEF. The
system produced a total energy of 2.11 MWh reduced CO, emissions by
0.63 t, thereby demonstrating not only energy efficiency but also eco-
nomic and environmental viability. Jaber et al. [23] investigated a
PVT-S equipped with both internal and external micro-fin absorber
tubes and double V-cut twisted ribbons, tested with various fluids and
PCMs. The best configuration (with 0.8 % CuO and PCM) achieved an
EEF of 12.01 %, a TEF of 83.61 %, and a maximum power output of
26.01 W, confirming the effectiveness of this design in enhancing both
electrical and thermal performance. In another study, Prasetyo et al.
[24] evaluated a PVT-S with fins and an Al,03/water nanofluid. The
addition of fins enhanced heat transfer and lowered the temperatures of
the PV cells, achieving a maximum electrical conversion efficiency of
13.39 %. Furthermore, Alsharifi et al. [25] investigated an innovative
PVT collector featuring twisted porous inserts within straight cooling
tubes, using nanofluids. They demonstrated that optimizing key pa-
rameters (i.e., tube diameter, insert porosity, width-to-diameter ratio,
and nanofluid MFRT) significantly enhances both EEF by 10.49 % and
TEF by 46.78 % compared to conventional designs, achieving a
maximum desirability score of 1.0 in multi-objective optimization.
Previous studies have consistently shown that elevated temperatures
have a negative impact on both the electrical performance and the long-
term durability of PV-Ms. Nonetheless, the majority of investigations
have focused primarily on conventional collector configurations,
including spiral tubes, rectangular coils, various types of overhangs, and
roll-bond collectors. While these traditional designs have numerous
inherent limitations. In particular, they often lead to non-uniform tem-
perature distributions across the surface of the panels, fail to fully cover
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the active PV-M surface, all of which result in a noticeable reduction in
thermal efficiency (TEF). Furthermore, although nanofluids have been
extensively studied for PV-M cooling, the nanoparticles they contain
vary in shape and size, and no study has yet systematically evaluated the
impact of these different shapes on thermal and electrical performance.
This gap prevents the identification of optimal configurations of nano-
fluids and collectors capable of maximizing the overall efficiency of
PVT-Ss.

In response to gaps identified in the literature, this study introduces a
new PVT-S whose performance has never been explored before. The
novelty lies in the integration of an innovative micro-heat exchanger
combined with the use of Cu nanoparticles of different geometries,
which simultaneously optimizes the cooling of PV cells and the overall
energy efficiency of the system. The analysis was performed using three-
dimensional numerical modeling in COMSOL Multiphysics, allowing for
an in-depth evaluation of the impact of variations in irradiance and
MEFRT on criteria such as energy and exergy efficiency, durability, and
annual production, as well as exergy destruction and entropy generation
phenomena. Two types of heat transfer fluids, pure water and Cu/water
nanofluid, were compared to study their cooling capacity and influence
on the overall performance of the system. In addition, the study explores
the effect of different Cu nanoparticle geometries to identify the optimal
configuration for maximizing the thermal and electrical performance of
the proposed system.

2. Methodology
2.1. Structure and description of the PVT model

The design focused on integrating a crystalline silicon PV-M with a
heat exchanger, enabling the joint use of electricity and heat from solar
radiation (Fig. 1). The device is based on a carefully designed multilayer
architecture that captures light energy, converts it into electrical cur-
rent, and recovers excess heat for improving its overall efficiency. The
front surface is made of transparent glass, which allows light to pass via
while providing mechanical protection against external damage. Just
below, sixty PV cells are arranged evenly with a spacing of 2 mm. Each
cell, measuring 156.75 x 156.75 mm?, is interconnected by Cu ribbons
forming a continuous electrical circuit [8,12,26,27]. In order to guar-
antee the module’s durability and stability, the cells are encapsulated in
a layer of ethylene vinyl acetate (EVA). This provides insulation against
moisture and helps maintain long-term performance. The rear side is
covered with a Tedlar-Polyester-Tedlar (TPT) composite sheet, which
offers mechanical strength and additional protection. Finally, while a
metallic frame supports the actual module, this element is not incor-
porated in the present numerical modeling, because its thermal influ-
ence is considered negligible due to its small surface area [28].

In order to improve the thermal performance of PV-Ms, an innova-
tive aluminum heat exchanger has been designed specifically for inte-
gration into PVT-Ss. The configuration comprises 49 slicks, each with its
own holes, as shown in Fig. 2. 25 slicks are open to allow the heat
transfer fluid to circulate in direct contact with the rear surface of the
PV-M, thus maximizing heat extraction, while 24 closed layers serve as a
support for a thin layer of thermal paste 0.1 mm thick, ensuring optimal
and uniform heat transfer across the entire contact surface. The 24
closed slicks are hollow, meaning that the fluid circulates inside them
but without direct contact with the PV-M (Fig. 2). Each slick is 19.40 mm
wide and 1 mm high (Fig. 3). This dimension was determined after a
detailed study showing that increasing the height of the slick leads to an
increase in the temperature of the PV-M and a decrease in the energy
efficiency of the fluid, as justified by studies [8,26]. At the ends of the
exchanger, 30 mm high collectors at the inlet and outlet allow the fluid
to be distributed evenly throughout the 49 channels, and this value of
30 mm is justified in studies [26]. Table 1 shows the dimensions of the
proposed system in detail. Progressive filling from bottom to top pro-
motes uniform circulation and limits the formation of stagnation zones,
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Fig. 1. Illustration of the designed PVT-S.

which improves internal convection and optimizes heat transfer to the
fluid. In addition to heat transfer, the design takes mechanical con-
straints into account. The use of thermal paste, combined with a
modular architecture, effectively minimizes the stresses caused by
thermal expansion variations between the PV-M and the heat exchanger,
thereby helping to enhance the reliability and durability of the system.
The choice of aluminum not only ensures the lightness of the exchanger
but also facilitates its manufacture, offering a robust and economical
solution, as demonstrated in previous studies [26]. Overall, this
configuration represents a comprehensive approach to the efficient
cooling of PV-Ms integrated into PVT-Ss, combining optimized thermal
performance, increased durability, and simplicity of production.

The physical and geometric description of the materials that
constitute the PVT-S is summarized in detail in Table 2. This includes the
various dimensions, structure, and characteristics of the components. In
addition, the materials’ optical criteria and the operating circumstances
considered in the numerical model (such as temperatures, solar radia-
tion, and heat transfer coefficients) are specified in Table 3.

2.2. Numerical analysis and simulation methodology

The PVT-S is analyzed employing COMSOL Multiphysics, which is
based on the finite element method (FEM) software. In this work, The
three-dimensional model applies the Galerkin method [33-35] to
simultaneously solve the combined equations of conservation of heat,
mass, and momentum. This approach ensures accurate modeling of heat
and fluid transfers within the module. In order to accurately reflect the
interactions between components, the model includes conjugate heat
transfer, representing thermal change among fluid and PV-M. The
complete simulation process, from geometry creation to result extrac-
tion, is shown in Fig. 4, which illustrates the main steps of numerical
modeling.

