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ARTICLE INFO ABSTRACT

Keywords: In light of recent advances, two main gaps persist in the literature: limited studies on box-type photovoltaic-
Channel-shaped HE _ thermal systems (PVT-S) and the absence of surface temperature dispersal analyses. Selecting suitable heat
E;;gy and exergy analysis exchanger (HE) materials compatible with the system’s architecture is essential. To address these gaps, this study

introduces a new PVT-S configuration. Energy and exergy performances were evaluated under varying operating
conditions, including mass flow rate (FR), inlet temperature of the heat transfer (HT) fluid, and solar irradiation.
Three-dimensional simulations were performed in COMSOL Multiphysics® using the finite element method
(FEM), and the numerical approach was validated against experimental and numerical data from the literature.
The results show that copper and aluminum have similar HE performance, suggesting that aluminum is a lighter
and more cost-effective alternative. Increased solar radiation generally improved PVT-S efficiency, although
electrical efficiency (EE) decreased slightly by 0.34% and reached a maximum value of 12.29%. The maximum
thermal efficiency (TE) achieved by the system is 80.9%, and the exergy efficiency is 15.6%. Higher FRs improve
energy yields but reduce exergy-based yields. Increasing the inlet temperature reduces both electrical (-0.53%)
and thermal (-11.56%) yields, while improving total thermal and exergy yields, but decreasing electrical exergy

Numerical simulation
Photovoltaic thermal system

yield.

heating to electricity generation. Photovoltaic (PV) technologies occupy
a prominent place among the applications exploiting this resource
1. Introduction [7-9]. PV panels convert only a fraction of the incident solar radiation
into electrical energy (typically between 15 and 25%) [10]. The
The increasing global population, combined with ongoing industrial remaining portion of this energy is either reflected or dissipated as heat
development, presents a significant challenge in meeting energy de- within the module, leading to an increase in the temperature of the PV
mands. However, the intensive use of fossil fuels as the primary energy cells [11]. This, in turn, reduces EE and shortens the lifespan of the solar
source has had severe consequences, including acid rain, global warm- cells [12-14]. PVT-Ss are emerging as a promising solution for har-
ing, rapid climate change, and devastating impacts on human health and nessing solar energy more efficiently by combining thermal energy
the environment [1]. These effects have even led to the extinction of collection with electrical power generation [15,16]. Since the PVT-S was
certain animal species. To address these issues, the transition to clean, first conceived in 1970 [17], intensive research into these hybrid sys-

environmentally friendly energy sources has become an unavoidable tems has continued to progress.
strategy [2,3]. Solar energy is currently considered one of the best al- The performance of PVT-Ss is likely to be influenced by various pa-
ternatives, drawing significant interest because of its abundance and its rameters, including design, operating, and climatic parameters [18,19].
environmentally sustainable characteristics [4-6]. This energy source is Over the last decade, various design approaches have been considered to

used in a variety of applications in our daily lives, ranging from water
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Nomenclature Greek symbols
Nen Thermal efficiency (%)
Parameters Nref PV efficiency (at STC conditions)
Ted Tedlar temperature ( °C) Tq Glass transmissivity
Tsun Surface temperature of the sun ( °C) ) Density (kg m™)
Ejoss Overall energy losses (W) & Thermal exergy efficiency (%)
X Thermal exergy (W) g Overall efficiency (%)
Ty Glass temperature ( °C) el Electrical efficiency (%)
m Volume flow rate (L/h) £ Glass emissivity
Tout Temperature of output water ( °C) s Solar cell absorptivity
Cpf Specific heat (J kg'K™) eoveran Overall exergy efficiency (%)
E, Electrical power (W) £ql Electrical exergy efficiency (%)
Ep Energy input to the solar cell (W)
Eg Thermal energy (W) Abbreviations
pe Packing factor (%) EEX Electrical exergy
T, Reference temperature ( °C) EE Electrical efficiency
T, Temperature of the solar cell ( °C) FR Flow rate
k Thermal conductivity (W mlKY FEM Finite element method
Ts Temperature of the surface ( °C) OE Overall efficiency
Vin Water inlet velocity (m/s) PVT-S Photovoltaic thermal system
u,v,w Velocity components (m/s) PV Photovoltaic
n Surface normal TEX Thermal exergy
X, Electrical exergy (W) TE Thermal efficiency
Xoun Solar exergy input to the PVT system HE Heat exchanger

maximize the efficiency of PVT-Ss, with particular emphasis on opti-
mizing the shapes of the heat absorbers and the structural configurations
of the cooling channels. Hussain et al. [20] performed an experimental
investigation on a PVT-S cooling channel featuring hexagonal fins. Their
results showed an approximate 0.2% increase in EE alongside a 20 to
70% enhancement in TE. El Alami et al. [21] studied a new PVT-S with
water directly attached to the PV rear, showing improved temperature
uniformity, lower pressure loss, higher energy and exergy efficiencies
(75.83% and 17.56%), and enhanced sustainability indicators compared
to conventional PV systems. Ozakin [22] investigated and compared the
energy efficiency of three different cooling channel configurations:
empty channels, channels with closely spaced fins, and channels with
sparsely distributed fins. The results show that with sparse fins, the
exergy efficiency increased by around 70%, while with frequent fins it
increased by 30% compared with the empty state. Emam et al. [23]
studied a water-based PVT-S with PCM capsules, showing that it reduced
cell temperature, increased EE and power output, achieved overall ef-
ficiencies up to 67.33% with a peak exergy efficiency of 74.64%,
shortened payback to 1.58 years, and reduced carbon emissions by 32%
compared to uncooled PV panels. Misha et al. [24] introduced a
water-cooled PVT-S featuring a novel double oscillation absorber. The
research integrated CFD modeling via ANSYS 19.2 with experiments
conducted under Malaysian climatic conditions. Results at a mass FR of
6 L/min indicated a maximum EE of 11.71% and an average TE reaching
59.6%. Nahar et al. [25] proposed a novel spiral flow channel design
tailored for PVT-Ss. This channel was bonded directly to the PV module
using thermal paste and tested with both aluminum and copper tubes.
Their findings revealed nearly identical performance between the two
materials. Furthermore, the implementation of the flow channel
described by Nahar et al. [25] achieved a panel temperature reduction of
42 °C, which corresponded to a 2% increase in the EE of the PV module.
Refaey et al. [26] studied the thermal regulation of solar panels using
PCMs. Three PCMs (RT31, RT35, RT42) were tested with different fin
geometries. The RT31 proved unsuitable due to its low melting point.
When using RT35 and RT42 under irradiance levels ranging from 510 to
850 W/m?, RT42 with triangular fins reduced the panel temperature by
19.4 to 24% compared to uncooled panels, thereby increasing efficiency

