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ABSTRACT

This study proposes a new photovoltaic-thermal system (PVT-S) in which water is directly connected to the rear
of the photovoltaic (PV) module, eliminating the traditional absorber plate in order to improve thermal man-
agement, reduce pressure losses, and lighten the system's structure. This configuration addresses the issues of
temperature inhomogeneity, thermal expansion, and excessive weight observed in conventional PVT-Ss, high-

zz:t:ii’;t;rﬁty lighting its importance in improving the performance and durability of hybrid solar systems. The proposed
configuration was studied numerically using the finite element method in COMSOL Multiphysics, then validated
experimentally under real environmental conditions in El Jadida for different mass flow rates, analyzing tem-
perature distribution, pressure losses, energy and exergy performance, as well as several sustainability indicators
such as waste exergy ratio (WER), sustainability index (SI), ecological efficiency index (EcEI), and improvement
potential (IP), in addition to exergy destruction and entropy generation. The results indicate that this configu-
ration demonstrates improved temperature distribution and lower pressure loss (18.16 Pa) at a high flow rate of
0.0500 kg/s. Furthermore, at a flow rate of 0.0417 kg/s, the maximum temperature difference, power output,
and electrical efficiency between the PVT-S and the reference PV panel are 25.38 °C, 19.03 W, and 1.46%,
respectively. The mean energy-exergy efficiencies of the PVT-S reach 75.83% and 17.56%, respectively. The peak
values for SI, WER, IP, and EcEI are 1.21311, 0.85402, 1089.47 W, and —0.64865, respectively. These results
suggest that the proposed configuration is an effective solution for simultaneously improving the energy per-
formance, exergy quality, and overall sustainability of PVT-Ss.
Nomenclature (continued)
Abbreviations
Abbreviations — ——
MFRT Mass Flow rate Cp Specific heat (J Kg™" K™)
EcEI Ecological efficiency index Apy PV area (m?) (my)
EVA Ethylene vinyl acetate Tout Output water temperature SI Sustainability index Tin,t Inlet temperature (°C)
[§O) FEM Finite element method Vin Input velocity (m/s)
PVT-S Photovoltaic thermal system u, v, Velocity components (m/s) P Improvement potential Xoun Exergy solar radiation
w TEF Thermal efficiency n Surface normal

WER waste exergy ratio >_(des Exergy destruction PVT-Ss Photovoltaic thermal systems Eql Electrical power (W)

EEF Electrical efficiency Xel Electrical exergy (W) Parameters Eel Te

FF Form factor Voc Open-circuit voltage
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(continued)
Abbreviations
K Thermal conductivity (W m! Ise Short-circuit current
K™

Tied Tedlar temperature (°C) Tout,f Outlet temperature (°C)

Esun,in Received energy (W)

P Packing factor (%) Greek Symbols

Sgen Entropy generation epyT Exergy efficiency (total)
(%)

Em Thermal energy (W) €el Exergy efficiency
(electrical) (%)

Ts Surface temperature, (°C) €h Exergy efficiency (thermal)
(%)

Tg Glass temperature (°C) p Density (Kg m™>)

Xth Thermal exergy (W) Nth Thermal efficiency (%)

Q Heat flow vector Nel Electrical efficiency (%)

1. Introduction

The widespread use of fossil fuels is a major cause of environmental
damage because they release pollutants and greenhouse gases that make
global warming worse. This reliance on fossil fuels meets a large part of
the world's energy needs [1], which shows how important it is to switch
to renewable energy sources [2]. This background has led to more

Table 1

Summary of geometric designs of thermal exchangers.
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people wanting to make renewable and sustainable energy solutions [3].
Among the different energy sources accessible, solar energy stands out
due to its abundance, renewable nature, and capacity to provide clean
electricity [4]. Large-scale deployment of PV systems is appealing due to
their capacity to directly convert sunshine into power, their low envi-
ronmental impact, and their steadily declining costs [5]. However, the
effectiveness of solar panels is severely limited by operational temper-
ature. Efficiency may drop by as much as 0.45 to 0.5% per °C for every
degree Celsius that the temperature rises over the usual test settings of
25 °C [6]. Panels in high-temperature regions can achieve temperatures
of more than 85 °C, which has an impact on energy production as well as
the durability of the silicon, encapsulants, and connectors utilized in the
modules [7]. Rise in temperature speeds up the wear of components and
compromises long term reliability of solar systems by enhancing internal
resistance and recombination losses [8]. In order to address this limi-
tation, PVT-S systems are able to recover as much as possible of solar
energy through incorporating both heat recovery and electricity gen-
eration [9]. These gadgets may efficiently supply low-temperature heat
and electrical energy at the same time, satisfying both residential and
commercial needs [10]. In comparison to a conventional PV module of
comparable size, research has demonstrated that a well-designed PVT-S
can double the total energy generated while meeting the hot water needs
of a typical household [11]. PVT-Ss are great for situations where you
need a reliable and cheap source of heat and electricity because they can

References  Years  Type of study Absorber configuration Major outcomes

[22] 2023 Experimental Spiral and serpentine thermal collector Maximum EEF increases by 0.53% with a 5.6 °C drop in module temperature.
Insulation enhances TEF by up to 18.26%, but slightly reduces EEF, highlighting the
need to balance both performance aspects in system design.

[23] 2019 Experimental Parallel serpentine tube PVT-S achieved a maximum exergy efficiency of 12.98% at 0.5 LPM, an EEF of 10.46%
(compared to 9.89% for PV alone), and a maximum TEF of 76.58% at 2 LPM.

[24] 2021 Numerical Periodically grooved channels The grooves lower the PV's average temperature by 4 K and improve heat transfer via
vortices. Rectangular grooves cause the greatest pressure drop, while longer grooves
increase convection but also increase flow resistance, and groove spacing has a
minimal effect on overall performance.

[5] 2025 Numerical New serpentine tube Panel temperature reduction of 5.5 K, EEF improvement of 2.48%, thermal
fluctuations limited to 4 K, and PCM melting time extended by up to +142%
depending on water flow rate.

[25], 2021 Experimental and Serpentine tube PVT-S with serpentine tube configuration increases the total system efficiency to

numerical 51.76%, achieves a thermal and EEF of 48.4% and 7.3%, respectively, demonstrating a
significant improvement over the no-cooling scenario.

[26] 2023 Numerical Roll Bond collector Uneven flow distribution in the microchannels causes areas of higher temperatures
and a drop in electrical output. EEF is enhanced by 10.3-14.5% compared to PV alone
for inlet water temperatures ranging from 20 to 30 °C.

[27] 2025 Experimental Flat heat sinks with serpentine tubes and Nanofluids, especially those based on graphene, lower cell temperatures and increase

paraffin wax power as well as electrical and thermal efficiencies, with better performance at higher
concentrations and flow rates.

[28] 2020 Experimental and Roll-bond heat exchanger with three The bionic absorber offers the best overall performance, characterized by lower water

numerical channel geometries: series, parallel, and outlet temperatures, reduced pressure losses, and maximum electrical and exergy
bionic efficiencies (9.9% and 12.7%). PVT-S remains less thermally efficient (33.5%)
compared to the solar thermal module (61.4%).