2.2.1. Modeling assumptions and core equations

The three-dimensional model was designed to accurately capture
internal temperature variations and thermal interactions inside the
module. The fluid flow is considered laminar, incompressible, and

stable, ensuring realistic conditions for heat transfer analysis.
Assumptions.

% Perfect thermal contact between components: the interfaces between
the different PV-M or PVT-S layers are assumed to have no additional
thermal resistance [26,36].

< Clean module surface: the panels are considered free of dust or dirt,
ensuring that optical absorptivity remains constant and at its
maximum [37,38].

< Constant thermophysical properties: materials are assumed not to
change their characteristics (conductivity, heat capacity, density)
with temperature [8,12,39].

% Total transparency of EVA: the EVA layer is considered completely
transparent (100 % transmission), ensuring that all incident light
reaches the PV cells [17,31,40].

% Heat losses limited to the front faces for PVT-Ss: only losses through
the front face are considered, while the rear and side faces are treated
as adiabatic, reflecting the typical insulation efficiency and reducing
the model’s complexity. For uncooled PV-Ms, thermal transfer at the
rear is calculated as 50 % of that detected at the front, because of
fewer effective cooling [41].

< Uniform ambient temperature: the surrounding air is assumed to be
homogeneous, and heat losses through the module frame are
neglected [26,42].

The heat produced by PV cells is mainly propagated through mate-
rials by conduction (equation (1)). In contrast, the heat exchanger en-
sures its transfer to the fluid through conduction and convection
(equations (2)—(4)). These phenomena are represented in the numerical
model, allowing overall thermal behavior of the PVT-S to be simulated
accurately [26,43,44]:

PT T &FT\/ k
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Fig. 2. Three-dimensional schematic of the novel aluminum heat exchanger with 49 microchannels (25 open, 24 closed).
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2.2.2. Boundary conditions
To simulate the thermal behavior of the PVT-S and PV-M correctly,
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Fig. 3. Detailed presentation of the dimensions of the new 49-slick heat exchanger.

Table 1

Dimensional details of the new 49-slick heat exchanger.
Parameter Value
Length (L) 1605.5 mm
Width (W) 970.5 mm
Fluid slick width (M) 19.40 mm
Height of the fluid collector (h) 30 mm
Width of the fluid collector (S) 30 mm
Hole diameter (f) 10 mm
Inlet collector length (t) 30 mm
Maximum inlet diameter of system (R) 14 mm
Minimum inlet diameter of the system (r) 13 mm
Height of the fluid slick (F) 1 mm

the boundary conditions (BCs) must be defined precisely. The upper
surface of the module plays an important role in heat dissipation, where
exchanges occur simultaneously via convection with the air and radia-
tion (Fig. 5). For the PVT-S, the side and rear walls are considered
perfectly adiabatic, preventing any additional heat exchange. Regarding
fluid flow, the inlet of the exchanger is defined by an imposed temper-
ature and MFRT, while the outlet is subject to a fixed pressure, ensuring
stable and realistic circulation. A heat transfer coefficient of 150 W/

m2K is applied to the PV-M surfaces [31,45,46], ensuring efficient
transfer to the fluid. In addition, for the PVT-S, the channel walls comply
with the no-slip condition, correctly simulating the interaction between
the fluid and the walls. For the PV-M, heat transfer at the rear face is
estimated at 50 % of that measured at the front face, due to less efficient
cooling, as shown in studies [41,47,48]. All of these specifications,
incorporating thermal and hydraulic aspects, are presented in Table 4
for the PVT-S and in Table 5 for the PV-M, providing an overview of the
essential parameters used in the numerical simulation.

2.3. Nanofluid thermophysical properties

This study examines the impact of introducing Cu nanoparticles into
pure water, which is used as a heat transfer fluid, on the new PVT-S’
energy-exergy calculation. The objective is to compare the results ob-
tained with: colling using this nanofluid, cooling with water alone and
PV-M operating without cooling. In order to achieve thus purpose,
several nanoparticle geometries are considered for evaluating the in-
fluence of their shape on the thermal behavior of fluid, as shown in
Table 6. Additionally, the incorporation of nanoparticles significantly
modifies the specific thermophysical criteria of the fluid. A volume
fraction of ¢ = 2 % was adopted, per the literature [49]. Note that it
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Table 2
Physical and geometric description of PVT-S materials [26,29,30].

Energy 342 (2026) 139598

Materials Layer Thickness (mm) W x L (mmz) k [W/(m.K)] Y [Kg/m3] Cp [J/(kg.K)]
Glass Top layer 3 970.5 x 1605.5 2200 1.8 750
Aluminum Heat exchanger - 970.5 x 1605.5 238 2700 900
EVA Encapsulant 0.3 970.5 x 1605.5 0.29 935 2400
Thermal paste Conductor 0.1 970.5 x 1605.5 1.9 2600 700
Tedlar Bottom layer 0.3 970.5 x 1605.5 0.14 1200 1250
Silicon Solar cell 0.19 156.75 x156.75 148 2329 703

Table 3 k ky — (m—1)-¢-(ky —ky) + (m—1)-ky K ®

Optical criteria and operating conditions of PVT-S numerical model [30-32]. Cha k, + (kw — kp) @+ (m—1)k, v
Symbol/Unit Description Values
G (W/m?) Intensity of incoming solar radiation 200-1200 2.4. Theoretical contextual and analysis
U, (W/m2K) Heat transfer coefficient of PVT-S surface 150
Tin (°C) Inlet temperature of fluid 26 2.4.1. Energy assessment
;g ﬁyﬁfgcﬁ f;afs:clt?;er g'gg To better understand the energy behavior of a PVT-S, it is useful to
ﬂ:ef %) Reference efficiency 14 represent it as a single control volume, as illustrated in Fig. 6. This
Qe Absorption coefficient of PV cells 0.9 approach can enable detailed tracking of all incoming and outgoing
Tg ) Optical transmittance of glass 0.96 energy flows. The solar energy absorbed (E,ps) by the PV-M is principally
Ugl'(a)m" (W/m®.  Heat tra;Sfer coefficient between glass and 10 divided into three parts: electricity generation (E.)), heating of the heat

surrounding air . . . PR

Tor (°C) Ambient air temperature % transfer fluid (Qg,), and heat lqsses (Qioss) Via convection and radiation
Trer (°C) Reference temperature for calculations 25 from exposed surfaces. Assuming a steady state, where thermal and
th (kg/s) Fluid MFRT at inlet 0.0111-0.0556 electrical properties remain constant over time, the energy balance of

Bref (%/°C) Cell’s thermal efficiency coefficient 0.0045

improves heat transfer while maintaining good suspension stability.
Table 7 summarizes the thermophysical characteristics of water and
those of the Cu nanoparticles utilized for this modeling. The effective
thermal conductivity, density, specific heat, and dynamic viscosity of
the water-Cu nanofluid are estimated by equations (5)-(8) [50,51].