by 7 to 8.4%. The RT42 also demonstrated a longer service life and faster
solidification overnight, thereby improving overall thermal perfor-
mance. Yu et al. [27] focused on the impact of channel design on PVT-S
performance by comparing two absorber plate types connected via rol-
lers. Their study revealed that the PVT-S equipped with a grid channel
achieved higher electrical and thermal efficiencies than the one using a
harp channel. Hamada et al. [28] studied an innovative water-based
PVT-S incorporating PCM capsules, capable of operating in both active
and passive cooling modes. Experiments conducted under real-world
outdoor conditions in Cairo showed that, with a water FR of 3 L/min,
the actively cooled PVT-PCM panel achieved a maximum overall effi-
ciency (OE) of 74.1%, compared to 34.6% for the passively cooled panel
and 12% for a reference air-cooled PV panel, thus demonstrating sig-
nificant improvements in both electricity generation and thermal energy
storage. De Luca et al. [29] investigated an innovative flat-plate PVT-S
through numerical modeling. Their design incorporates vacuum layers
placed either above or below the PV panel. According to their results,
this setup greatly minimizes convective heat loss and notably enhances
both the energy and exergy performance of the system. Sheshpoli et al.
[30] combined numerical simulations and experiments to assess various
PVT-S designs, with the goal of finding the optimal cooling tube layout.
Their analysis revealed that certain configurations exhibited higher
temperatures than the reference setup. Upon determining the most
efficient arrangement, they implemented it in northern Iran, where the
system showed a marked increase in TE (48.4%) and EE (7.3%)
compared to panels without cooling. El Alami et al. [31] studied a PVT-S
cooled using nanofluids containing copper nanoparticles (Cu NP). The
blade-shaped nanoparticles increased TE from 3.2% to 3.6% and raised
exergetic efficiency to 15.35%, with annual energy and exergy outputs
of 2672.09 kWh and 515.76 kWh. Higher irradiance improved dura-
bility, demonstrating that Cu NP-based nanofluids and optimized ge-
ometry enhance the performance of the PVT-S and the overall durability
of the system. Mohammadi et al. [32] analyzed a PVT-S using a
flattened-tube HE combined with PCM and nanofluid. They showed that
a 44% tube flattening, with a silver-based nanofluid (10%), achieves a
PV temperature of 54.04 °C and good thermal uniformity, but at the cost
of increased pressure drop and reduced PCM melting. Madadi et al. [33]
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proposed a novel PVT-S integrating flat heat sinks and serpentine copper
tubes enclosed in a paraffin wax-filled sealed container, attached to the
rear of the PV panel. The system was tested experimentally using water,
SiC/water, and graphene/water nanofluids at 0.2% and 0.4% concen-
trations and FRs of 0.5 and 1 L/min. Results showed that nanofluids,
especially graphene-based ones, significantly reduced PV temperature
and improved both electrical and thermal efficiencies compared to
water and the uncooled PV panel. Radhi et al. [34] developed an
innovative PVT-S collector incorporating a square spring, micro-fin
tube, and twisted tape, combined with Al:Os-based nanofluids and
nanophase change materials. Tested under a solar simulator with irra-
diance up to 1000 W/m? and FRs from 0.016 to 0.05 kg/s, the system
achieved peak thermal and electrical efficiencies of 86.5 % and
13.171%, respectively. Compared to a conventional PV panel, it yielded
a 39.24 % increase in EE by lowering the cell temperature from 77.8 °C
to 35.7 °C. Kazemian et al. [35] investigated PVT-S using a wavy HE
tube, optimizing five key design parameters. The results showed that the
wavy configuration significantly enhanced energy (85%) and exergy
(14.67%) efficiencies compared to the straight-tube design, confirming
the effectiveness of this geometry for solar applications.

Flat plate PVT-S (wave collectors, serpentine collectors, etc.)
[33-35] are the most commonly used due to their simple design and
relatively low cost. However, they present several significant issues. One
of the main problems is thermal inhomogeneity caused by imperfect
contact between the cooling tubes and the panel plate, leading to an
uneven temperature profile on the PV panel surface. This temperature
variation reduces the EE of the panel and can accelerate its degradation.
Additionally, HT in these systems is often limited by the small heat ex-
change surface provided by the flat tubes and by irregular fluid flow,
which lowers cooling efficiency. Moreover, hydraulic pressure losses can
be high at elevated FRs, and the system may struggle to maintain
optimal temperature under high solar irradiance. In comparison,
box-type or channel-based PVT-Ss (Fig. 1) offer several advantages.
Their design allows for the integration of wide or multiple channels,
ensuring better circulation and more uniform distribution of the HT
fluid. This configuration improves HT by increasing the contact surface
between the fluid and the hot surface, resulting in more effective and
uniform cooling of the PV panel. Box-type systems also offer better
management of pressure losses, as the fluid can circulate more freely
through wider or optimized flow passages.

In light of the most recent advances, the authors note that the liter-
ature on waterborne PVT-Ss still has some shortcomings. Few studies
[36-38] have focused on channel box configurations, despite their po-
tential effectiveness. Furthermore, detailed data on collector surface
temperature variation and pressure losses in this type of design remain
limited.

The study intends to design an innovative thermal exchanger of
channel-box architecture, specifically developed to enhance convective
transfers within the system. This new structure is characterized by its
innovative design, in which almost the entire surface of the PV panel is
in direct contact with the HT fluid. This configuration maximizes the
contact surface, unlike traditional PVT-S sheet-and-tube systems

Solar Cells

«— Tedlar
Box Panel —»| ' i i
Fluid channel

Insulation

Fig. 1. channel-box PVT-S.
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[33-35], where contact between the sheet and the tube is limited,
making HT less efficient. In addition, this proposal addresses the prob-
lem of uneven temperatures across the panel surface. Conventional
systems often have large temperature gradients, which can lead to
thermal variations and stresses on the PV cells, affecting their perfor-
mance and durability. The new structure aims to even out the temper-
ature across the entire surface of the panel, reducing the risk of
premature degradation of PV panels and increasing their lifetime.
This work provides the following significant contributions:

o Investigation of the impact of different parameters, such as FR, inlet
water temperature, and varying levels of solar irradiation, on the
energy and exergy performance of the proposed PVT-S.

e Analysis of the materials used in the manufacture of the HE to
identify the most appropriate for the proposed system and for other
PVT-Ss.

e Validation of the new system's reliability through comparison with
numerical as well as experimental results from existing literature.

This work is structured around four key sections. The first reviews
the present situation of knowledge on PVT-Ss. The second part adopts
the 3D numerical modeling developed for the study. The third part is
results analysis, put into perspective in relation to previously published
data. The final section summarizes the main findings and looks ahead to
future prospects.