[29] 2025 Numerical channel structure integrated with Cell temperature reduction of approximately 31% and EEF improvement of

perforated V-shape fins approximately 19%, superior to straight fins (=20%) and channel boxes (~18%).

[30] 2025 Numerical Serpentine tube absorber with fins The fins reduce the temperature of the cells by approximately 3 K and improve EEF by
0.65 to 1.38% depending on the flow rate, while increasing the liquid fraction of the
PCM by approximately 10% and the stored energy by approximately 51.7 kJ. The Ag-
rGO nanofluid offers the highest thermoelectric performance.

[31] 2024 Experimental and branch-inspired channel in roll-bond type The best RB configuration achieved an EEF of 17.75% and a TEF of 61.86%, resulting

numerical in an overall efficiency of 79.56%, which represents a 20.4% increase in EEF compared
to the reference system.

[32] 2024 Experimental Semicircular absorber tubes PVT-S using nanofluid system and NPCM have a TEF of 78.99% and an EEF of 12.70 %,
and the surface temperature of PVs reduces by a factor of about 35 %, which is highly
beneficial to the overall performance of the device.

[33] 2024 Numerical Three equal zigzag-plated tube sections The new arrangement is more efficient in terms of TEF by 7.23 %, 15.75%, and EEF by
4.0%, 4.6%, respectively to the systems of water and air. The change is to provide even
cooling and minimizes temperature variations throughout the panel.

[34] 2023 Numerical Collector integrated with flax fibers as The maximum TEF reaches 69.58%, and the Nusselt number increases from 18.65 to

natural porous materials 51, representing a 173% improvement over water alone.

[35] 2023 Experimental Split flow and Parallel-flow The split-flow collector provides superior thermal performance and efficiency by

allowing cold water to arrive on both sides, unlike direct and parallel collectors.
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Fig. 1. Geographic location (a) and relative humidity trends (b) during the measurement days in the city of El Jadida.

do both [12]. So, developing and improving PVT-S is a good way to
increase overall energy efficiency, extend the life of PV modules, and
meet the growing needs of a sustainable energy transition.

It is very important to set up the heat exchanger correctly in order to
get the best performance from PVT-S [13]. Since these systems have
changed over time, different exchanger configurations have been pro-
posed to make them work better for both electricity and heat. For
example, Al-Mamoori and Enes Kilinc [14] considered a new PVT-S that
had four new cooling sub-channels. They demonstrated that with 20 x
20 mm? sub-channels and a Reynolds number of 2275, they were able to
reduce the average temperature of the module to 32.63 °C. In order to
accomplish this, they considered the effect of subchannel size and
Reynolds number on velocity and thermal profile. This system cools the
panels, enhances the thermal performance of the system, and reduces
losses due to pressure. Phukaokaew et al. [15] suggested a PVT-S based
on magnesium oxide nanoparticles and phase change material (PCM)
based on lauric acid. The alteration of the water tube arrangement
revealed that the spiral flow with a Reynolds number of 5500 reduced
the panel temperature by 3.14 °C, making it an overall efficiency of
80.63 %. One should note that the U-shape design is the most efficient in
terms of electricity. Maseer et al. [16] came up with a PVT-S system that
included a PCM and a semi-circular tube absorber. The PVT-PCM system
had an electrical efficiency (EEF) of 12.23% and thermal efficiency
(TEF) of 68.38 %, which was better than that of the PVT-S system
without PCM (12.16% and 50.97%). The use of PCM enabled thermal
control of the panel and heat removal, which optimized heat loss,
minimized overheating, and maximized the production of energy. Azeez
etal. [1] studied a new type of PVT-S system, which is a combination of a
honeycomb collector in the shape of a petal, a nanofluid, and a phase
change material. This design led to a 34 % and 28% efficiency
improvement in electricity and thermal efficiency, respectively, over a
conventional PVT-S, and the total energy generation was over 27%, and
the energy payback time was also shortened by 21%. Zhang et al. [17]
suggested a PVT-S where a multi-level V-shaped exchanger is utilized.
This design achieved electric efficiency of 9-12% and overall efficiency
of more than 65 %. An ideal turbulator solution will allow the
enhancement of the heat transfer, as well as panel cooling. In a study by
Satpute et al. [18], the spiral absorbers (circular and rectangular) were
used in PVT-S with the circulation of water. The rectangular spiral
absorber showed a better performance, with the highest electrical

performance of 14.32% and a heat recovery rate of 63.56%. Zhang et al.
[19] investigated a direct expansion PVT-S with a T-shaped evaporator
exchanger. Their structure reduced the panel temperature by 8.5 to
13 °C than traditional panels and honeycomb PVT-Ss, which led to an
increase in instant electrical power as much as 56.6% with a rise in
overall output of 9.3 to 14.5 %. The photoelectric efficiency was 21.5%
to 22.6%, and the system allows saving up to 386.50 yuan annually.
Sheikholeslami et Khalili [20] studied a PVT-S using an 8-lobe section
tube heat exchanger instead of a circular tube, with internal copper fins
and GNP nanofluid. This configuration enhanced heat transfer, resulting
in an approximately 5.8% increase in electrical performance and
achieving a TEF of approximately 55%, with a payback period of less
than 2 years. Hosouli et al. [21] studied a PVT-S incorporating an
aluminum alloy absorber with an H-shaped expansion cavity heat
exchanger placed between the PV cells and the absorber to reduce
thermal expansion and thus the risk of cell cracking. The results show
that the optimal configuration (2 mm cavities) reduces thermal defor-
mation by 20% and improves thermal, electrical, and overall perfor-
mance by 10%, 2%, and 8%, respectively, compared to the reference
collector. Table 1 summarizes other studies that have examined different
geometric designs of heat exchangers in PVT-Ss.

Several configurations have been designed and tested to improve
their overall performance. Even recent developments have not solved
the thermal management issues in PVT-S systems. Existing analyses
indicate growing interest in these systems and their opportunities, as
well as gaps in knowledge about their thermal dynamics. Further studies
are needed to improve the efficiency of PVT technology and fill the
following gaps.

e Most of the geometries studied and proposed still use flat heat ex-
changers (coils, plates, and tubes, etc.). This type of design creates
temperature heterogeneity due to the spaces between the tubes,
which reduces overall performance and accelerates the aging of PV
cells.

e In most research, the absorbing plate is inserted between the PV
module and the fluid circulation tubes, which limits heat transfer
between the fluid and the panel.

° 2

e There is a notable gap in the literature on heat exchangers that allow
direct contact between the back of PV panels and the heat transfer
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Fig. 2. Overview of the proposed design for the stainless steel heat exchanger.

fluid, which presents an opportunity for innovation to improve the
TEF and performance of PV systems.

e Most of the geometries proposed have been studied solely using
numerical methods, without experimental confirmation to validate
them.

e The PVT-S studied in the literature generally suffers from significant
pressure drops, which is a major constraint on its operation.