1 =9)(pc),, + o (pc),

Cpnf = 5

o (1= ¢)pu + 90, ®

pnf = (1 - ¢)pw + g”'pp (6)
Hy

7

SR 7

this volume can be formulated as [53]:

Egps = Qloss + ch + Eq (9)

The energy received by the PVT-S is quantified using equation (10),
which takes into account the incident irradiance and the characteristics
of the module. At the same time, heat losses to the environment,
resulting from both convection with air and radiation emitted by module
surfaces, are determined using equation (11) [26,43]:

Egps = ac 'pc'Tg'APVT’G (10)

Quoss = Qrad + Qeony an

The quantification of convective heat losses (Qcony) is performed
using equation (12), which takes into account the heat transfer coeffi-
cient and the temperature differences between the module surface and
the ambient air. The evaluation of radiation losses (Qraq) is performed
using equation (13), considering the radiative properties of the module

¢ Geometry Construction:

Design the system geometry using the graphical interface of COMSOL Multiphysics 6.3

e Material Selection:

Step 2

Assign appropriate materials to each domain based on their thermal and optical properties

o Physics and Boundary Conditions Setup:
Define the governing physics interfaces and apply relevant boundary conditions

e Mesh Independence Test:
Step 4

Analyze mesh sensitivity on a key output to ensure accurate and efficient results

e Parametric Study:
Step 5

Conduct simulations by varying key operating parameters

e Computation and Results Analysis:

Step 6| Run the study and analyze the resulting

Fig. 4. Overall flow of the digital process for thermal and electrical analysis of PVT-S.
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Fig. 5. Distribution of PVT-S BCs.

Table 4

PVT-S border setup.
Position Boundary definitions
System outlet, controlled by pressure BC Py =0

Top boundary subjected to convective heat transfer —n-q="hy amb'(Tamb —_

T)
System inlet, defined by imposed temperature and T = Ty, = My,
MFRT

Upper boundary surface with applied inward heat flux k Ty P
“heg =
No-slip at solid-fluid contact areas u=v=w=0
Upper surface exposed to radiative heat losses -n-q= gg.g.(Tsky" —
T*)
Junction region between the heat exchanger and the oT _ ksolia (0T
fluid domain 0n) qua  Kpwia \O) s
Thermal insulation at all other surfaces JaT _
on
Table 5
PV-M border setup.
Position Boundary definitions
The upper and lower surfaces are subject to heat transfer —n-q =hyam (Tmb _
by convection T,)
Upper boundary surface with applied inward heat flux X T, G
T %0
Upper surface exposed to radiative heat losses —-n.-q= gg.g.(Tsky" _
')
and the energy exchange with the environment [43,54]:
Qeony =Apvr+ (Tg — Tamp) -hwhereh=57+38-V (12)
Qraa = (Tg4 - sky4) -Apyr - L (13)

In this equation, o represents the Stefan-Boltzmann constant, Apyr is the
surface area of the PVT-S, and the sky temperature (Tgy) is calculated
from the ambient temperature using the equation below [53]:

Tsy = 0.0552 ® Tomp > 14)

The electrical power (Ee) of the system is calculated using the
following equation [8,43,54]:

Ea=p.- Tg-Qc G-Apyr- nref'(l _ﬂref ) (TC - Tref)) 1s)

The temperature of the cells (T;) is calculated using the following
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Adiabatic walls

==) Thermal

Table 6
Geometric configuration of nanoparticles and shape factor (m) [52].
Shapes Particle form Shape factor (m)
@ Octahedron 1.18
‘ Sphere 3.0
! Bricks 3.70
. Tetrahedron 4.06
@ Cylinder 4.90
a Platelet 5.70
- Blade 8.90

Table 7

Thermophysical data for water and Cu nanoparticles [51,52].
Materials k (W/(m.K)) Cp (J/(kg.K) p (kg/ms) p (Pa-s)
Water 0.6 4181.8 998.2 0.001003
Cu 401 385 8933 -

equation [8,43,54]:

TC :PE'G~ (‘L’g'(lc - ”ref) + (Ug—amb'Tamb + Ut'Tted) (16)

(Ugfamb + Ut)

The EEF (7)) is calculated using the following equation [8,43,54]:

Met :rlref' (1 _ﬂref : (TC - T”ef))

a7

The heat recovered (Qg,) by the fluid is calculated as [31,55]:

ch=m . Cf'(TouI - Tm)
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Fig. 6. Energy balance of a PVT-S treated as a control volume.

The TEF (5, is calculated using the following equation [31,55]:

oy = Qn
" Eabx

19)

The overall system efficiency (10y) is calculated using the following
equation [31,55]:
_Qun | Eq

=+
Eabs Eabs

Nov (20)

2.4.2. Exergy assessment

Energy analysis is limited to quantifying the total quantity of energy,
while exergy analysis, also included in this work, evaluates the quality of
energy relative to that provided by the sun. This approach takes into
account irreversibility, entropy losses, and uneven temperature distri-
bution within the system. Exergy is analyzed in a similar way to energy,
but it provides additional information on the actual efficiency of the
system. Additionally, the exergy flow diagram of the PVT-S is shown in
Fig. 7. When the system is treated as a single control volume operating
under steady-state conditions, the exergy can be expressed by the
following equation [56]:

Xsun = .el + Xdes +Xth (21)

where Xgun, Xin, Xel, and Xges represent the input exergy, the thermal
exergy, the electrical exergy, and the destroyed exergy (losses),

respectively.
The exergy input (Xeun) and the output exergy rate Xout) are
expressed by the following equation [57]:

. 1/Tam\* 4 (Tam
Xon=Eps |[1+=(22) —— (22 22
sun abs |: +3<Tsu") 3 (Txun ( )

Where Ty, denotes the Sun’s blackbody surface temperature, taken as
5770 K [57].

Xout = Xel + Xth (23)

The thermal exergy (Xq) and electrical exergy (XeD) can be deter-
mined according to the following relations [58]:

o T

Xp=1m-Cp - (Toue — Tin)- (1 - T‘”’”’) 29
out

: 1/ Taw\* 4 (Tam

Xag=1, Eas |1+= - 25

el =Ne * Labs |: +3<Tsun) 3 Tom ( )

The evaluation of electrical exergy (ee)), thermal exergy (ew,), and the
overall exergy (epyr) efficiency is carried out through the following re-
lations [58]:

X,
fp =t (26)

Control volume

Input exergy
of the sun

Input exergy of
the mass flow

Output electrical

exer
4 Output exergy

N
%
N

Exergy destruction

Fig. 7. Representation of exergy transfers and losses in the PVT-S.