2. Methodology
2.1. Configuration and operating principle

This new system is based on a standard PV panel, composed of
several superimposed layers that provide protection, transform solar
energy into electrical power, and insulate the module. On the surface, a
glass plate provides mechanical protection while allowing light to pass
through. Just below, an encapsulation layer, generally made of EVA
(ethylene vinyl acetate), holds the solar cells in place. These cells, the
heart of the device, are responsible for converting solar radiation into
electricity. Finally, another encapsulation layer protects the back of the
cells, followed by a sheet of Tedlar, which forms the module's final layer
and ensures its thermal stability and resistance to external agents.
During operation, however, a large proportion of the solar energy
absorbed is converted not into electricity, but into heat. This tempera-
ture rise reduces the module's EE. To mitigate this undesirable effect, a
HE is attached to the rear of the panel to recover the excess heat and
maintain the panel at a moderate temperature. The HE designed for this
study features a well-organized internal structure, allowing controlled
circulation of a cooling fluid. It consists mainly of a microchannel plate
(Fig. 2) that comes into direct contact with the rear face of the PV panel.
This plate contains numerous circular channels through which the fluid
circulates. Thanks to its thinness, it facilitates rapid HT between the
heated panel and the fluid. Additionally, apertures in its bottom wall
connect the internal channels to the fluid inlet and outlet zones, ensuring
a smooth and balanced distribution throughout the system. The fluid is
introduced into the exchanger via a manifold located on one side
(Fig. 3). This manifold distributes the liquid throughout the channels.
After absorbing the heat, the fluid is recovered by a second collector on
the other side of the system. This arrangement ensures even fluid dis-
tribution across the entire surface of the plate, enhancing cooling effi-
ciency. In all, the HE comprises 94 channels, carefully arranged to
ensure stable circulation, with no stagnant zones, and good heat ex-
change. The collectors are connected to the outside of the system by
simple, seamless fittings, making them easy to integrate into a hydraulic
circuit.

This PVT-S was numerically modeled using COMSOL Multiphysics®
software, which simulates the interaction between thermal, fluidic, and
structural phenomena. The approach adopted is based on solving the
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Fig. 2. Detailed view of the microchannel plate with its integrated circular channels at the rear of the PV panel.

physics of conjugate HT, which considers conduction, convection, and
fluid flow through the various parts of the system. A flow chart (Fig. 4)
illustrating all the steps involved in the numerical simulation, from
geometric modeling to analysis of the results, is presented for a better
understanding of the computational process. The data were then rep-
resented graphically with Origin, and the material properties and geo-
metric parameters used are listed in Tables 1 and 2.

2.2. Key assumptions and fundamental equations

The numerical investigation was conducted within the COMSOL
Multiphysics® environment, employing the FEM as the primary
approach. The fluid flow was treated as steady, incompressible, and
uniformly distributed, falling within the laminar regime. For getting
proper thermal and hydrodynamic characteristics, appropriate Multi-
physics couplings were applied, particularly those accounting for non-
isothermal flow conditions. Several simplifying assumptions were
introduced to facilitate the simulation of the PVT-S configuration,
among which are the following:

e The EVA encapsulant was assumed to be perfectly transparent,
allowing full transmission of incident solar radiation,

e The PVT-S surface was considered clean, without any dust deposition
that could alter its solar absorptivity [40],

e All thermophysical properties were expected as constant, irre-
spective temperature fluctuations [41],

e The temperatures of the sky and the surrounding atmosphere were
treated as equivalent in the simulation,

e Heat losses through the edges and the backside of the PVT-S were
neglected,

e Ideal thermal contact was assumed between all components of the
PVT-S assembly [42].

In the solid components of the PVT-S, HT was primarily modeled as
conduction. This process involves the transfer of thermal energy via the
vibrational motion of particles within the material. The analysis of heat
flow through the PV cell surfaces relies on solving the thermal con-
duction equation presented below [25,43]:

V-(kVT) =0 D

The equations governing conjugate heat transfer are accompanied by
equations of conservation of mass and momentum, which describe the
behavior of the fluid. In COMSOL, these equations are formulated as
follows [25,43,44]:

pcpaa—f +pCou-VT = V-(kVT) + Q @)
ou

P +V-(pu) =0 3

p-%l:er(u-V)u =V [ —pl+u(Vu+(Vu)'] +F 4

2.3. Boundary conditions

In the numerical model, the inlet temperature and fluid FR were
prescribed as boundary conditions for the fluid circulating within the
channels. The outlet pressure was fixed at atmospheric pressure (0 atm).
A no-slip condition was imposed on the channel walls. Heat dissipation
from the PVT-S occurs through radiation and convection at the glass,
whereas the lateral faces were kept insulated (Fig. 5). The glass’s



Y. El Alami et al.

Results in Engineering 30 (2026) 110386

Fig. 3. Diagram of coolant distribution through HE inlet and outlet manifolds.

(%) —o

2.4. First law (energy) analysis

convective HT coefficient is 7.14 W/m?.K, while a higher value of 150.0
W/m?K was used for internal surfaces of the PVT-S, according to the
literature [45-47].

< For the top surface:
e Heat flux: — kg%‘i =G
e Diffusive reflection: —n.q = sga<T;‘ - T;), where 6 = 5,670367 x

10 8Wm~2K* is Stefan-Boltzmann's constant.
e Convective heat loss: — n.q = hg_o(To — Ty)
<« For the interfaces:

o (1 _ k(o
on " kw\ oOn
Sfluid solid

< All solid boundaries of the fluid channels are subject to the no-slip
condition:

eu=w=v=0

< For the inlet and outlet:

e Inlet: T = Tjp,u = Up,w =v =0

e Outlet: P = 0 (Pa)

% For the PVT-S’ (BC1, BC2, BC3) remaining boundaries:

The energy study is based on the theory of thermodynamics' first law.
The schematic representation of the energy flow for the PVT-S under
study is shown in Fig. 6. The inlet energy is symbolized by the amount of
solar radiation, with significant outlet electrical and thermal energy.
This approach considers the PVT-S as a unified control volume, allowing
the energy balance for this volume to be formulated as follows [48]:

D En= Eou+Y Eus )

Where Ejos, Eoye and Ej, represent the system's energy losses, output
energy, and input energy, respectively.

The effective total solar radiation incident on the PVT-S is calculated
as follows [49]:

Ey = Grgpea A (6)

The electrical energy generated corresponds to the portion of energy
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Software
COMSOL Multiphysics 6.1

Create a geometry

I

Selecting Material

I

[ Setup physical properties and Boundary conditions ]

I

ssadoad TOSINOD 10§ sdnyas aouanbag
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Fig. 4. Overall diagram used to simulate the PVT-S in COMSOL Multiphysics®.

absorbed by the PV cell, and is given by [50]:

Ep = 1750 GApc(1 — p(Tc — T)) @
The PV cell temperature is determined using the equation presented

below [51]:

B Pe.G (5.0 — 1) + (Ug—aTamb + UrTrea)

T,
° e+ 0)

®

The thermal energy recovered by the fluid from the PV module is
calculated using the following equation [52]:

En = mcp.f(Tuut = T; ) (9)
This equation is used to evaluate the electrical performance of the PV
panel:

E

N = Eﬁ 10)

The instantaneous PVT-S TE is determined using the equation pre-
sented below:

Eys
—_th 11
N E an

The equation below can be used to determine the overall PVT-S
efficiency:

_En+E,

=" (2

2.5. Second law (exergy) analysis

The methodology used in the exergy analysis is comparable to that
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the second law of thermodynamics principles. To assess the energy
performance of the PVT-S, the first step is to consider it as a control
volume.

