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Abstract: Solar energy is one of the main renewable energy resources due to its abundance. It can be
used for two purposes, thermal or photovoltaic applications. However, when the resource obtained
is mixed, it is called photovoltaic thermal hybrid, where the solar panels generate electricity and are
provided with a heat exchanger to absorb energy through a water flow. This is one of the techniques
used by the scientific community to reduce the excess temperature generated by solar radiation in
the cells, improving the electrical efficiency of photovoltaic systems and obtaining fluid with higher
temperature. In this work, the thermal behavior of a heat exchanger equipped with fins in its interior
to increase the thermal efficiency of the system was analyzed using CFD (Computational Fluid
Dynamics). The results showed that the average fluid outlet temperature was 75.31 ◦C, considering
an incident irradiance of 1067 W/m2 and a fluid inlet temperature of 27 ◦C. The operating conditions
were obtained from published experimental studies, achieving 97.7% similarity between the two.
This was due to the boundary conditions of the heat flux (1067 W/m2) impinging directly on the
coupled cells and the heat exchanger in a working area of 0.22 m2.

Keywords: heat exchanger; thermal efficiency; photovoltaic cell; PH/T

1. Introduction

This introduction presents a three-part sequence designed to give the reader a better
understanding of the functionality of photovoltaic hybrid heat exchangers, based on theo-
retical studies on heat exchangers, photovoltaic panels, and coupled hybrid (photovoltaic–
thermal) heat exchangers.

1.1. Theoretical Studies of Heat Exchangers

This work analyses the prediction of heat transformers obtained by two flat-plate
solar collectors configured in series and in parallel, as well as a third system produced by
the union of the two previous ones. Flat-plate solar collector systems were coupled to a
water heating energy source directed to an absorption heat transformer integrated with
a water purification system, maximizing efficiency. To obtain the prediction of the heat
transformer, a feed-forward ANN (artificial neural network) with the standard BP (back
propagation) algorithm was applied. The statistical performance criteria, i.e., RMSE (root
mean square error) and R2 (correlation), a feed-forward ANN (artificial neural network)
with the standard BP (back propagation) algorithm (root mean square error) and R2 (corre-
lation coefficient) were applied; a supervised ANN with 5-5-1 topology (five inputs, five
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neurons in the hidden layer, and one output layer) and Levenberg–Marquardt training
algorithm represented the optimal model. This ANN considered the total useful irradiance,
the water temperature in the heating tank, and the sampling time (second, day, and month)
as input parameters; and as output parameter, the heat gained by the water in the heating
tank [1]. Solar energy is currently the most affordable and abundant natural resource avail-
able as an alternative energy source in the global environment, respective of improvements
in renewable energy technology [2]. The main component of solar water heater applications
is the solar collector. This has been studied theoretically and experimentally in terms of
optical optimization, heat loss reduction, and heat recovery improvement [3]. In related
research, a detailed review of energy and exergy analyses of several typical solar energy
technologies used for various heat and power generation applications was carried out [4].
The proposed technique used support vector machines for heat exchanger performance
prediction during heat exchanger modeling and simulation [5]. An article reviewed the
applications of ANNs (artificial neural networks) for thermal analysis of heat exchangers,
as they have been widely used for thermal analysis of heat exchangers over the last two
decades. The further research needs in this field are discussed according to the published
research on heat exchanger thermal analysis, by classifying them into four main groups:
(I) heat exchanger modelling, (II) heat exchanger parameter estimation, (III) estimation
of phase change characteristics in heat exchangers, and (IV) heat exchanger control. In
conclusion, ANNs are gaining popularity as a tool that can be successfully used for thermal
analysis of heat exchangers with acceptable accuracy [6]. An article discussed the types of
solar collectors to facilitate the systematic understanding of solar thermal technology, in
order to attract beginners in the field of solar thermal conversion technology [7]. In that
research, the configuration of a plate heat exchanger was analyzed by a two-dimensional
numerical model using the effective heat capacity method [8]. In that work, MATLAB
software was used to theoretically model a flat-plate solar collector using nanofluids as
a heat transport medium [9]. A stainless-steel flat-plate solar collector (S-S FPSC) was
studied using numerical simulation models as a basis for optimization research, where
the flow resistance of the microchannels was analyzed to define their structural param-
eters [10]. A study was carried out in the city of Al-Samawa, Iraq, in which an active
flat-plate solar collector (FPSC) with an internal absorber tube receiver was fabricated and
tested, simulated, and validated in TRNSYS [11]. In that study, a model was developed
to calculate the heat losses of the FPSC, analyzing the integral impact of altitude change
on the heat loss performance of the FPSC; the accuracy of the model was verified using
experimental test data [12]. In another study, a numerical simulation of a typical flat-plate
solar collector was performed, where the governing differential equations were solved
numerically using the finite difference method and the transient problem was formulated
using an implicit scheme able to provide a stable solution for any mesh size [13]. In further
work, numerical simulation models for both large flat-plate solar collectors (LSFPSCs) and
conventional parallel FPSCs were studied. Subsequently, the effects of environmental and
operational parameters on the thermal performance of the two types of collectors were
investigated by analyzing their applicability with respect to available operating times,
useful energy, and heat loss [14]. That work determined the most used methods to improve
FPSC efficiencies through the use of CFD [15]. Solid Work and CFD software were used
to analyze the meshing and fluid flow with aluminum and copper materials to see which
was more efficient [16]. The performance of a flat-plate heat exchanger was studied by
simulation using finite volume methods describing the absorber plate temperature field
and flow conditions; the results of the investigation helped to design and optimize the heat
pipe flat-plate heat exchanger [17]. A three-dimensional CFD transient model was used
in Shiraz, Iran, to investigate a flat-plate heat exchanger integrated with a PCM layer [18].
The operation of the flat plate-heat exchanger was modeled using three different fluid flow
rates of water (1, 1.6, and 2 L/min), employing an artificial neural network (ANN). The
results obtained confirmed that the method was accurate with all three flow rates of the
working fluid (water) [19]. Another paper proposed a thermodynamic model based on
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simplified semi-empirical correlations. The model was used to evaluate the performance
of the latent heat storage technique in a flat-plate heat exchanger (FPSC) with integrated
phase-change material (PCM) [20].