Y. El Alami et al.
X,
P 27
-sun
X, Xioss  Xa + X,
e =t = e+ En=1— X“’“ = % (28)
sun sun sun

2.4.3. Exergy destruction and entropy generation assessment

Due to heat transfer and hydrodynamic friction losses within the flow
channels, part of the available exergy is destroyed. These irreversible
processes decrease the ability of the system to effectively convert solar
energy into useful thermal and electrical outputs. The resulting exergy
destruction (also known as exergy loss) highlights the influence of in-
ternal dissipation and non-ideal temperature gradients on the overall
performance of the PVT-S. The evaluation of this parameter, which is
very important for assessing the quality of the converted energy, is
carried out utilizing equation (29) as follows [59]:
- Xel - Xdl

Xdes :Xsun (29)

Another key parameter in the thermodynamic assessment of the PVT-
S is the entropy generation, which indicates the irreversibilities caused
by heat transfer and fluid friction. It measures the loss of available en-
ergy and helps evaluate the system’s real efficiency. The entropy gen-
eration is computed by equation (30) as follows [60]:

_ X des
Tamb

Sgen (30

2.4.4. Sustainability assessment

Here, the sustainability of a system is measured by its ability to
convert available energy while reducing environmental impacts effi-
ciently. In order to quantify this performance, the sustainability index
(SI) combines exergy efficiency to reflect the actual value and quality of
the energy produced. Note that maximizing this index enhances overall
energy efficiency and limits losses and environmental impacts. Thus, the
sustainability index is determined employing the following formula [61,
62]:

1

SI=
1_€PVT

(31)

2.4.5. Annual energy production assessment

The economic viability of PV-Ms and PVT-Ss is analyzed by assessing
their capacity to produce energy over their entire lifespan. To do this,
annual production is determined utilizing equations (32)-(34), which
incorporate the solar yearly irradiance (G;) measured in El Jadida
(Morocco) and the annual degradation rate (dg) of PV-Ms, estimated at
0.8 % by the manufacturer. These calculations provide a solid basis for
energy estimation and exergy analysis, allowing the efficiency and
quality of the energy produced by the system to be examined [63].

Ege = (365G 11y - Apy)-(1 —dg)t™ (32)
En=(365-G, 1y -Ap)-(1 —dg)t™! (33)
Enmtal = Erh + Eele (34)

2.5. Meshing procedure and grid independence verification

A mesh independence analysis is performed in order to guarantee the
reliability of the numerical results of the PVT-S using COMSOL Multi-
physics® [64]. This allows for optimal adaptation to the physical con-
straints imposed by the model. To assess the impact of mesh resolution
on the precision of numerical results, several configurations were tested.
The comparison is based primarily on two essential parameters of sys-
tem operation, namely the temperature reached by the PV cells and the
maximum fluid pressure, as well as the calculation time associated with
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each configuration. The analysis was carried out under representative
conditions, with a MFRT set at 0.0556 kg/s and solar irradiance of 1000
W/m? to ensure consistency of results between the different meshes. The
simulations show that varying the mesh size does not result in any sig-
nificant change in either the temperature of the PV cells or the maximum
pressure of the system. As Table 8 shows, the differences between the
meshes of 29, 651, 575 elements and 49, 733, 846 elements remain very
small. Based on these observations, the mesh of 29, 651, 575 elements is
selected for the final numerical analysis (Fig. 8), as it offers satisfactory
accuracy while reducing calculation time. The relative errors observed
for the PV cell temperature and maximum pressure remain limited to
0.005 % and 0.08 %, confirming the reliability of this mesh
configuration.

2.6. Numerical code authentication

The PVT-S model was validated using a combination of numerical
and experimental approaches, as shown in Fig. 9. First, our numerical
results were compared with those of Attia et al. [65], who studied the
optimization of a PVT-S measuring 1200 mm by 540 mm with a power of
90 W and a zigzag channel. The temperature of the PV cells was chosen
as the main criterion and evaluated for a range of irradiances from 200
to 1000 W/m?, with a MFRT of 0.003 kg/s and an ambient and inlet
temperature of 27 °C. The comparisons shown in Fig. 9a show a close
match, confirming that the model accurately reproduces the system’s
thermal behavior under different solar conditions. At the same time,
experimental validation was carried out based on the work of Azeez
et al. [63], who studied a new solar water collector measuring 360 mm
x 670 mm and rated at 30 W under conditions of high cooling demand.
EEF was chosen as the performance indicator and evaluated for several
MFRTSs, ranging from 0.01 to 0.07 kg/s, under 800 W/m? radiation. The
results shown in Fig. 9b reveal a strong agreement between the simu-
lated data and the experimental measurements, reinforcing the credi-
bility of the model and its ability to reflect the system’s actual behavior.
The maximal deviations observed are small, with a maximum of 4.80 %
and 1.15 % for numerical and experimental validations, respectively.
The differences can be attributed to modeling assumptions, geometric
simplifications, or variations in the materials’ thermophysical criteria.
However, the results’ overall alignment indicates that our model is
sufficiently robust to capture the essential thermal phenomena and can
be used confidently for predictive analyses and future optimizations of
the PVT-S.

3. Results and discussion

This study focuses on a new PVT-S, whose performance has been
analyzed in terms of various aspects: energy, sustainability, exergy,
annual production, as well as exergy destruction and entropy genera-
tion. Two types of cooling fluids, namely water alone and a Cu/water
nanofluid, were examined to compare their efficiency. In addition,
different forms of Cu nanoparticles were evaluated to identify the one
offering the best performance. The analyses were conducted based on
radiation (200-1200 W/m?), and MFRTs (0.0111-0.0556 kg/s).

3.1. PV module alone

Fig. 10 highlights the temperature distribution inside PV-Ms. We can
see that the hottest point is in the center. This thermal concentration
results from the density of solar cells in this area, which convert solar
radiation into electricity while producing heat. In contrast, the edges of
the modules have lower temperatures. This can be attributed to more
efficient heat dissipation to the outside, while the center experiences
greater thermal confinement.

Fig. 11 displays the influence of solar irradiance on the temperature
of PV cells, electrical power, and EEF. The results clearly show a gradual
increase in cell temperature, from 33.899 °C to 69.148 °C, alongside an
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Table 8

Comparison of mesh sizes in terms of PV cell temperature, maximum pressure, and calculation time.