The steady-state exergy balance of a PVT-S can be calculated as
follows [53]:

ZXdest = ZXm - ZXout 13)
In this equation, X, represents the exergy destroyed as a result of
irreversibility, X, the output exergy, and Xin represents the input
exergy.
The rate of exergy input, generally defined based on solar radiation,
is calculated using the following expression [54]:

Y 1 Tamb 4 4 Tamb
Xon = En |14 - 14
{ +3<Tm> 3\ Tun af
Where Ty, denotes the black-body surface temperature of the sun, 5770
K [54].
The output exergy rate of the PVT-S, comprising thermal and elec-
trical components, is given by the following expression [55]:

ZXth + erl = ZXout (15)

The thermal exergy (TEX), Xy, is determined as follows:

. . T
Xin = MCpp(Towe — Tin) X (1 - T“”) (16)
out

The calculation of the electrical exergy (EEX) is given by:

- 1/Taw\' 4 (Tam
Xoi = 1y X Ey X [1 +§(Tsun) ~3 (Tm a7z

TEX efficiency,es, and EEX efficiency,e,, derived from the second
law of thermodynamics, are defined as follows:

Table 2
Geometric, environmental, and thermophysical data used in modelling [39].

Parameter type Description Values

Collector geometry Collector dimensions (L x W) 1.960 m x 0.960

m
Environmental Reference temperature (T,) 25°C
conditions Ambient temperature (Tgmp) 25°C, 27 °C
Solar irradiance (G) 2 x 10 -10° W/
m2
Fluid inlet conditions Inlet temperature (Tj,) 26 -35°C
Inlet volume flow 30-180L/h
PV properties PV efficiency (at STC conditions) 13%
(’7ref )
Solar cell packing factor (P.) 0.95
Solar cell absorptivity (a.) 0.9
Glazing specifications Glass emissivity (eg) 0.04
Glass transmissivity (zg) 96%
Thermal parameters PVT surfaces’ HT coefficient (U;) 150 Wm2K!

Solar cell thermal efficiency
coefficient (u,)

—0.0045%/ °C

used in the energy analysis. In this respect, Fig. 7 illustrates the exergy HT coefficient of glass-air (Uy_q) 7.14 Wm2K!
flow diagram of the PVT-S studied. The exergy approach is founded on
Table 1
Hybrid PVT-S layers’ properties [36].
Layer Materials Thickness (mm) Thermal Conductivity [W/ (m. K)] Heat capacitance C, [J/(kg.K)] Density /)[Kg/m3]
HE Aluminum 237 900 2700
Copper 0.4 401 384 8960
Top cover Glass 3 1.8 500 2500
Encapsulant EVA 0.3 0.311 2090 950
Solar cell Silicon 0.5 148 700 2329
Water Fluid - 0.68 4200 998

Bottom cover Tedlar 0.1 0.15

1250 1200
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Fig. 5. Boundary conditions applied in the PVT-S simulation model.
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Fig. 6. Energy flow diagram for a PVT-S.
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Fig. 7. Exergy flow diagram for PVT-S.

X,

e = =2 x 100 (18)
Xin
X,

€al :X—l x 100 19)

in

The overall exergy efficiency,eoperan, is €xpressed by the following
equation:

Xa + X,
el .+ th _ Ea + Em (20)

Eoverall =
sun

2.6. Mesh choosing

The development of the numerical model begins with the definition
of boundary conditions, which is a prerequisite for generating the mesh
needed to solve the discretized equations. In this study, the mesh for the
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PVT-S was generated in COMSOL Multiphysics® using an automatic,
physics-controlled meshing approach. A mesh sensitivity analysis was
carried out to ensure that the simulation results are independent of the
number of elements used. This verification was performed under the
following operating conditions: an ambient temperature of 25 °C, and a
fluid FR of 180 L/h. Several mesh densities were tested (Fig. 8), using the
PV cell temperature as the main performance indicator. Among the
configurations assessed, the one comprising 5791,537 elements proved
sufficient: beyond this level, temperature variations between successive
meshes became negligible. Since further refinement resulted in minimal
accuracy improvement and significantly higher computational cost, this
mesh configuration was selected for the simulations. Fig. 9 presents the
3D view of the uniform mesh structure used for the PVT-S.

2.7. Model confirmation

The numerical model was compared with experimental data pub-
lished by Rahman et al. [56], who studied a SY-90 M PV module (1200 x
545) with strictly defined dimensions, connected to a copper HE con-
sisting of seven tubes. This is a comparison of the temperature of the
cells studied under three FRs (60, 90, and 180 L/h). In order to verify the
evaluation, identical experimental conditions were reproduced in our
simulation: radiation of 995 W/m?, a fluid inlet temperature of 35 °C,
and an ambient temperature of 27 °C. Table 3 presents the results of this
comparison. The maximum deviation obtained is 4.39%, which proves
the high accuracy of the developed model. The differences observed can
be explained by a number of factors, such as the type of PV technology
used in the reference study, the type of HE configuration used, and the
rapid dynamics of environmental conditions, which are difficult to
reproduce perfectly in a digital environment. Overall, by comparing the
simulated results with the experimental results, we can say that the level
of correspondence is high, which explains why the modeling method-
ology adopted is robust and reliable.

3. Results and discussion

To assess the performance of the new PVT-S system in terms of en-
ergy and exergy, this analysis has been conducted. Volumetric FRs
(30-180 L/h), input temperature (26-35 °C), and solar irradiation levels
(200-1000 W/m?) were varied, and the T, was maintained at a tem-
perature between 25 °C and 27 °C throughout the study. The subsequent

Coarser = 2130848 elements

Results in Engineering 30 (2026) 110386

sections present a comprehensive overview of the results obtained for
each scenario analyzed.

3.1. Choice of material for the system developed

The optimum choice of PVT-S material is based on its ability to
transfer heat efficiently [57]. It is important to seek high HT coefficients
to ensure better thermal reduction in PVT-Ss. It is therefore essential to
find an appropriate balance between the HT characteristics of the
absorbent material and those of the fluid used. Materials frequently used
in PVT-Ss include copper, aluminum, stainless steel, and polymers [58].
However, the use of stainless steel in the manufacture of PVT-Ss has
major disadvantages, such as its weight and its propensity to corrode in
environments with a pH above 7 [58]. Despite steel's good thermal
conductivity and high convective HT coefficient, it is often considered
unsuitable because of its incompatibility with various fluids and its
manufacturing constraints.

Polymer materials have both advantages and disadvantages. A sig-
nificant limitation is their lower thermal conductivity compared to
copper and aluminum, which can result in boundary problems among
thermal-PV components. Additionally, polymers tend to expand signif-
icantly with heat and are not well-suited to withstand the high tem-
peratures present in PVT-S. Consequently, polymers are not
recommended for designing and manufacturing heat absorbers in PVT-
Ss. The choice of copper and aluminum as absorbent materials has
been widely adopted by many researchers for the design of PVT-Ss [59].
This study evaluates the performance of a PVT-S using copper and
aluminum as manufacturing materials to determine the more suitable
option. Fig. 10(a) shows that the T, in the aluminum PVT-S is slightly
higher than in the copper PVT-S, with a maximum difference of 0.355
°C. This can be attributed to the thermal conductivity of the materials, as
copper’s higher conductivity allows for more efficient HT. Copper's su-
perior heat dissipation allows the solar cell to operate at a slightly lower
temperature than aluminum, resulting in a higher EE for the copper
PVT-S, as shown in Fig. 10(b). However, the EE difference between the
aluminum and copper PVT-Ss is only 0.174%, indicating comparable
performance. Thus, due to its lower cost and lighter weight, aluminum is
a viable material for thermal collectors in PVT-S applications.
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Fig. 8. Influence of mesh size on cell temperature.
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Fig. 9. PVT-S mesh.