This study aims to fill the gaps identified in the literature by pro-
posing a new heat exchanger design for PVT-Ss, characterized by direct
contact between the heat transfer fluid and the rear surface of the PV
module. Unlike conventional configurations based on an intermediate
absorber plate, the solution developed reduces the system's weight,
limits the stresses associated with thermal expansion, and decreases
hydraulic pressure losses, while enhancing heat extraction. The origi-
nality of the work also lies in the methodological approach combining
three-dimensional numerical modeling using COMSOL Multiphysics and

experimental validation carried out under real climatic conditions in El
Jadida. The comprehensive evaluation of the system includes detailed
analysis of temperature and pressure fields, study of energy and exergy
performance at different mass flow rates (MFRTs), and in-depth analysis
of sustainability using several advanced indicators such as the sustain-
ability index (SI), waste exergy ratio (WER), improvement potential (IP),
ecological efficiency index (EcEI), exergy destruction, and entropy
generation.

2. Experimental setup
2.1. Climatic data

El Jadida is a Moroccan coastal city located on the Atlantic coast, in
the Casablanca-Settat region (Fig. 1a) [36]. It is situated about 96 km

southwest of Casablanca and has an average altitude of 10 m above sea
level, at a latitude and longitude of 33°15' N and 8°30' W, respectively.
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Each cell features a hollow channel that secures it to the surface while
allowing water to flow from the inlet to the outlet, thereby minimizing
the temperature gradient.

TR

Fig. 4. Experimental process stages for fabrication and assembly of the new design integrated into the PV panel.

Due to its coastal location, El Jadida is characterized by relatively high is sensitive to humidity and should not be used in environments where
humidity, especially in the early morning and evening, as illustrated in humidity exceeds 80% [37], in order to avoid any risk of failure. For this
Fig. 1b. Some of the equipment used in this study, such as the I-V tracer, reason, the experimental measurements were carried out between
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Table 2
Technical specifications of the Almaden SEAC60T-300 PV panel under STC.

Parameters Symbol Unit Value
Conversion efficiency MNref % 18.237
Rated (nominal) power Prax w 300
Maximum power point current Impp A 9.26
Module surface area A m? 1.64538
Short-circuit current Tse A 9.73
Temperature coefficient of open-circuit voltage - %/°C -0.3
Maximum power point voltage Vinpp A 32.40
Temperature coefficient of short-circuit current %/°C 0.06
Open-circuit voltage Voc A 39.87
Temperature coefficient of maximum power - %/°C -0.39

10h44 and 15h, when humidity levels are at their lowest.

2.2. Design and fabrication of the PVT system

A new heat exchanger design, constructed from stainless steel, has
been proposed to address the limitations identified in the scientific
literature. Here, every PV cell's string is connected with a specific 10 mm
water blade, as illustrated in Fig. 2. The straight connection of cells-
water enhances thermal treatment efficiency. A hollow channel is
incorporated between each cell (Fig. 3), effectively securing the cells to
their substrate and facilitating the flow of water from the inlet to the
outlet. This design reduces the temperature gradient, resulting in a more
uniform temperature throughout the system. Fig. 2 also shows that the
heat exchanger has two 30 mm high manifolds, which serve to distribute
the water across all layers. Each aquifer has its own supply and outlet
zones. The fluid first enters the inlet manifold before passing through the
aquifers (Fig. 2). This is done in an upward direction, with the water
distributed evenly towards the outlet of the system. Thermal paste is
used to secure the new design in the PV panel. Fig. 4 shows the different

PVT
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stages of the manufacturing and assembly process. The PV panel used in
this work is an Almaden glass-glass monocrystalline model (SEAC60T-
300). Table 2 shows the main characteristics of the PV panel under
standard test conditions (STC).

2.3. Experimental set-up

The experimental system comprises a PV panel and a PVT-S mounted
side by side, and data will be collected simultaneously on both systems
(Fig. 5). Drinking water is poured into a 30-L tank to provide the amount
of water needed to operate the PVT-S. A variable speed electronic cir-
culation pump (DAB Evotron circulator) ensures continuous fluid cir-
culation in the open circuit. It offers a flow rate range of 0.4 to 4.2 m>/h,
a maximum head of 8 m, and can operate with fluids at temperatures
ranging from —10 °C to +110 °C, under a maximum operating pressure
of 10 bar (1000 kPa). A flow meter and a manual valve regulate the
water flow in this system to ensure perfect control. When water flows
through the PVT-S heat exchanger, it absorbs the thermal energy pro-
duced by the PV cells. This heat can be used to heat buildings and
swimming pools and even to supply domestic hot water, making
buildings and swimming pools more energy efficient.

The performance of both PV and PVT-Ss was analyzed in detail
during the experiment. The most important parameters that were
tracked were the system temperatures, fluid flow rates, and inlet and
outlet water temperatures, the solar irradiance, ambient temperature,
and electrical parameters of voltage, current, and power output. Tem-
perature distribution on the surfaces of the two systems was also studied
in order to gain some insight into the thermal behavior of the two sys-
tems. Fig. 6 presents the experimental setup, and the sensors, as well as
the instruments, are depicted. The modules had four K-type thermo-
couple probes that were connected to an Arduino Mega board to record
temperatures every 10 min. The temperature of the inlet water was

Fig. 5. Water circuit and experimental arrangement.
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Fig. 6. Experimental setup of PV and PVT-Ss with measuring instruments. Note: (1) Thermocouples, (2) Solar 02, (3) HT304N reference cell, (4) I-V tracer, (5) Flow
meter, (6) Pump, (7) Reservoir tank, (8) Mercury thermometer, (9) Computer, (10) Infrared camera, and (11) Data acquisition and transmission system.

Table 3
Technical specifications of measuring instruments.
Equipment and Used to measure Measurement Uncertainty
models range
HT I-V400 solar The voltage, current, and - 1%
tracer power of PV and PVT-Ss
Mercury The inlet temperature of 0°Cto 100 °C +0.5°C
thermometer the circulating fluid
FLIR E5 Pro Temperature distribution —20°Cto +2%
infrared camera on the surface of PV and 400 °C
PVT-Ss
Thermocouple Outlet water temperature —200 °C to +2%
(type K) and temperature of PV +1350 °C
and PVT-Ss
HT304N reference  The solar irradiance 50-1400 W/m? +3.0%
cell received by the panels

monitored using a mercury thermometer that ensured that the temper-
ature was controlled in an accurate manner. An I-V tracer was used to
measure electrical parameters that were used to obtain information on
current, voltage, and power. A SOLAR-02 gauged the ambient temper-
ature, whereas solar radiation was measured by an HT304N reference
cell. The flow rate of the water was measured using a MAG-VIEW MVM-
030-PA flow meter, which has a control valve to adjust the flow. The
thermal distribution of the modules was observed using an infrared
camera, and this could be analyzed to study the heat transfer of the PVT-
S system and the PV panel. Table 3 summarizes equipment
specifications.

2.4. Uncertainty analysis

The validity of the experimental data was determined by the un-
certainty analysis. Instrument tolerances were supplied by the manu-
facturers, and they are given in Table 3. The results were measured by a
95% confidence interval [22] to determine the reliability of the results.

The total uncertainty was computed based on equation (1) [38] and
amounts to +4.24 %, and this is less than the allowed mark of 5% [22],
and therefore the results indicate the validity of the measurements.

oL= Em 2—i— ﬂm 2—i— + aLw ’ (€D)]
= aHl 1 0H2 2 | T e aHn n

Where oL is the efficiency uncertainty, and H; to H;, are the dependent
variables.