Energy 342 (2026) 139598

Mesh type Number of elements Computation time (s) T. (°C) Relative error (%) AP (Pa) Relative error (%)
Coarser 2,472,867 4251 34,345 - 250.13 -

Coarse 4,415,133 7242 34,35 0.042 256.86 2.690

Normal 11,403,390 10,852 34,354 0.031 261.74 1.899

Fine 29,651,575 13,572 34,356 0.015 264.93 1.218

Finer 49,733,846 17,316 34,357 0.005 265.16 0.08
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Fig. 8. Overview of the mesh structure applied to the PVT-S.
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Fig. 9. Validation of the PVT-S model through numerical and experimental comparisons.
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Fig. 10. Temperature distribution of the uncooled PV-M under 1000 W/m?, showing a peak temperature at the center.
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Fig. 11. Variation of PV cell temperature, electrical power, and EEF with solar
irradiance (200-1200 W/m?) for an uncooled PV-M.

increase in electrical power generated, from 34.374 W to 172.163 W,
when irradiance increases from 200 to 1200 W/m?2. This change reflects
the dual effects of the increased incident radiative flux: (1) enhanced PV-
M conversion, and (2) increased heat accumulation in the cells. How-
ever, this rise in temperature negatively impacts EEF, which decreases
significantly from 13.439 % to 11.218 %. This behavior can be explained
by the internal resistance increment and in open-circuit voltage reduc-
tion as cells temperature rises, per thermosensitive mechanisms intrinsic
to semiconductor materials.

3.2. Influence of nanoparticle shape

Fig. 12 displays the effect of the morphology of Cu nanoparticles on
PVT-S performance. Seven different shapes (i.e., Octahedron, Sphere,
Bricks, Tetrahedron, Cylinder, Platelet, and Blade) are examined. The
results clearly show that particle geometry influences both the temper-
ature distribution of the PV cells and the energy and electrical yields of
the system. The cells reach the highest temperature of 34.381 °C with
octahedral nanoparticles, whereas the lowest temperature of 34.356 °C
is achieved with Blade particles, as shown in Fig. 12a. Note that this
behavior suggests that local heat dissipation is modulated by particle
geometry, which affects the thermal gradient and heat transfer effi-
ciency. Additionally, Analysis of the heat transfer fluid’s performance
shows that the use of Cu/water nanofluid significantly improves the
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Fig. 12. Impact of Cu nanoparticle morphology on (a) PV cell temperature and
EEF, and (b) fluid outlet temperature and TEF, at G = 1000 W/m?.

outlet temperature compared to water alone, as shown in Fig. 12b,
highlighting the effectiveness of nanofluids for heat extraction. Among
all the shapes studied, Blade-type nanoparticles stand out for their
overall best performance, reaching a maximum outlet temperature of
29.984 °C, an EEF of 13.41 %, and a TEF of 62.22 %. This superiority is
directly related to their high form factor (m = 8.9). A higher form factor
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increases the effective thermal conductivity of the nanofluid, as shown
in equation (8), and promotes more efficient heat transfer by enhancing
the interactions between the fluid and the particles. Thus, the shape of
the nanoparticles directly influences the heat transfer mechanism since
Blade particles, due to their geometry, increase the contact surface with
the fluid and improve local convection, which reduces the overall
thermal resistance and optimizes heat extraction from PV cells. These
results clearly show that choosing the appropriate nanoparticle geom-
etry plays a strategic role in improving both the electrical and thermal
performance of PVT-S, offering an effective path for optimizing hybrid
solar systems.

3.3. Solar radiation impact

In this section, the evaluation focuses on the thermo-energetic
response of an innovative PVT-S subjected to a solar irradiance range
between 200 and 1200 W/m? Two heat transfer fluids are considered in
this work, i.e., pure water and Cu/water nanofluid and the latter using
blade-shaped nanoparticles due to their proven superiority in terms of
performance compared to other geometries. The MFRT is kept constant
at 0.0556 kg/s to ensure uniform comparison conditions. The analysis
covers both the PV-M temperature evolution, outlet fluid, energy-exergy
calculation, and thus providing an integrated view of the system’s
overall efficiency.

Fig. 13a shows that the cell temperature increases with irradiance
while the EEF decreases, and this trend can be explained by well-known
physical mechanisms in PV-Ms. As solar irradiance increases from 200 to
1200 W/m?, the amount of radiative flux absorbed by the module in-
creases, leading to a gradual accumulation of heat and a rise in cell
temperature, from 27.666 to 36.071 °C for water and from 27.618 to
36.016 °C for Cu/water nanofluid. This increase in temperature directly
affects electrical performance, as the rise in temperature reduces open-
circuit voltage and maximum power, in line with the thermal sensi-
tivity of semiconductor materials. As a result, the EEF gradually de-
creases with irradiance, from 13.832 % to 13.302 % for water and from
13.835 % to 13.305 % for the Cu/water nanofluid, illustrating the direct
link between the rise in cell temperature and the decrease in their EEF.

Fig. 13b shows that the Cu/water nanofluid keeps the cells at a
temperature slightly lower than that of water alone, with a maximum
difference of approximately 0.055 °C, resulting in a marginal but
noticeable gain in EEF of approximately 0.003 %. This trend results from
the improved thermal properties of the nanofluid, which increases
thermal conductivity and promotes better heat transfer from the rear
surface of the cells to the fluid. By limiting heat accumulation in the
cells, the nanofluid reduces the impact of temperature on open-circuit
voltage and maximum power, thus maintaining slightly higher elec-
trical performance. Although these differences appear small in absolute
terms, they physically reflect the nanofluid’s effectiveness in managing
heat, avoiding hot spots, and ensuring more uniform heat distribution.
This confirms the value of nanofluids in optimizing the cooling of PV-Ms
integrated into PVT-Ss, particularly in high-irradiance conditions where
heat dissipation becomes a key factor in maintaining module efficiency
and durability.

Fig. 14 shows the effect of solar irradiance on the fluid outlet tem-
perature and TEF of the PVT-S for water and Cu/water nanofluid. It can
be seen that the outlet temperature increases with irradiance, rising
from 26.685 °C to 30.845 °C for water and from 26.709 °C to 30.995 °C
for Cu/water nanofluid when irradiance varies from 200 to 1200 W/m?
This increase reflects the increased absorbed radiative flux and the
thermal conversion efficiency of the system. At the same time, TEF in-
creases with irradiance, from 53.493 % to 63.059 % for water and from
55.367 % to 65.011 % for the nanofluid. The relative difference between
the two fluids reaches approximately 1.87 % at low irradiance and 1.95
% at high irradiance, showing that Cu/water nanofluid systematically
improves heat transfer compared to water alone. This improvement is
due to the higher thermal conductivity of the nanofluid and the
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Fig. 13. Impact of heat-transfer fluid type (water and Cu/water nanofluid) and
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increased particle-fluid interaction, which promotes more efficient heat
extraction generated by the PV cells. These results demonstrate that the
use of Cu/water nanofluid maintains higher outlet temperatures and
optimizes overall TEF, confirming the importance of fluid selection for
the performance of PVT-Ss under high irradiance.