Table 3
Validation of the cell temperature T. model as a function of volume FR.

Flow rate (L/h) T. (°C) Error (%)

Present study Rahman et al. [56]

60 52.44 50.23 4.39%
90 49.54 49.65 0.22%
180 46.11 47.76 3.45%

3.2. Investigating the effect of irradiation

Streamline trajectories for the PVT-S were analyzed at irradiation
levels of 2 x 10 to 10° W/m?, with an FR of 180 L/h. Fig. 11 illustrates a
case at 10° W/m?, highlighting notable variations in the fluid’s tem-
perature distribution. Fig. 12 shows an in-depth analysis of the
streamlines within the HE, focusing on two key points in the system.
These streamlines allow the movement of the coolant through the HE to
be visualized, and the corresponding temperatures can be determined by
reference to the temperature bar provided in the figure. The average
temperature of the water leaving the HE is directly related to solar
irradiation levels. As solar radiation increases, the surface temperature
of the PV panel rises, leading to greater heat production by the solar
cells. This heat is absorbed by the Tedlar layer at the back of the PV
panel, which enhances HT to the circulating cooling fluid in the HE.
Thus, the fluid's average temperature at the outlet of the HE increases.

Fig. 13 shows how solar irradiation affects the PV panel temperature
and the water outlet temperature for different water inlet temperatures
(29 °C, 32 °C, and 35 °C). It can be seen that, whatever the inlet tem-
perature, an increase in solar irradiation from 2 x 102 to 10° W/m?
causes a simultaneous rise in the PV panel temperature (Fig. 13a) and
the water outlet temperature (Fig. 13a). This is explained by the HT
mechanism of the PVT-S. The temperature of the solar cell is propor-
tional to solar irradiance, as shown in Eq. (8). As irradiance increases,
the PV cell absorbs more heat, raising its temperature. This increased
heat is transferred to the water circulating in the system, increasing the
outlet temperature of the water. For a water input temperature of 29 °C,
the PV panel temperature increases from 34.40 to 40.07 °C for the
irradiance range (200 - 10° W/m?2). Similarly, water outlet temperature
increases from 30.04 to 34.78 °C. For a water input temperature of 32
°C, the PV panel and water outlet temperatures increase respectively
from 37.32 to 43.07 °C and from 32.68 to 37.40 °C with the irradiance
range (200 - 103 W/m?). Finally, at 35 °C fluid input temperature, the PV
panel and fluid outlet temperatures increase from 40.15 to 46.03 °C and
from 35.41 to 40.10 °C, respectively, for an irradiance range (200 - 10°
w/m?).

Fig. 14(a) shows that the EE decreases both with increasing solar
irradiation and with increasing cooling water inlet temperature,
whether at 29 °C, 32 °C, or 35 °C. PV cells absorb more photons when
solar radiation increases, generating both more electrical current and
more heat. The accumulated thermal energy raises the temperature of
the cell, which increases the recombination of charge carriers and de-
creases the voltage across the cell terminals. This increase in electrical
losses logically explains the decrease in EE under high irradiance, even
though the total radiation flux is higher. In addition, a higher water inlet
temperature reduces the ability of the cooling fluid to remove heat from
the panel, thus reducing the efficiency of HT. For input temperatures of
29°C, 32 °C and 35 °C, the efficiency decreases from 12.45% to 12.11%,
from 12.27% to 11.94%, and from 12.11% to 11.76% respectively as the
irradiance increases from 2 x 10% to 10° W/m?, representing a decrease
of 0.34%, 0.33% and 0.35% respectively.

Fig. 14(b) shows that TE increases as a function of solar irradiation
for all three input temperatures (29 °C, 32 °C, and 35 °C). Furthermore,
the TE increases as the input temperature decreases. For example, at 29
°C inflow temperature, the TE increases from 70.70% to 78.59% for
escalating irradiance range (200 - 10° W/m?). For input temperatures of
32 °C and 35 °C, the TE changes from 46.23% to 73.42% and from
27.87% to 69.34% respectively, again in response to a variation in
irradiance from 2 x 102 to 10° W/m?. In comparison, for 29 °C inflow
temperature, a gain in TE of 9.25% is recorded compared with a 35 °C
inflow temperature. The increase in irradiance increases the amount of
heat generated by the PV cells. This additional heat spreads by con-
duction through the different layers of the panel to the HE, then is
transferred to the heat transfer fluid by convection. Thus, as solar ra-
diation increases, the heat flow to the fluid becomes greater, resulting in
an increase in the TE of the PVT-S.

OE increases with irradiance, as shown in Fig. 14(c), due to the
combined effect on electrical and thermal performance. Increased irra-
diance raises the temperature of the cells, which slightly reduces EE.
However, this same temperature increase increases the amount of en-
ergy recovered by the fluid, thereby improving TE. The positive effect on
TE compensates for the slight decrease in EE, leading to a net increase in
the OE of the PVT-S. However, as noted above, the increase in TE pre-
dominates. OE rises from 83.15% to 90.7% for an input temperature of
29 °C. At 32 °C and 35 °C inflow temperatures, it rises from 58.5% to
85.36% and from 39.98% to 81.1% respectively, for irradiance range
(200-10° W/m?).

3.3. Investigation of the effect of volume flow rate

In this section of the study, we examine the effect of water FR on
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A 40°C

Fig. 11. Water streamlines for T;, and G are 26 °C and 10% W/m?, respectively.

PVT-S performance parameters. The range of variation of the inlet water
FR was defined between 30 L/h and 180 L/h, with an interval of 30 L/h.
These variations were studied at a constant input temperature of 26 °C,

10

under irradiation of 10® W/m?

Fig. 15 shows that increasing the FR reduces the PV panel and
outflow temperatures. The PV panel reaches a peak temperature of
53.07 °C at a 30 L/h FR. However, it drops to 37.05 °C at a 180 L/h FR.
This reduction is mainly due to improved convective HT: a higher FR
increases fluid velocity, which improves HT between the PV panel sur-
face and the cooling fluid. However, this increase in fluid velocity re-
duces the time the fluid spends in contact with the panel, which reduces
its ability to accumulate heat. As a result, the fluid outlet temperature
also drops, from 49.34 °C with a low FR of 30 L/h to 31.95 °C with a high
FR of 180 L/h.