2.5. Mathematical analogy

2.5.1. Energy assessment

The PVT-S can be modeled as a single control volume (Fig. 7), which
allows for a clear description of the distribution of absorbed solar energy
(Ein). This is divided into electrical energy produced (EeD), heat trans-
ferred to the fluid (Eg), and heat losses to the environment (Ejoss).
Equation (2) displays the steady-state energy conservation [39].

Ein = Eloss + Eth + E(-:l (2

The solar energy received by the system is given by equation (3),
where Apy is the surface area of the PV module, and G is the solar
irradiance. The electrical power generated, Eel, is calculated using
Equation (4), which utilizes the open-circuit voltage (Vo) and short-
circuit current (Ig.) of the module [40]. The form factor (FF), repre-
senting the maximum conversion efficiency, is determined by equation
(5) [27].

Equn = APV'G 3
Ee = Voc L FF @
Pmax Vmax ‘Imax
FF= =— 5)
Voc 'Isc Voc 'Isc
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Fig. 7. Diagram of the control volume for the energy assessment of the system.
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Fig. 8. Diagram of the control volume for exergy evaluation of the system.

Table 4

Geometric dimensions and thermal properties of PVT-S components [46].
Material Layer Thickness (mm) Cp (J/kg.K) p (kg/m%) k (W/m.K)
Glass 2.5 750 2200 1.8
Stainless steel - 502.48 8030 16.27
EVA 0.5 2400 935 0.29
Water - 4181.8 998 0.68
Silicon 0.19 703 2329 148

Table 5

Optical and environmental properties used in the numerical model [47].
Description Symbol/Unit Values
Standard reference temperature Trer (°C) 25
Glass layer emissivity g 0.04
Glass optical transmittance Tg 0.96
Heat transfer coefficient between glass and ambient Ug.amb (W/m> 10

air K)

PV module packing factor P. 0.95
PV cell absorption coefficient de 0.9

The useful thermal energy produced can be expressed by equation
(6), while the electrical, thermal, and overall efficiencies are calculated
using equations (7)—(9), respectively [41]:

En =10 - s (Trou — Ttin) (6)
N :}f = @
Nen = % (8)

2.5.2. Exergy assessment

When studying a solar energy conversion system, an assessment
based solely on energy does not enable us to distinguish between useable
energy and available energy. It is due to this that exergy analysis is
applied in determining the capability of the system in transforming the
energy it receives into useful work. This method considers some of the
degradations which take place in the panel, especially because of ther-
modynamic irreversibility, generation of entropy, and development of
temperature gradient within the panel. The total exergy can be formu-
lated by taking the whole device as a control volume in steady state
(Fig. 8) by using equation (10) to calculate the total exergy. In this
relatlonshlp, Xeun corresponds to the exergy provided by solar radiation,
X denotes the exergy associated with heat recovery, X represents the
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Fig. 9. Overview of the boundary conditions of the PVT-S.

Fig. 10. Detailed view of the mesh applied to the PVT-S.

Table 6
Maximum pressure obtained for different mesh sizes during the mesh indepen-
dence study.

Mesh type Number of elements Pax (Pa) AP (Pa) Calculation time (s)
Coarser 514750 24.87 - 223
Coarse 790096 22.34 2.534 326
Normal 1298558 19.28 3.058 453
Fine 1675550 18.16 1.124 638
Finer 3804079 17.98 0.564 1564

exergy from electrical conversion, and Xdes expresses the exergy
destroyed due to internal losses. The incoming solar exergy (Xsun) is
obtained by equation (11), where the surface temperature of the Sun,
Tsun, is generally taken to be 5770 K. Furthermore, the thermal exergy
and electrical exergy, denoted respectively by Xy, and X, are calculated
using equations (12) and (13) [42].

Xsun = Xdes + Xel + Xt_h (10)
4 (Tums\  1/Tamp\?
Xon =G+ Apy- |1 —= [ 222 (== 11
sun PV |: B(Tsun)+3(Tsun an
7 Tamb
X =g - Cp - 1_T “(Trout — Tein) 12)
fout
4 (Tamp\ 1/Tamp)’
X — .G-Apy- |1 —— aml - am| 1
el =Mey - G- Apy [ 3(Tsun)+3(Tsun 13)

Equations (14)-(16) are applied to obtain the electrical exergy,
thermal exergy, and overall exergy efficiency, respectively [42]:

Eth =5 — a4
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Fig. 11. Daily variation in irradiation and ambient temperature during the four days of PVT-S testing.

el ==

(15)

sun

Xout
€pvr = E€el T Eh =
Xsun

_ Xloss
Xsun

=1

(16)

2.5.3. Exergy destruction and entropy generation assessment

The performance of the PVT-S is affected by internal irreversibility,
particularly heat loss and friction in the flow channels, which result in
exergy destruction. By considering this loss (equation (17)) and the
entropy generation (equation (18)) it is possible to measure the loss of
available energy and assess the actual efficiency of the system [43]:

Xdes = Xsun - Xel - Xth (17)
_ Xdes
Sgen = Tors (18)

2.5.4. Sustainability metrics analysis

The most important strategies for sustainable development are the
optimization of resource use and the use of renewable resources in en-
ergy production. The exergy analysis can therefore be considered as a
potent tool because it provides an evaluation of how well a system
operates under ideal operating conditions. This technique not only de-
termines and minimizes thermodynamic losses but also allows for the
development of more efficient systems. Moreover, exergy as a measure
of sustainability is a necessary parameter because it is related to the
energy and the environmental effects. In this regard, the sustainability
index (SI) is used to offer an estimate of the effectiveness of the use of the
resources within a given system and is computed based on the exergy
efficiency, as presented in the following equation [44]:

1

SI=———
1 — epyr

19

The Waste Exergy Ratio (WER) is the proportion of consumed exergy
that is wasted or inefficiently utilized. Low WER indicates the utilization
of resources and fewer environmental effects. In this way, the optimi-
zation of the WER will have a direct impact on the increase in the sus-
tainability of the system. It is determined with the following equation
[45]:

WER — des
X

(20)

in

10

The potential for improvement (IP) is used to specify the area within
which a system or process can be made more sustainable. It also helps to
reveal the possibilities to enhance efficiency, reduce losses, save re-
sources, and mitigate environmental impact with the help of strictly
focused interventions. The possible improvement is determined through
the equation below [45]:

IP = (1 — epyr)-Xdes 21

The Ecological Efficiency Index (EcEI) provides a holistic evaluation
of sustainability in the form of a combination of exergy analysis and
ecological footprint. It is a quantitative measure of how well a system or
process is able to optimize resource use and also reduce the footprint of
the system on the environment. High scores of EcEI are associated with
the highest ecological performance and more sustainable resource
allocation. The calculation of the EcEI will follow the following equation
[45]:

EcEl = 2'8])\/'1‘ -1 (22)

3. Numerical investigation

Before implementing the new system, we conducted an in-depth
numerical study using COMSOL Multiphysics software, based on the
FEM. The 3D simulation, performed in steady state, enabled us to
accurately analyze heat transfer and fluid behavior within the PVT-S.
The model is based on the actual geometry of the system (see Fig. 4)
and incorporates all layers of the monocrystalline silicon PV module.
The model includes the top glass, the top EVA layer, the PV cells, the
bottom EVA layer, the bottom glass, the stainless-steel heat exchanger,
and expanded polystyrene as insulation. In this study, the influence of
expanded polystyrene is considered indirectly through the application of
boundary conditions. The dimensions and thermal properties of each
component are presented in Table 4. The optical and environmental
characteristics used in the modeling are listed in Table 5.