Exergy analysis provides an essential complement to energy assess-
ment, as it allows for evaluating not only the quantity but also the
quality of the converted energy. As shown in Fig. 15, solar irradiance
significantly influences thermal and overall exergy efficiencies using
water or Cu/water nanofluid. As expected, the results indicate that the
electrical exergy efficiency is undistinguishable to EEF. However, the
thermal exergy efficiency increases with irradiance, rising from 0.131 %
to 1.079 % for water and from 0.140 % to 1.146 % for Cu/water when
irradiance enhances (200-1200 W/mz). The contribution of the nano-
fluid results in a relative gain of approximately 6 % at high irradiance,
confirming the positive effect of nanoparticles on heat transfer. For its
part, the overall exergy efficiency changes from 13.963 % to 14.381 %
with water and from 13.975 % to 14.451 % with Cu/water, representing
a relative improvement of close to 0.5 % in favor of the nanofluid.
Although modest, this gain remains significant in optimizing total effi-
ciency, especially in environments subject to high levels of irradiance.

3.4. Mass flow rate impact

This section evaluates the thermo-energetic response of an innova-
tive PVT-S subjected to MFRTs ranging from 0.0111 to 0.0556 kg/s,
considering pure water and a Cu/water nanofluid with Blade nano-
particles, under a constant irradiance of 1000 W/m?. The analysis fo-
cuses on the thermal evolution of the module and the outlet fluid, as well
as on energy-exergy evaluation.

Fig. 16 illustrates the MFRT impact of the Cu/water nanofluid on the
PC cells temperature. Increasing the MFRT significantly improves
cooling by enhancing convective transfer, decreasing the average cell
temperature, and producing a more uniform thermal distribution. The
reduced fluid velocity results in limited heat exchange when the MFRT is
low (0.0111 kg/s). The fluid temperature gradually increases along the
channel, which causes effective cooling at the inlet but then leads to a
temperature rise in the upper part of the system, generating an inho-
mogeneous distribution and the potential formation of hot spots.
Conversely, at higher MFRT (0.0556 kg/s), the fluid velocity reduces the
thermal boundary layer thickness, promotes a higher convection
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Fig. 15. Variation of thermal exergy and overall exergy efficiency of the PVT-S
with solar irradiance (200-1000 W/m?) for the two heat-transfer fluids (water
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coefficient, and maintains a more uniform fluid temperature throughout
the flow, which homogenizes the temperature of the cells and reduces
thermal gradients. Cu/water nanofluid amplifies this effect due to its
improved thermal conductivity. These results confirm that mass flow
control is a key parameter for simultaneously optimizing EEF by limiting
cell heating and PVT-S durability and reducing local thermal stresses.

Fig. 17a highlights the effect of MFRT on the PV cells temperature
and PVT-S EEF cooled by clear water and nanofluid, respectively. For
both fluids, increasing the MFRT improves cooling, resulting in a sig-
nificant decrease in cell temperature. In fact, the temperature drops
from 44.084 °C to 34.386 °C with water, a reduction of nearly 22 %, and
from 43.978 °C to 34.356 °C with Cu/water nanofluid, corresponding to
a decrease of approximately 21.9 % for escalating MFRT
(0.0111-0.0556 kg/s). The slight advantage observed with the nano-
fluid can be explained by the thermal conductivity and heat transfer
criteria enhancement using Cu nanoparticles. At the same time, EEF
follows the opposite trend, increasing with higher MFRTs due to the
reduction in cell temperature, which limits recombination losses and
maintains a higher open-circuit voltage. Thus, for water, efficiency rises
from 12.797 % to 13.408 %, while for Cu/water nanofluid, it increases
from 12.804 % to 13.410 %. The difference remains small but constant
and confirms that the nanofluid maintains a slightly higher efficiency
thanks to more efficient thermal management. The differences in cell
temperature and EEF between water and Cu/water nanofluid are shown
in detail in Fig. 17b.

These results confirm that the strategy of increasing MFRT to
augment the PVT-S cooling and EEF simultaneously is innovative.
Although the addition of Cu nanoparticles produces only modest dif-
ferences, it is an interesting optimization lever, especially in prolonged
operating conditions where temperature control is critical for durability
and performance stability.

The evolution of the fluid outlet temperature and TEF as a function of
MEFRT is shown in Fig. 18 for PVT-Ss cooled by water and Cu/water
nanofluid. It can be seen that for both fluids, the outlet temperature
decreases (40.785-29.842 °C) and (41.452-29.984 °C) using water and
nanofluid, respectively with rising MFRT (0.0111-0.0556 kg/s). This
decrease can be explained by the reduction in the fluid’s residence time
in the module and by the increase in convective transfer, which allows
the fluid to extract heat more efficiently. The Cu/water nanofluid shows
a slightly higher temperature at low MFRTs due to its higher thermal
conductivity. TEF increases with MFRT, rising from 46.183 % to 60.006
% for water and from 48.267 % to 62.223 % for nanofluid. This
improvement can be explained by the fact that when the fluid flows
faster, the temperature difference between the fluid and the module
remains higher over a larger surface area, promoting more efficient heat
transfer and limiting losses due to cell overheating. These results
demonstrate that increasing the MFRT is an effective way to optimize
thermal performance and that the use of Cu/water nanofluid offers
additional benefits thanks to its improved conductivity and fluid-module
interaction.

The increase in MFRT directly influences the thermal and overall
exergy efficiency of the PVT-S, as shown in Fig. 19. For both fluids, a
decrease in exergy efficiency is observed when the MFRT increases from
0.0111 to 0.0556 kg/s. The thermal exergy efficiency drops from 2.336
% to 0.817 % for water and from 2.546 % to 0.878 % for Cu/water
nanofluid, while the overall exergy efficiency decreases from 15.133 %
to 14.225 % for water and from 15.350 % to 14.288 % for the nanofluid.
The fluid’s residence time in the module reduces at high MFRTs, which
limits heat accumulation and devalues temperature deviation between
fluid and PV-M surface, thus decreasing the recoverable exergy.