Fig. 16(a) shows that increasing the water FR from 30 L/h to 180 L/h
results in a significant improvement in the TE and EE of the PVT-S. With
a higher FR, the water circulates more quickly through the system,
allowing more efficient extraction of heat from the PV panel. This
increased heat extraction increases the TE of the system, as more heat is
transferred to the water. At the same time, the increase in water flow
results in a decrease in the average temperature of the PV cells. Although
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Fig. 12. Exploded view of the streamlines at the input (d) and output (a-c) of the HE.
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Fig. 13. Evolution of (a) PV panel temperature and (b) water outlet temperature as a function of irradiance for different input temperature values (29 °C, 32 °C, and

35 °Q0).

the PVT-S current may decrease slightly, the voltage generated by the
system increases significantly. This increase in voltage leads to an in-
crease in the EE and power output of the system, despite the slight
decrease in current. The OE increases as the thermal and electrical ef-
ficiencies increase with the fluid inlet FR, as shown in Fig. 16(b). For
example, at a low FR of 30 L/h, the electrical, thermal, and overall ef-
ficiencies are 11.35%, 52.89% and 64.24% respectively. However, at a
higher FR of 180 L/h, the thermal, electrical, and overall efficiencies are
12.29%, 80.90% and 93.19% respectively.

3.4. Investigation of the effect of input water temperature

Fig. 17 shows the temperature distributions of the PVT-S for four
different inlet temperatures, set between 26 °C and 35 °C, with a FR and
irradiance of 80 L/h and 10° W/m?2. Whatever the inlet temperature, the
panel temperature remains relatively low near the fluid inlet, where the
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cold water initially absorbs heat. Moving away from the inlet towards
the outlet, the panel temperature gradually increases, due to the heating
of the water as it passes through. The top left of the panel, identified as
the hottest zone, is where the water reaches its maximum temperature
before exiting the system. This area is subject to greater thermal build-
up due to prolonged exposure to irradiance and the heat generated by
the PV conversion process.

Fig. 18 demonstrates the evolution of PV cell temperature T, and EE
in relation to the input water temperature. It is clear that the heat
removal capacity of the water decreases as the inlet fluid temperature
increases. In other words, more thermal energy is transferred to the PV
cells, causing the PV cell temperature to rise from 31.95 °C to 40.10 °C.
As aresult, at higher water input temperatures, the water fails to cool the
PV panel effectively, resulting in a decrease in its EE from 12.29% to
11.76%, a reduction of 0.53%.

As shown in Fig. 19, as the input temperature increases, the
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temperature difference between the inlet and outlet gradually decreases.
Specifically, it decreases from approximately 5.95 °C at an input tem-
perature of 26 °C to only 5.1 °C when the inlet water is heated to 35 °C.
This decrease is mainly due to excessive heat loss to the environment.
Consequently, the convective HT rate decreases, ultimately leading to a
reduction in the TE of the PVT-S from 80.90% to 69.34%. Another factor
contributing to this reduction in TE is the decrease in the heat transport
capacity of the water, observed as the input water temperature
increases.

3.5. Exergy analysis for the PVT system

This section focuses on evaluating the exergy performance of the
PVT-S examined in this research in order to measure its actual operating
efficiency. A notable limitation of the first law of thermodynamics is that
it neglects energy quality and focuses on all forms of energy, such as
electrical, mechanical, chemical, and thermal energy, which can lead to
inaccurate assessments by ignoring the nuances specific to each form of
energy [60]. To obtain a more qualitative assessment of the PVT-S's
performance, an analysis based on the second law of thermodynamics is
performed, taking into account the irreversibility associated with ther-
mal processes. The exergy analysis is performed using Egs. (13) to (20)

13

and explicitly defining the reference environment at an ambient tem-
perature of 25 °C, in accordance with the methodology used in this
article and proposed by Kalogirou et al.[54]., which ensures the repro-
ducibility of the results and the clarity of the approach. This approach
highlights the differences between energy performance and exergy
performance. Energy optimization aims to maximize the total amount of
heat or electricity recovered, while exergy optimization detects and
reduces losses due to irreversibility and improves the quality of the
energy extracted. Although this study did not perform a detailed analysis
by component, global modeling allows total losses to be estimated and
the main trends in the system to be identified. This approach provides
solid guidance for the design and management of PVT-S, and can serve
as a basis for future studies aimed at analyzing irreversibility in each
component in greater detail. In practical terms, this distinction is
important because it translates performance gains into concrete and
measurable benefits such as reduced pump consumption, lower thermal
stresses, and increased electricity production. Analysis based on the first
law of thermodynamics alone shows superior performance due to the
neglect of losses and the qualitative omission of energy values.

The variations in EEX and TEX of the PVT-S as a function of
increasing volumetric FR from 30 L/h to 180 L/h, at a constant inlet
temperature of 26 °C and solar irradiance of 10° W/m?, are presented in
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Back surface of PVT

Fig. 17. PVT-S temperature distribution for different input temperatures.

Fig. 20(a). It is observed that increasing the FR leads to a decrease in TEX
and an increase in EEX. Specifically, TEX decreases by 51.82%, while
EEX increases by 7.62% as the FR rises. This opposite trend can be
explained by the reduction in fluid residence time within the collector at
higher FRs, which limits heat absorption and reduces the outlet fluid
temperature, thereby decreasing the TEX. Conversely, the increase in FR
enhances the cooling of PV cells, lowering their operating temperature
and improving EE, which leads to a rise in EEX. Due to the more sig-
nificant reduction in TEX compared to the increase in EEX, the total
exergy efficiency decreases by approximately 8.18% (Fig. 20(b)). The
overall exergy efficiency of the PVT-S reaches its maximum (15.63%) at
a flow rate of 30 L/h and its minimum (14.35%) at 180 L/h. The main
sources of exergy destruction are identified as thermal irreversibilities
due to temperature gradients in the PV cells and the working fluid, as
well as mechanical irreversibilities related to friction and fluid flow.
Increasing the FR raises fluid velocity, which not only intensifies these
internal irreversibilities but also increases pumping power requirements
and pressure losses. Consequently, the exergy destruction rate grows
with increasing FR, highlighting the trade-offs that must be considered
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for system design and optimization, such as balancing thermal, elec-
trical, and pumping performance to achieve maximum OE.

At an inlet temperature of 29 °C and a FR of 180 L/h, the results show
that increasing solar irradiance enhances both thermal and electrical
energy production, leading to higher TEX and EEX outputs (Fig. 21(a)).
As solar irradiance increases from 200 to 1000 W/m?, TEX rises from
3.63 to 38.55 W, while EEX increases from 35.80 to 174.14 W. This
simultaneous increase is mainly attributed to the higher incident solar
energy, which raises both the heat absorbed by the working fluid and the
electrical power generated by the PV cells. Moreover, higher irradiance
intensifies the temperature difference between the system and the
ambient, thereby increasing the exergy potential of the thermal output.
This significant enhancement in both thermal and electrical exergy leads
to an increase in the total exergy efficiency of approximately 7.30%
(Fig. 21(b)). The maximum total exergy efficiency of the PVT-S reaches
14.79% at the highest irradiance level (1000 W/m?), while the mini-
mum value of 13.71% is recorded at 200 W/m?. This trend indicates that
the exergy gain due to increased useful energy output outweighs the
associated thermal losses at higher irradiance levels, resulting in an
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overall improvement in system performance.