3.1. Governing equations

Conduction is the only mode of heat transfer in solids in the PVT-S,
ensuring the transfer of heat from the PV cells to the fluid [48]:

V- (kVT) =0 (23)

Within the fluid channel, heat transfer occurs through a combination
of conduction and convection. The equation governing this combined
transfer, with water as the fluid, is presented in equation (24) [48]:
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Fig. 12. PV cells' temperature profile obtained by numerical simulation.

aT
PGy +PCou-VT = V-(kVT) + Q 24)

The behavior of the fluid is described by the following equations of
conservation of mass and momentum [49]:

du
PE‘FV'(PU) =0 25
Ju T
p-§+p(u~v)u:v-{prer(Vqu(Vu)}+F (26)

3.2. Boundary conditions

Fig. 9 illustrates the boundary conditions applied to the calculation
domain, which is defined in accordance with the problem's physics.
These include, for the upper layer, an incoming heat flux, convection
with the ambient air, and radiation losses, described respectively by

11

equations (27)-(29) [50].

Jrg
_kgﬁ =G 27)
—n-q= hg—amb' (Tamb - Tg) (28)
-n - q=¢gg -0 (Tgy* — Ty*) (29)

where Tamp, Tg, and Tgy represent the ambient, glass, and sky temper-
atures, respectively, while n is the surface normal and hg_anp is the heat
transfer coefficient between the glass and the air.

Equation (30) defines the boundary conditions at the inlet to the

fluid domain, specifying the flow rate and temperature of the water.
T:Timm = mm (G0

Equations (31) and (32) define the boundary conditions for the wall
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Fig. 13. Experimental thermal images of the PVT-S for MFRT 0.0500 kg/s (a) and 0.0184 kg/s (b).

and the outlet, respectively: the wall is subject to a no-slip condition,
while the outlet is set to zero-gauge pressure and no viscous stress.

u=0,y=0,w=0 (€29)

Pout =0 (32)

The presence of thermal insulation is taken into account in the
simulation.

-n-(—kVT) =0 (33)

The interface between the water and the absorbent conduit is
modeled as a coupled wall, allowing for conjugate heat transfer from the
conduit to the fluid.

3.3. Assumptions

The COMSOL “Conjugate Heat Transfer” module was used to
numerically solve the PVT-S, allowing simultaneous modeling of heat
transfer in solids and convection in the fluid. To simplify the model and
ensure consistency of results, the following assumptions were made.

v The underside and edges of the PVT-S are considered to be perfectly
insulated [9].

v The fluid flow is laminar, incompressible, and steady-state [48].

v The thermophysical properties of materials are assumed to be con-
stant despite temperature variations [51].

v The effect of dust on solar energy absorption is ignored [52].

v Ethylene vinyl acetate (EVA) is considered completely transparent to
solar radiation [53].

12

3.4. Grid independent study

A mesh independence test was performed to ensure the robustness of
the numerical results for the new system under study. The mesh con-
sisted of a combination of free tetrahedral and triangular elements,
accompanied by a boundary layer mesh to capture thermal gradients
near surfaces (Fig. 10). During the experiment, the irradiance and flow
rate were 1000 W/m? and 0.05 kg/s, respectively. The pressure
(maximum) was evaluated using five different mesh sizes, which ranged
from 514,750 to 3,804,079 elements. The results indicated that changes
in the number of mesh elements had no significant impact on the
maximum pressure observed. As shown in Table 6, the difference be-
tween the meshes of 1,675,550 and 3,804,079 elements was negligible.
On this basis, a mesh of 1,675,550 elements was selected for the
following simulations, ensuring a relative error in maximum pressure of
less than 1%.

4. Results and discussion
4.1. Environment conditions

During four days of experimentation, environmental parameters
were recorded in order to observe the influence of MFRT on the oper-
ation of the PVT-S. Each day was associated with a specific flow rate. The
system was tested at the following flow rates: 0.0183 kg/s on September
25, 2025, 0.0250 kg/s on September 14, 2025, 0.0417 kg/s on
September 16, 2025, and 0.0500 kg/s on September 15, 2025. Fig. 11
illustrates the variations in solar radiation and ambient temperature
recorded during these days. The results show typical behavior for sunny
days. Solar radiation increases gradually during the morning until it
reaches its maximum around midday, before decreasing thereafter. The
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Fig. 14. Pressure distribution in the PVT-S for different MFRTSs.

maximum values observed are 924.8 W/m? for a flow rate of 0.0183 kg/
s, 955.7 W/m? for 0.0250 kg/s, 951.2 W/m? for 0.0417 kg/s, and 997.1
W/m? for 0.0500 kg/s, generally measured between 13h00 and 14h00.
The ambient temperature changes in a similar way, with a gradual in-
crease followed by a decrease after the peak of sunshine. The maximum
temperatures recorded reached 30.7 °C, 33.8 °C, 34.2 °C, and 33.6 °C,
respectively, depending on the flow rates tested, and these values were
recorded between 12h 45 and 14h 15.

4.2. PVT temperature distribution and model validation

Fig. 12 illustrates the thermal distribution of PV cells obtained from
numerical simulation of the PVT-S for different water flow rates studied.
It can be observed that increasing the water flow rate significantly en-
hances heat dissipation, leading to a general decrease in cell tempera-
ture and a more uniform distribution across the entire module surface.

13

When the fluid is introduced into the system, the PV cells are subjected
to a significant cooling effect that is observed through a significant
reduction in local temperature. Then, the fluid passes through the
concentrator and absorbs the heat exuded by the panel, so that it itself
gains temperature gradually and hence reduces its ability to effectively
cool. As a result, a slight increase in the temperature of the PV cells is
observed at the outlet. The results also show that the area corresponding
to the junction box does not benefit from any heat exchange with the
fluid. This lack of cooling leads to a concentration of the maximum
temperature in this part of the panel. In general, for a higher flow rate of
0.0500 kg/s (Fig. 13a), the temperature distribution on the panel surface
becomes significantly more uniform. This thermal uniformity minimizes
local gradients, reduces thermal stresses on the photovoltaic material,
improves the electrical and thermal efficiency of the panel, and miti-
gates the main performance and durability issues reported in the liter-
ature. A comparison between the numerical results and the experimental