3.5. Entropy generation and exergy destruction analysis
Exergy destruction and entropy generation are essential indicators

for assessing irreversible losses in energy systems. Exergy destruction
represents the amount of useful energy lost due to thermodynamic
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V 26

Fig. 16. PV cell temperature of the PVT-S cooled by Cu/water nanofluid at G = 1000 W/m? for different MFRTs (0.0111, 0.0333, and 0.0556 kg/s).

irreversibility, while entropy generation reflects the increase in disorder
and the degradation of energy available to perform work. Table 9 il-
lustrates the effect of solar irradiance on exergy destruction and entropy
generation for different systems, namely an uncooled PV-M, a water-
cooled PVT-S, and a PVT-S using Cu/water nanofluid. We can see that
exergy destruction increases with irradiance, rising from 206.105 W to
1268.354 W for the uncooled PV, from 204.827 W to 1222.153 W for

15

PVT-S with Cu/water, and from 204.855 W to 1223.157 W for PVT-S
with water when irradiance varies from 200 to 1200 W/m? This
change can be explained by the increase in cell and fluid temperature,
which accentuates thermal gradients and irreversible losses. The dif-
ference between the three systems is mainly due to the cooling effect,
with the PVT-S, whether water or Cu/water nanofluid, maintaining
lower temperatures in the cells and fluid, thereby reducing exergy losses
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Fig. 19. Variation of thermal exergy and overall exergy efficiency of the PVT-S
with MFRTs (0.0111-0.0556 kg/s) for the two heat-transfer fluids (water and

Cu/water nanofluid).

Table 9

Variation in exergy destruction and entropy generation as a function of solar
irradiance for PV and PVT-Ss using different cooling fluids.

G W/ Uncooled PV-M PVT-S with Cu/water PVT-S with water
2:
m”) . . . R N .
Xiess (W) Sgen W/ Xiess (W) Sgen W/ Kiess (W) Sgen (W/
K) K) K)

200 206.105  0.6889 204.827  0.6846 204.855  0.6847
400 414.485  1.3855 409.458  1.3687 409.567  1.3691
600 625.013 2.0892 613.729 2.0515 613.979 2.0524
800 837.57 2.7998 817.452  2.7325 817.925  2.7341
1000 1052.045  3.5167 1020.407  3.4110 1021.158  3.4135
1200 1268.354 4.2398 1222.153 4.0854 1223.157 4.0887

compared to uncooled PV. Cu/water nanofluid offers a slight advantage
over water alone due to its higher thermal conductivity, which promotes
more efficient heat transfer and limits local thermal gradients. Similarly,
entropy generation increases with irradiance, ranging from 0.6889 W/K
to 4.2398 W/K for the uncooled PV, from 0.6846 W/K to 4.0854 W/K for
the PVT-S with Cu/water, and from 0.6847 W/K to 4.0887 W/K for the
PVT-S with water. This increase is linked to the intensification of ther-
mal irreversibility as the amount of heat absorbed by the system

increases.

Table 10 displays the evolution of exergy reduction and entropy
creation due to various MFRT. Enhancing MFRT of water or Cu/water
nanofluid increases exergy destruction, reflecting the intensification of
irreversibility in system. A higher MFRT increases the energy flux
transported, which amplifies thermal gradients and, consequently,
exergy losses. The maximum values of exergy demolition and entropy
creation are observed at the highest MFRT of 0.0556 kg/s, reaching
1021.158 W and 3.4135 W/K for the water-cooled PVT-S, and 1020.407

Table 10
Influence of MFRT on

exergy destruction and entropy generation in PVT-Ss

cooled with water and Cu/water nanofluid.

MFRT (kg/s)

PVT-S with Cu/water

PVT-S with water

Kiess (W) Sgen (W/K) Xiess (W) Sgen (W/K)
0.0111 1007.762 3.3687 1010.347 3.3773
0.0222 1014.834 3.3923 1016.394 3.3976
0.0333 1017.514 3.4013 1018.579 3.4049
0.0444 1019.184 3.4069 1020.019 3.4097
0.0556 1020.407 3.4110 1021.158 3.4135
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W and 3.4110 W/K for the PVT-S with Cu/water nanofluid.
3.6. Annual energy production analysis

The annual energy and exergy production of PV-M and PVT-Ss was
analyzed to examine their economic viability. Two heat transfer fluids
were considered, namely water and Cu/water nanofluid, considering the
average daily solar radiation characteristic of the city of El Jadida,
Morocco. Based on equations (32)-(34), the performance of a conven-
tional PV-M and two PVT-S configurations (cooled with water and Cu/
water nanofluid) was quantified for the first year of production and after
twenty years of operation, allowing the effects of aging and cumulative
losses to be considered. The results, presented in Table 11, confirm the
clear superiority of PVT-Ss over PV-Ms alone. In the first year, annual
energy production reached 2,672,093 kWh for the PVT-S with Cu/water
nanofluid and 2,592,417 kWh for the water-cooled module, compared to
only 438,888 kWh for the uncooled PV-M. After twenty years, these
values decrease to 2293.894 kWh, 2225.495 kWh, and 376.769 kWh,
respectively. This reduction is attributed to the combined effect of
component wear and tear and the gradual decline in PV cell perfor-
mance over time. The exergy analysis follows a similar trend, although
the variation is more moderate. The PVT-S exergy production with
nanofluid decreases from 515.76 kWh in the first year to 442.761 kWh
after twenty years, while that of the PVT-S with water decreases from
513.94 kWh to 441.199 kWh over the same period. These results high-
light that the use of a heat transfer fluid not only improves heat
extraction but also the overall efficiency of the system by maintaining a
lower operating temperature for the PV cells. The PVT-S using Cu/water
nanofluid stands out as the most efficient configuration, thanks to its
ability to ensure better thermal stability and simultaneously optimize
energy and exergy yields. In addition, the operating time has a decisive
influence on the performance of the systems studied.

3.7. Sustainability analysis

Analysis of the sustainability index shows that both MFRT and solar
irradiance influence the sustainability of PVT-Ss. Fig. 20a shows that
increasing the MFRT results in a slight decrease in the sustainability
index for both configurations. The index decreases from 1.1783 to
1.1658 for the water system, and for the Cu/water nanofluid system, it
decreases from 1.1813 to 1.1666 due to increasing MFRT
(0.0111-0.0556 kg/s). This reduction is explained by increased heat
losses and irreversibility at higher flow rates, which limit the system’s
overall efficiency. The difference between the two fluids is due to the
higher thermal conductivity of the Cu/water nanofluid, which allows for
better heat extraction and slightly mitigates the decrease in sustain-
ability. In contrast, Fig. 20b illustrates that the durability index increases
with solar irradiance. The water system rises from 1.1622 to 1.1679, and
the Cu/water system from 1.1624 to 1.1689 when the irradiance varies
from 200 to 1200 W/m?. This positive trend results from improved
energy and heat production under higher irradiance levels, which re-
duces the relative thermal load and promotes more sustainable opera-
tion of the system.
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3.8. Performance comparison with previous studies

This section presents a comparison between the system studied and
work already published in the literature. Table 12 highlights the overall
energy and exergy efficiency of a PVT-S using Cu/water nanofluids,
compared to values reported in the literature. The superiority of the total
energy efficiency of the proposed system (78.31 %) can be explained by
the synergistic combination of the new micro-heat exchanger, which
ensures uniform cooling, and the use of Blade-type nanoparticles with a
high form factor, optimizing thermal conductivity and heat transfer
coefficients.