Fig. 22(a) illustrates the influence of water inlet temperature on the
electrical and thermal exergy efficiencies (EEX and TEX) of the PVT-S
system, with the FR fixed at 180 L/h under an irradiance of 10 W/
m?. It can be observed that when the inlet temperature increases from 26
°C to 35 °C, TEX increases by 44.86%, whereas EEX decreases by 4.31%.
This opposite behavior can be explained by the thermal gradient be-
tween the PV cells and the coolant: a higher inlet temperature reduces
the temperature difference, leading to a lower cooling effect on the PV
cells and thus a slight reduction in EE. As the inlet temperature in-
creases, TEX efficiency improves significantly (Fig. 22(b)), reaching a
maximum of 3.59%. This enhancement is mainly due to the increase in
the mean fluid temperature, which raises the exergy content of the
extracted thermal energy, since exergy is strongly dependent on tem-
perature level relative to ambient conditions. However, the EEX

15

efficiency reaches its maximum value of 12.29% at the lowest inlet
temperature of 26 °C. At lower inlet temperatures, the cooling of PV cells
is more effective, reducing cell temperature and consequently improving
electrical conversion efficiency. Furthermore, the maximum total exergy
efficiency of 15.35% is achieved at an inlet temperature of 35 °C. This
indicates that, despite the slight drop in electrical performance, the gain
in TEX dominates the overall system behavior at higher inlet tempera-
tures. Thus, from a second-law analysis perspective, the PVT-S system
examined in this study reaches optimal overall performance at an FR of
30 L/h and an inlet temperature of 35 °C.

3.6. Investigation of pressure

Fig. 23 displays the exchanger channels’ pressure distribution under
1000 W/m? irradiation and an FR of 180 L/h. The higher-pressure
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Fig. 20. Variation of (a) TEX and EEX, and (b) exergy performance as a function of FR.

region appears at the inlet because of the increased velocity of the
cooling fluid. This high pressure results from the initial stress exerted by
the narrow channels on the incoming fluid. Moving away from the inlet,
the pressure gradually decreases along the channels, a decrease that is
due to friction between the fluid and the channel walls, as well as the
loss of kinetic energy of the fluid as it moves. This pressure distribution,
typical of forced-flow systems, shows a steady reduction in pressure
towards the outlet, reflecting the balance between frictional head losses
and energy dissipation within the system.

Fig. 24 shows the pressure drop in a channel positioned directly at
the exchanger inlet, with increasing FRs maintained at a constant G of
10® W/m2. The figure clearly indicates that as the FR increases from 30

16

to 180 L/h, the pressure drop from the exchanger inlet to the outlet rises
significantly, reflecting the higher pumping requirements associated
with increased FRs. For an FR of 30 L/h, the pressure varies between
5.27 Pa at the exchanger inlet and 0.22 Pa at the outlet. At an FR of 120
L/h, the pressure changes from 49.04 Pa at the inlet to 0.8 Pa at the
outlet. At the highest FR of 180 L/h, the pressure drop further increases,
ranging from 97.10 Pa at the exchanger input to 1.1 Pa at the outlet.
These results highlight that higher volumetric FRs, while potentially
enhancing thermal and electrical performance, also substantially in-
crease the energy required for pumping, emphasizing the trade-off be-
tween system efficiency and operational energy consumption.



Y. El Alami et al.

Results in Engineering 30 (2026) 110386

- 45
180 - — Xy .
] --o--X, ,: - 40
160 | "l 'l' L
] R ~35
140 - Al I
| '1’ ,' [ 30
—~ 120 R T
E | J" "' o %
> 0] > 02
> ] R >
L’ 0 L
80 R 15
1 ', ’¢" L
60 - P =10
40 S -
v (@) B
20 x ' T ' ' x T | 0
200 400 600 800 1000
G (W/m?)
16
L ammennne A
T R S 4
1 vt iy R L REEEEEEE o
§ ]
107 --® - Electrical exergy efficiency
; 1 --® - Thermal exergy efficiency
é 8 - -& - Overall exergy efficiency
L 4
5
=,
| ----0
cmm===" ®--""
2 JR— & [
1 (b)
0 T T T r T T I
200 400 600 800 1000

G (W/m?)

Fig. 21. Variation of (a) TEX and EEX, and (b) exergy performance as a function of irradiance.

3.7. Comparison with the literature

3.7.1. Cell temperature

Table 4 illustrates the average change in PV cell temperature (T,) for
a 100 W/m? upsurge of solar irradiance, based on various published
studies. Reported values range from 0.9 °C to 2.7 °C, reflecting the di-
versity of technologies and cooling methods. In our study, the average
temperature increase per increment of irradiance is lower, at around 0.7
°C, confirming the system's more efficient thermal management. This
superior performance can be explained by the specific geometry of the
channel-shaped HE, which increases the contact surface between the

17

heat transfer fluid and the wall while ensuring a more uniform flow
distribution. Thanks to this configuration, the thermal resistance be-
tween the module layers and the fluid is reduced, allowing for faster and
more uniform heat extraction compared to conventional structures. This
feature is the key innovation in our design and explains the observed
decrease in panel temperature despite the increase in irradiance. Thus,
the low temperature rise measured not only demonstrates better control
of overheating, but also distinguishes our system as a more thermally
efficient solution than conventional cooling systems [39,49,65-67].
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3.7.2. Thermal efficiency

A comparative analysis was conducted by comparing the results of
this study with those of other relevant studies using numerical simula-
tions with COMSOL software [66,67]. Fig. 25 presents the conclusions of
this comparison, showing that the TE obtained in this study reaches a
remarkably high level of 80.90% for an FR of 180 L/h and an inlet
temperature of 26 °C, whereas the values reported in previous studies
range between 72% and 76%. This comparison validates the perfor-
mance of the system under study and confirms that the proposed cooling
device is more effective at maintaining lower cell temperatures
compared to existing configurations.

3.7.3. Regression equation

At a FR of 180 L/h and an input temperature Ty, of 35 °C, a linear
equation is deduced for the solar cell temperature and EE of the PVT-S
using regression analysis. The value of the confidence coefficient in
this numerical regression equation is R> = 0.9998. The traditional
simple linear expression for PV panel efficiency is given by Eq. (10). The
comparison of the linear regression equations between the present

Tin (°C)

Fig. 22. Variation of (a) TEX and EEX, and (b) exergy performance as a function of water inlet temperature.
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numerical analysis and that of Nasrin et al. [46], who used a PVT-S with
a box channel, is shown in Table 5. For a solar cell temperature T, of 25
°C, the calculated difference between the current numerical results and
those of Nasrin et al. [46] is only 0.15%. Consequently, there is good
agreement between these two results.

3.7.4. Correlation

Numerical simulations established that the irradiance was correlated
with cell temperature. This relation was determined under moderate
irradiance conditions (200-1000 W/m?), with coolant FR and inflow
temperature of 180 L/h and 29 °C, respectively. The corresponding
expression is given below:

T, = 20.18 x G*®whereR? = 97.6%.