Y. El Alami et al.

Energy 348 (2026) 140542

65 55
0.0183 kg/s —&— PVT system temperature 0.0250 ke/s —a— PVT system temperature
60- —e— PV module temperature —e— PV module temperature
50
~55+ ~
g &
@50 247
g g
® <
8 45 5
2 240
= £
Y 7
=40 =
351 W
354
30 T T T T T T T T T T T T T 30 T T T T T T T T I T I T I
10:30 11:15  12:00 12:45 13:30 1415 15:00 10:30  11:15 12:00 12:45 13:30 14:15  15:00
Time (h) Time (h)
65 65
—a— PVT system temperature 0.0417 Kg/s —&— PVT system temperature 0.0500 kg/s
6 —o— PV module temperature ) 61" PV module temperature
5 554
g sl
@ ]
=% :
g ; g 45
) 1=
£ £40
L7 ]
0 ] 7 M
? w 30+
30 25

T T T T T T T T T T T T T
10:30  11:15  12:00 12:45 13:30 14:15 15:00
Time (h)

T T T T T T T T T T T T T
10:30  11:15  12:00 12:45 13:30 14:15  15:00
Time (h)

Fig. 15. Daily variation in PVT-S temperature compared to the reference PV panel for different MFRTs.

thermal images is shown in Fig. 13a and b reveal good agreement, both
in terms of thermal gradients and the location of hot spots. Since thermal
images only provide the extreme temperatures reached by the system,
quantitative validation was performed by comparing the simulated and
measured maximum temperatures. For an MFRT of 0.0184 kg/s, the
absolute error on the maximum temperature is 0.69 °C, while it reaches
2.73 °C for a MFRT of 0.0500 kg/s. These small deviations confirm the
good accuracy and robustness of the numerical model developed.

4.3. Pressure analysis

Fig. 14 illustrates the pressure distribution within the proposed PVT-
S for various water flow rates. The maximal pressure found at the sensor
inlet is explained by the high flow velocity imposed at this point. As it
progresses along the channel, the pressure gradually decreases until it
reaches the outlet, reflecting the normal pressure losses induced by the
flow in the conduit. The analysis also shows that the pressure increases
with the MFRT. For low MFRT 0.0184 kg/s, the maximum pressure
reaches only 2.81 Pa, while at a higher MFRT 0.0500 kg/s, it rises to
18.16 Pa. Despite rising MFRT, the recorded values remain very low,
highlighting the robustness and hydraulic efficiency of the proposed
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new system. These pressure levels are significantly lower than those
reported in other PVT-S designs studied previously. Poredos et al. [28],
Kazemian et al. [54], and Karaaslan et Menlik [55] obtained pressure
drop values of 778 Pa, 874 Pa, and 214.78 Pa, respectively. These results
are a clear indication of the fact that the newly proposed design incurs
significantly less pressure losses and has a significantly better hydraulic
performance.

4.4. Analysis of temperature

The evolution of the temperature of the PVT-S compared to that of
the reference PV module during the measurement days corresponding to
each MFRT studied is shown in Fig. 15. The results demonstrate that the
temperature of the PVT-S remains consistently lower than that of the
reference PV panel. This difference can be attributed to the cooling effect
provided by the circulation of the heat transfer fluid. In particular, at an
MFRT of 0.0183 kg/s, the maximum temperature of the PVT-S reaches
40.65 °C, while the reference PV module reaches a maximum temper-
ature of 58.72 °C. In fluid dynamics and thermal performance analysis,
increasing the flow rate to 0.0250 kg/s lowers the maximum tempera-
ture of the PVT-S to 36.49 °C, while the PV panel reaches 50.19 °C.
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Fig. 16. Daily variation in electrical power and efficiency of the PVT-S compared to the reference PV panel for different MFRTSs.

Higher flow rates of 0.0417 kg/s and 0.0500 kg/s further decrease the
PVT-S temperatures to 35.58 °C and 35.19 °C, with PV panel tempera-
tures at 60.88 °C and 57.05 °C, respectively. These results highlight the
conclusive link between flow rate and temperature drop, demonstrating
the importance of flow rate control in optimizing the TEF of solar energy
systems. The study shows an inverse relationship between the temper-
ature of the PVT-S and the increasing MFRT. The highest temperature
differences measured between the PVT-S and the reference PV panel
were 20.41 °C, 14.86 °C, 25.38 °C, and 23.08 °C, depending on the flow
rates used. These results confirm the system's capacity to cool the tem-
perature of PV cells, thereby increasing their efficiency and durability.

4.5. Analysis of the power and electrical efficiency

Fig. 16 compares the electrical power and efficiency of the PVT-Sto a
reference PV panel at various MFRTs. The PVT-S consistently out-
performs the PV panel. At MFRT 0.0183 kg/s, the PVT-S achieves a
maximum power output of 243.07 W and an efficiency of 16.52%. In
contrast, the PV panel produces 233.25 W with an efficiency of 16.37%.
At a higher MFRT 0.0250 kg/s, the PVT-S reaches 257.45 W and an
efficiency of 16.43%, while the PV panel generates 245.48 W and an
efficiency of 16.04%. At MFRT 0.0417 kg/s, the PVT-S displays 244.79
W and 16.82%, compared to 225.78 W and 16.24% for the PV panel.
Finally, for MFRT 0.0500 kg/s, the maximum power and efficiency of
the PVT-S are 257.95 W and 16.63%, respectively, while the reference
PV panel records 242.91 W and 15.77%. The comparative analysis
shows that increasing the MFRT tends to improve the power and
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efficiency, although the effect is not strictly linear, as it also depends on
variations in irradiance and ambient temperature. The maximum dif-
ferences observed between the PVT-S and the PV panel are 11.68 W and
0.94% for 0.0183 kg/s, 13.37 W and 0.89% for 0.0250 kg/s, 19.03 W
and 1.46% for 0.0417 kg/s, and 17.82 W and 1.15% for 0.0500 kg/s.

4.6. Analysis of inlet-outlet temperatures, and thermal efficiency

The evolution of the fluid inlet and outlet temperatures, as well as the
TEF, during tests carried out for different MFRTs is illustrated in Fig. 17.
The inlet temperature is relatively steady under all experimental con-
ditions and is in the range of 24 "C 26 °C and therefore reflects a constant
supply of circuit during the measurements. On the contrary, the tem-
perature of the outlet is also highly variable with the flow rate used. For
MFRT 0.0183 kg/s, the outlet temperature reaches 35.75 °C, then
gradually decreases to 33.00 °C for 0.0250 kg/s, 32.25 °C for 0.0417 kg/
s, and 31.25 °C for 0.0500 kg/s. This decrease in outlet temperature with
increasing MFRT is explained by the fact that the higher the fluid ve-
locity, the more it is able to capture thermal energy from the panel. An
increased MFRT reduces the time period during which the fluid can flow
through the channel, thereby limiting the internal heat generation of the
channel and, at the same time, increasing the overall heat transfer ef-
ficiency. The evolution of TEF confirms this trend. The maximum values
reach 59.92% for 0.0183 kg/s, 60.17% for 0.0250 kg/s, 75.84% for
0.0417 kg/s, and 78.90% for 0.0500 kg/s. The average efficiencies
recorded are 41.48%, 49.73%, 59.78%, and 55.65%, respectively. These
values are non-linear, and this effect can be attributed to variability of
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Fig. 17. Daily variation in fluid inlet and outlet temperatures and TEF against MFRTs.

the external environment, which includes solar radiation, ambient
temperature, and little fluctuation in inlet temperature that occurs
continuously within the span of a testing day.