Table 13 presents a comparison of the maximum pressure reached in
the system studied with that of PVT-Ss in the literature. This comparison
shows that the proposed system has minimal pressure drop, whereas
previous studies report pressure drops ranging from 300 to 874 Pa,
despite using much lower MFRTs (0.00136-0.00556 kg/s) compared to
the high MFRT of the system under study (0.0556 kg/s). This increase in
pressure drop in existing systems forces the pump to work harder to
maintain the desired flow rate, resulting in higher power consumption
and thus a decrease in the overall efficiency of the system. In practical
applications, this overconsumption can increase operating costs and
limit the actual energy efficiency of the PVT-S, particularly when the
fluid flow rate is low and the pump must operate at more constrained
speeds to compensate for significant pressure losses. These results
confirm that the new micro-heat exchanger offers high thermal perfor-
mance while maintaining low pressure drops, outperforming the PVT-Ss
studied in the literature, even at significantly higher flow rates.

4. Conclusions

This study analyzed a new P PVT-S, whose performance was evalu-
ated using three-dimensional numerical modeling performed in COM-
SOL Multiphysics. The approach adopted allowed for an in-depth
examination of several aspects based on variations in irradiance and
MEFRT, including energy performance, durability, exergy efficiency,
annual production, exergy destruction, and entropy generation. Two
heat transfer fluids, namely pure water and Cu/water nanofluid, were
considered to compare their cooling capacity and impact on the system’s
overall efficiency. In addition, the influence of different Cu nanoparticle
forms was studied to identify the most efficient configuration. The
simulations were conducted based on solar irradiance and various
MEFRTs.

The main results obtained in this research can be summarized as
follows.

< The shape of nanoparticles is a key parameter in improving the
performance of PVT-Ss. The blade geometry of Cu nanoparticles
proves to be the most effective, with a 3.21 % improvement in TEF
compared to the octahedron shape, and a 3.56 % improvement
compared to water cooling, under an irradiance of 1000 W/m?.

< The increase in solar radiation raises the temperature of the cells to
36.071 °C for PVT-S water, 36.016 °C for PVT-S Cu/water, and
69.148 °C for PV-M, reducing EEFs to 13.302 %, 13.305 %, and
11.218 %, while improving TEFs to 63.059 % and 65.011 %.
Meanwhile, increasing the MFRT reduces the temperature of the cells

Table 11
Annual energy and exergy production of PV-M and PVT-Ss (water and Cu/water nanofluid) for the 1st and 20th years of operation.
Production year considered System Type Ecle,ann (KWh) Eth,ann (KWh) Entot,ann (KWh) EXele,ann (KWh) EXth,ann (KWh) EXtot,ann (KWh)
t=1 PVT-S with Cu/water 491.993 2180.100 2672.093 491.993 23.767 515.76
PVT-S with water 491.883 2100.534 2592.417 491.883 22.057 513.94
Uncooled PV-M 438.888 0 438.888 438.888 0 438.888
t=20 PVT-S with Cu/water 422.358 1871.536 2293.894 422.358 20.403 442.761
PVT-S with water 422.264 1803.231 2225.495 422.264 18.935 441.199
Uncooled PV-M 376.769 0 376.769 376.769 0 376.769
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Fig. 20. Sustainability index of the PVT-Ss under different operating conditions: (a) variation with MFRT (0.0111-0.0556 kg/s) and (b) variation with solar irra-

diance (200-1000 W/m?) for water and Cu/water nanofluid.

Table 12
Comparison of the total energy and exergy efficiency of PVT-Ss using Cu/water
nanofluid with studies in the literature.

References Study type Concentration Fluid Nrotal epyr

&year D) type (%) (%)

Alsharifi et al. Numerical - Water 74.96 15.38
[66], 2024

Alktranee et al. Experimental 0.3 CuO/ 49.2 10.91
[59], 2024 water

Alktranee et al.  Experimental 0.2 TiO,- 54.22 14.11
[59], 2024 Fe 03/

water

Sreekumar Experimental 0.1 MXene/ 75.36 20.68
et al. [67], C-dot
2024

Hosseinzadeh Experimental 0.2 Zn0O/ 65.71 13.61
et al. [68], water
2018

Goksu and Numerical - Water 53.45 15.47
Oztop. [69],
2025

Sardarabadi Experimental 0.2 TiOy/ 57.97 11.93
et al. [70], water
2017

Present study Numerical 2 Cu/ 78.31 14.28

water

Table 13
Analysis of PVT system pressure drop compared to the literature.

Reference Year Absorber type Pressure Inlet MFRT or
value velocity
Poredos et al. 2020  Bionic 385 Pa 0.5m/s
[71] Parallel 778 Pa
Olmus et al. 2025  Serpentine 789.892Pa  0.00556 kg/s
[53]
Kazemian 2024  Spiral 300-400 0.00136 kg/s
et al. [29] Pa
Two-sided serpentine 874 Pa
Present study 2025  Heat exchanger with 49  264.93 Pa 0.0556 kg/s

microchannels

and slightly increases EEF to 13.408 % for PVT-S water and 13.410 %
for PVT-S Cu/water.

< The total exergy efficiency increases with irradiance, reaching
14.381 % for water-cooled PVT-S and 14.451 % for Cu/water-cooled
PVT-S, while it decreases with increasing MFRT, reaching maximum
values of 15.133 % and 15.35 % at the lowest MFRT.

< Exergy destruction and entropy generation increase with irradiance,
reaching 1222.153 W and 4.0854 W/K for Cu/water PVT-S,
1223.157 W and 4.0887 W/K for water PVT-S, and 1268.354 W
and 4.2398 W/K for PV-M, and also increase with increasing MFRT.

% The PVT-S Cu/water system has the highest annual energy
(2672.093 kWh) and annual exergy (515.76 kWh) among the sys-
tems studied, with durability increasing with irradiance (1.1689 for
Cu/water, 1.1679 for water) but decreasing slightly when the MFRT
is higher, reaching 1.1813 and 1.1783, respectively, at the lowest
MFRT.

5. Future research directions

For future work, it is recommended that the PVT-S studied be built
experimentally to confirm the numerical results obtained, while
exploring the use of different nanofluids, single or hybrid, to maximize
thermal and electrical performance. Optimizing the collector design,
including channel geometry, spacing, and materials, as well as studying
the system’s behavior under various climatic conditions and seasons,
could improve overall energy efficiency. In addition, integrating PVT-S
with thermal or electrical storage systems and developing active real-
time control strategies would allow operation to be adapted to irradi-
ance and energy demand. Comprehensive economic and environmental
analyses and assessments of the long-term durability and reliability of
materials are essential to ensure the industrial applicability of the sys-
tem. Finally, exploring innovative coatings and advanced nanomaterials
to reduce heat loss and homogenize cell temperature could further
enhance the system’s performance and longevity.
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