We compared it with those derived from numerical and experimental
methods as presented by [64]. Table 6 shows that the three correlations
for solar cell temperature at 600 W/m? irradiation have a percentage
error of <2%. This small error can be attributed to factors like PV size,
irradiation range, fill factor, operating conditions, materials properties,
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Fig. 23. Exchanger channels’ pressure delivery at irradiance and FR of 10> W/m? and 180 L/h, respectively.
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Fig. 24. Pressure drop in a channel positioned at the exchanger inlet, with increasing volume FRs from 30 to 180 L/h, under constant G of 10° W/m?.

reference and water input temperatures.
4. Study limitations

Before finalizing this study, it is important to acknowledge certain
factors that may limit the interpretation of the results. The numerical
model developed is based on idealized conditions that do not always
reflect the operational reality of a PVT-S. For example, the presence of
dust or deposits on the surface of the PV module, frequently observed in
the field, was not taken into account, even though it can influence OE. In
addition, the thermal and physical properties of the materials were
considered to be invariant, which reduces the complexity of the calcu-
lation but does not reflect potential variations related to temperature
changes. Certain external parameters, such as humidity or wind fluc-
tuations, were not included in the modeling, even though they can have
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a significant impact on the behavior of the system. It should also be
noted that the actual environmental conditions observed during the
experimental tests are difficult to reproduce identically in a simulation
setting. This natural difference between the real and virtual environ-
ments may explain some of the discrepancies observed between the
numerical and experimental validation results.

5. Conclusions

This study proposes and investigates a new channel-box HE inte-
grated directly into a PV module, consisting of 94 channels to form a
novel PVT-S system. The objective is to evaluate the energy and exergy
performance of the system under different operating conditions,
considering the effects of solar irradiance, inlet fluid temperature, and
volumetric FR. Three-dimensional modeling was performed using
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Table 4
Evaluation of solar cell temperature (T.) in this study compared to existing
literature.

References Cooling Tamb ( G (W/mz) T. (°C)
channel °C) Starting  Ending increment per
shape 100 W/m?
irradiance
Bahaidarah Cooling 21 240 979 1.9
et al. [61] panel
Nasrin et al. A box- 32 1000 3000 1.85
[46] shaped
channel
Shen et al. [62] Shark dorsal 20 300 1200 1.29
fin type
channel
Rahman et al. Bafflesinthe 35 312 995 2.71
[56] channel
Chandrasekar Cotton wick 37 600 1300 1.4
et al. [63] structures
Nasrin et al. Baffle 32 1000 5000 0.9
[64] structures
Teo et al. [65] A parallel - 550 1050 1.4
array of
finned ducts
Present channel- 25 200 1000 0.7
research shaped HE

COMSOL Multiphysics with the FEM, and the results were validated
against experimental data and literature. The main conclusions are
summarized below:

e Validation of the numerical model showed a good agreement be-

tween the numerical and experimental results for temperature and
EE of the PVT-S, with errors of <5%.

[ 12.29 %

Present study

12.41 %

Fayaz et al. [67]

13.74 %

Fayaz et al. [67]

11.3 %

Nahar et al. [66]

”
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e The results demonstrate that the PVT-S with an aluminum HE per-
forms very similarly to a copper exchanger, with an EE difference of
just 0.174% and a maximum solar cell temperature variation of
0.355 °C. Since aluminum is lighter and less expensive than copper,
it can be considered a viable alternative for the heat collector ma-
terial in PVT-S.

The increase in solar radiation resulted in an increase in all efficiency
values, with the exception of EE. By way of illustration, at an input
temperature of 29 °C, OE increased by 7.55%, TE rose by 7.89%,
while EE fell by 0.34%. In addition, this increase in solar radiation
had a positive impact on overall exergy efficiency, resulting in an
increase of around 7.30%.

Increasing the FR had beneficial effects on the parameters of the first
PVT-S law. By way of illustration, an increase in FR from 30 L/h to

Table 6
Comparative analysis between the regression equation formulated in this study
and that developed by [64], both experimentally and numerically.

References Research Irradiation Correlation Te ( Error
(W/m?) °0) (%)
at 600
W/m?
Nasrin Experimental 300-1000 T, = 37.10 1.53
et al. 2.9692 x
[64] GO 3948
Nasrin Numerical 1000-5000 T, = 35.85 1.91
etal. using COMSOL 3.4913 x
[64] GO 3641
Present Numerical 200-1000 T, = 36.53
research using COMSOL 20.18 x
G0:0928
Electrical efficiency
Il Thermal efficiency
80.90 %

72 %

76.1 %

73 %

Table 5

(=]

10 20 30 40 50 60 70 80
Efficiency (%)

Fig. 25. Comparison of efficiencies with other relevant numerical studies, using COMSOL software.

Comparison between the equation obtained in this study and that developed by [46].

References G (W/m?) T. (°C) Equation Efficiency at T.= 25 °C Error (%)
Starting Ending Starting Ending

Nasrin et al. [46] 1000 3000 48 85 n = 0,151 — 0.00088 x T, 12.9 0.15

Present research 200 1000 34.40 40.07 n = 0,144 — 0.00059 x T, 12.92
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180 L/h, at an inlet temperature of 29 °C, resulted in a 0.94%,
28.01% and 28.95% improvement in electrical, thermal, and overall
efficiencies, respectively. On the other hand, contrary to what was
observed with the first law, increasing the FR had an unfavorable
impact on the parameters of the second law. At 26 °C inflow tem-
perature and 1000 W/m? irradiance, the PVT-S achieves a maximum
exergy efficiency of 15.63% and it drops to 14.35% at a FR of 30 L/h
and 180 L/h, respectively.

Increasing inlet temperature reduces the water’s cooling capacity,
lowering both EE and TE. For 180 L/h and 1000 W/m?, EE drops by
0.53% and TE by 11.56%. Higher temperatures improve thermal and
total exergy efficiency but decrease EEX. The PVT-S achieves optimal
overall performance at 30 L/h and 35 °C inlet temperature.

Future work

In future work, several areas of research deserve further exploration
in order to broaden the practical and economic implications of this
study. One avenue is to explore the use of metal matrix composites as an
alternative to conventional metallic materials for the design of tubes and
absorbers. These materials could offer better thermal conductivity,
greater durability, and reduced weight, which could potentially help
lower the manufacturing and maintenance costs of PVT-Ss. It would also
be useful to conduct an in-depth analysis of the impact of the thermal
gradient between cooled and uncooled areas on the durability of PV
modules in order to better estimate the actual lifespan of the system. A
more precise understanding of this aspect would allow for the integra-
tion of advanced economic models, particularly in terms of reducing
costs associated with premature aging and increasing the operating life
of the panels. Furthermore, the improved performance observed in this
study will need to be translated into concrete economic indicators such
as the cost of energy produced (LCOE), potential annual savings,
reduced return on investment time, and the financial impact for
different user sectors (residential buildings, industrial facilities, green-
house agriculture, etc.). These analyses will enable a more accurate
quantification of the economic benefits associated with the adoption of
the PVT-S. Finally, an essential step will be to experimentally validate
this new PVT-S in order to confirm its actual performance, refine the
associated economic models, and assess its feasibility on a large scale in
a variety of applications.
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