4.7. Analysis of overall electrical and exergy efficiency

Fig. 18 shows the evolution of EEF and total exergy efficiency during
the experimental day for different heat transfer fluid MFRTs. The
maximum total electrical efficiencies reach 76.16%, 76.58%, 92.35%,
and 95.03% for MFRTs of 0.0183, 0.0250, 0.0417, and 0.0500 kg/s,
confirming the beneficial effect of increasing the flow rate on the cooling
of the PV panel and, consequently, on improving electrical conversion.
The average electrical efficiencies obtained, i.e., 57.66%, 66.01%,
75.83%, and 71.30%, reflect the overall stability of the performance of
the proposed PVT-S. This improvement is mainly due to the system
configuration, which ensures direct contact between the heat transfer
fluid and the rear surface of the module, promoting efficient heat
extraction and limiting the temperature rise of the cells. From an exergy
perspective, the maximum total exergy efficiencies recorded are
17.56%, 16.63%, 17.16%, and 16.10% for the same MFRT. Unlike the
evolution of EEF, the variation in exergy efficiency remains moderate
with increasing flow rate, which can be explained by the qualitative
nature of thermal exergy, which is highly dependent on the temperature
difference between the fluid and the environment. In fact, increasing the
flow rate improves heat extraction but tends to reduce the average
temperature of the outlet fluid, thereby decreasing the exergy quality of
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the recovered thermal energy. Consequently, the total exergy of the
system is a compromise between the improvement in electrical pro-
duction due to module cooling and the relative decrease in the thermal
exergy contribution at high flow rates.

4.8. Analysis of exergy destruction and entropy generation

Entropy generation and exergy destruction are significant indicators
of the strict evaluation of exergy efficiency of PVT-Ss. The elimination of
these thermodynamic losses is invaluable to the enhancement of the
operation of the thermal processes, as it has a significant impact on the
total efficiency and effectiveness. Based on this, systematic mitigation of
these losses not only increases the energy production but also adds to the
greater goal of ensuring sustainability in thermal energy utilization.
Fig. 19 illustrates the evolution of these two parameters for the four
MFRTs studied, compared with a reference PV panel. For all flow rates,
these two parameters increase with solar irradiance and reach their
maximum value around noon, the period corresponding to the most
intense radiation. In all cases, the values measured for the reference PV
panel remain higher than those of the PVT-S. For example, for a flow rate
of 0.0183 kg/s, the average exergy destruction and entropy generation
of the PV panel are 1091.41 W and 3.614 W/°C, respectively, compared
to 1074.36 W and 3.558 W/°C for the PVT-S. For 0.0250 kg/s, these
values are 1146.03 W and 3.756 W/°C for PV and 1137.06 W and 3.727
W/°C for PVT-S. At 0.0417 kg/s, they are 1122.38 W and 3.680 W/°C for
PVand 1110.29 W and 3.640 W/°C for PVT-S, while at 0.0500 kg/s, they
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Fig. 18. Daily variation in EEF and total exergy efficiency versus MFRTs.

reach 1206.44 W and 3.967 W/°C for PV and 1196.54 W and 3.935 W/
°C for PVT-S. The enhanced performance of the reference PV panel is
due to its lack of active cooling mechanisms. Unlike the PVT-S, which
circulates a heat transfer fluid to manage temperature, the reference PV
panel traps more thermal energy. This leads to greater exergy losses and
increased entropy. The PVT-S reduces heat buildup, improving the
exergy efficiency of the system. This comparison emphasizes the
importance of thermal management in optimizing PV technologies.

4.9. Analysis of open-circuit voltage and short-circuit current

Fig. 20 shows the variation in voltage and electric current for the
PVT-S and the reference PV panel throughout the day for different
MEFRTs. It can be seen that the voltage of the PVT-Ss is consistently
higher than that of the reference PV for all flow rates, highlighting the
beneficial effect of active cooling. For a flow rate of 0.0183 kg/s, the
average voltage of the PVT-S is 31.03 V, compared to 29.10 V for the PV,
resulting in a difference of 1.92 V. At a flow rate of 0.0250 kg/s, this
difference is 1.35 V (31.33 V for PVT-S and 29.98 V for PV). At 0.0417
kg/s, the average voltage is 31.41 V for the PVT-S and 28.72 V for the
PV, with a difference of 2.68 V. Finally, at 0.0500 kg/s, the average
voltage of the PVT-S is 31.77 V compared to 29.46 V for the PV, a dif-
ference of 2.31 V. These values show that increasing the MFRT slightly
improves cooling efficiency and maintains a higher voltage, limiting cell
overheating. On the other hand, the electric current seems to be less
influenced by cooling and more by solar radiation. Although the PVT-S
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benefits from cooling, the highest current was observed for the reference
PV, indicating that solar irradiance remains the dominant factor for
current. This difference is particularly noticeable around noon, when
solar radiation and ambient temperature are at their maximum.

4.10. Analysis of sustainability factors

Fig. 21 shows the evolution of the PVT-S's sustainability indicators
for different heat transfer fluid MFRTs. Fig. 21a shows that the sus-
tainability index (SI) varies slightly with flow rate, reflecting the balance
between improved energy performance and reduced thermodynamic
irreversibilities. The maximum values obtained are 1.21311 for 0.0183
kg/s, 1.19956 for 0.0250 kg/s, 1.20728 for 0.0417 kg/s, and 1.19193 for
0.0500 kg/s, indicating that the system maintains relatively stable,
sustainable performance despite the increase in flow rate, confirming
efficient use of available energy. This trend is consistent with the vari-
ations in the waste exergy ratio (WER) shown in Fig. 21b. The intervals
observed, ranging from 0.83618 to 0.82433, 0.84077 and 0.83364,
0.85402 and 0.82831, and between 0.85296 and 0.83855, show that the
proportion of unutilized exergy remains significant but relatively stable.
This suggests that increasing the flow rate improves heat extraction
while generating exergy losses due to lower temperature gradients,
which limits the significant reduction in irreversibilities. Fig. 21c shows
that the improvement potential (IP) increases with solar irradiance and
MEFRT, reaching maximum values of 986.754 W, 1019.417 W, 1059.402
W, and 1089.478 W for the flow rates studied. This trend highlights that,
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Fig. 19. Daily variation in exergy destruction and entropy generation for PVT-S and reference PV against MFRT.

despite the system's satisfactory performance, there is still room for
optimization, particularly in terms of thermal management and heat
exchanger design, in order to reduce exergy destruction. Finally,
Fig. 21d shows the evolution of the ecological exergy indicator (EcEI),
which assesses the overall efficiency of exergy resource use. The nega-
tive values observed, reaching —0.64865, —0.66728, —0.65661, and
—0.67710, respectively, indicate that the share of non-useful exergy
remains dominant, reflecting a still significant exergy degradation of the
system. Nevertheless, the slight variation in this indicator with flow rate
suggests that the overall environmental performance of the PVT-S re-
mains relatively stable over the operating range studied. Table 7 com-
pletes this analysis by comparing the sustainability indicators obtained
with those reported in the literature, thus allowing the performance of
the proposed system to be compared with previous work and confirming
its potential in terms of energy and environmental sustainability.

4.11. Comparison

To assess our system's efficacy, we compared our results with existing
literature on the overall electrical, thermal, and exergy efficiencies of
PVT-Ss, summarized in Table 8. Previous studies indicate that the TEF of
PVT-Ss ranges from 26.87% to 76.50%, providing a benchmark for our
performance. These differences cannot be explained solely by the simple
effect of panel cooling. Several parameters strongly influence perfor-
mance, including local climatic conditions, solar irradiation levels, the
cooling strategy adopted, the heat transfer fluid flow rate, and the
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manufacturing and assembly methods of the PVT-S. The combination of
these factors makes any direct comparison complex. In our study, the
PVT-S designed achieved a maximum TEF of 78.90%, confirming the
efficiency and robustness of our PVT-S.

5. Conclusions

A new PVT-S was proposed and assessed both numerically and
experimentally across various MFRTs. Its performance was examined in
terms of energy and exergy, pressure drops, temperature distribution,
exergy loss, and entropy production. Several sustainability indicators
were also considered, including the sustainability index, Waste Exergy
Ratio, potential for improvement, and ecological efficiency index. The
main results obtained are as follows.

e Comparison between the numerical and experimental results shows a
strong correlation in thermal distribution, authorizing the simula-
tion's steadfastness.

The PVT-S developed offers more uniform heat distribution than the
flat plate PVTs reported in the literature, with low pressure losses of
18.16 Pa at 0.0500 kg/s MFRT.

The increase in MFRT leads to a gradual decrease in the temperature
of the PVT-S. At a flow rate of 0.0183 kg/s, the maximum temper-
ature of the PVT-S is 40.65 °C, while the reference PV panel reaches
60.88 °C at 0.0417 kg/s. This results in a maximum temperature
difference of 25.38 °C between the two systems.
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Fig. 20. Daily variation in electrical voltage and current of the PVT-S compared to the reference PV module for different MFRTs.

e The PVT-S has a maximum electrical power and efficiency of 257.95
W and 16.82%, obtained respectively for MFRT 0.0500 kg/s and
0.0417 kg/s. Conversely, the reference PV panel records minimum
values of 225.78 W and 15.77% for the same flow rates. The
maximum difference observed between the two systems is thus
19.03 W for power and 1.46% for efficiency at a flow rate of 0.0417
kg/s.

The fluid outlet temperature decreases from 35.75 °C to 31.25 °C for
increasing MFRT ranging from 0.0183 kg/s to 0.0500 kg/s. At the
same time, the TEF of the system improves as the flow rate increases.
Maximum thermal efficiencies reach 59.92%, 60.17%, 75.84%, and
78.90% for MFRT 0.0183, 0.0250, 0.0417, and 0.0500 kg/s,
respectively, while the corresponding average efficiencies are
41.48%, 49.73%, 59.78%, and 55.65%.

The PVT-S system exhibited an average total EEF of 75.83% at a flow
rate of 0.0417 kg/s and a maximum total exergy efficiency of 17.56%
at 0.0183 kg/s. Additionally, the highest exergy destruction and
entropy generation were recorded at 1196.54 W and 3.935 W/°C,
respectively, at a flow rate of 0.0500 kg/s.

The PVT-S has a maximum sustainability index (SI) of 1.21311 for a
flow rate of 0.0183 kg/s. The Waste Exergy Ratio (WER) reaches its
maximum value of 0.85402 at MFRT 0.0417 kg/s. The improvement
potential (IP) increases with solar irradiance and MFRT, reaching a
maximum value of 1089.47 W for MFRT 0.0500 kg/s. Finally, the
maximum Ecological Exergy Indicator (EcEI) observed is —0.64865
for a flow rate of 0.0183 kg/s.
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Despite the reliability of the proposed new system, certain limita-
tions remain. The experimental conditions were limited to El Jadida,
which means that the results are only valid for the specific climate of
that city and could lead to variations in other climatic conditions.
Furthermore, as this is the first time this system has been proposed and
studied, the tests were carried out over a limited period, which does not
allow for an assessment of the system's long-term performance or the
effect of material wear and tear. Finally, the observed performance de-
pends on the design and materials chosen for the exchanger and panel,
which may limit its generalizability to other PVT-Ss.

6. Future work

The new PVT-S presented in this study fills several gaps identified in
the existing literature and thus opens up new avenues for future
research. Given that the working fluid comes into direct contact with the
PV panel, a rigorous evaluation of alternative fluids, particularly
nanofluids, should be considered, as these can increase the efficiency of
the thermal cycle and electrical power. In addition, the effects of pro-
longed contact between the fluid and the panel on the longitudinal
behavior and structural integrity of the PV cells need to be investigated.
Evaluation of the system during each of the climatic seasons is also ur-
gent, as it will allow for the assessment of annual performance indicators
and the determination of the period during which optimal energy can be
obtained. Finally, additional experimental and computational studies
can explore the sensitivities of panel geometry, heat exchanger
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Fig. 21. Daily variation in PVT-S sustainability indicators: (a) SI, (b) WER, (c) IP, and (d) EcEL
Table 7
Comparison of the four PVT-S sustainability indicators for an MFRT of 0.0183 kg/s with the results published in the literature.
References &year Type of PVT-S SI WER EcElL P
[56], 2022 Air-based PVT-S 1.147-1.174 NA NA 351.92-368.84
[57], 2023 Air-based Model-V system 1.141-1.157 NA NA 119.09-329.24
[58], 2024 Water-based PVT-S 1.04-1.08 0.935-0.968 —0.92-(-0.86) 68-75.5
[45], 2024 PVT-S with rectangular channel 1.172-1.186 0.843-0.854 —0,707-(-0,687) 215,647-421,145
[59], 2024 PV panel integrated with a heat pump for drying applications 2.327 0.83 NA 0.145
Present study Direct water-PV contact PVT-S 1195-1213 0,824-0,836 -0,672 - (—0,648) 697,912-986,754

components, and localized climatic variations, thereby enabling the
development of more flexible design calibrations and improving the
reliability of PVT-S.
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Table 8
Comparison of energy and exergy yields of new PVT-S with literature.

References Study type Fluid type Nel (%) N (%) epyr

&year (%)

[60], 2024 Experimental Bi-symmetrical 18.01 63.09 21.15

[61], 2024 Experimental  Serpentine tube 11.8 32.79 12.21

[62], 2025 Numerical Wavy collector 11.82 75.32 14.67
Tube

[39], 2025 Numerical Serpentine tube 13.9 44.4 14.4

[63], 2020 Experimental  Serpentine 121 32.9 13.5
tubes

[64], 2024 Experimental sheet-and-tube 12.80 43.16 14.0
absorber

[65]1, 2019 Experimental sheet-and-tube 14.6 63.1 11.2-
absorber -17.1 20.6

[66], 2019 Experimental  Serpentine tube 17.33 26.87 14

[671, 2025 Experimental Plate-fin heat 15.40 76.50 12.50
exchanger

Present Experimental Direct 16,43- 59,92- 16,10-

study water-PV 16,82 78,90 17,56

contact PVT-S
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