1.2. Theoretical Studies on Photovoltaic Panels

Talking about energy and ways of obtaining this resource without harming the envi-
ronment has become a major topic. One type of system that harnesses solar energy is the
flat-plate heat exchanger or flat-plate solar collector [15]. Therefore, various methodologies
have been employed to improve their thermal efficiency and performance by harnessing
solar energy, including the coating and thickness of the glass envelope, as well as the
transmittance and emissivity of the glass envelope [21]. There have also been investigations
where the steady-state thermal performance of a flat-plate heat exchanger was studied
using the finite volume method [22]. Another way to improve efficiency is with coatings,
as shown in the article “Simulation study on the efficiency of thermochromic absorber
coatings for solar thermal flat-plate collectors” [23]. A comparison of simulations was
carried out to evaluate the efficiency and performance of commercially available absorber
coatings for flat-plate solar heat exchangers, obtaining an increase in auxiliary energy de-
mand of 6% with black chrome, 7% with thermochromic chrome, and 21% with solar paints,
compared with PVD coatings [24]. It is important to mention the new technologies applied
to this type of systems, such as the use of nanofluids, as observed in the research “Finite
Element Simulation of Forced Convection in a Flat Plate Solar Exchanger: Influence of
Nanofluid with Dual Nanoparticles” [25]. Applications of this type of solar heat exchanger
can be observed in the research “Numerical simulation and parametric study of different
types of solar cooling systems under Mediterranean climatic conditions” [26] and also, the
“Performance evaluation and theoretical simulation of an adsorption refrigeration system
driven by a flat plate solar collector” [27]. The second type of solar collector is an evacuated
tube heat exchanger device used to capture solar energy, applicable in both domestic and
industrial environments. Computational fluid dynamics (CFD)-based studies exploring
the use of nanofluids and phase-change materials to improve the efficiency of ETSCs have
been discussed [28]. This type of collector can also be coupled to other systems, as reported
in the investigation of “Theoretical model of an integrated evacuated tube solar collector
with phase change material”, where the aim was to theoretically model a solar hot water
system consisting of a set of ETHPSCs (evacuated tube solar collectors) connected to a
common collector filled with phase-change material and acting as a LHTES (latent heat
thermal energy storage) reservoir [29]. The last in the category of solar collectors are tube
solar heat exchangers, which were introduced to overcome the limitations of the first two
groups of solar collectors by exploiting the advantages of heat pipes and ETSC technologies.
Low thermal resistance, high heat removal from the absorber surface, and low hydraulic
resistance are some of the advantages of this type of collector [30].

1.3. Theoretical Studies on Hybrid (Thermal–Photovoltaic) Heat Exchangers

After reviewing the theoretical literature, no work was found on a hybrid photo-
voltaic thermal exchanger simulated with the characteristics of combining photovoltaic
cells with heat exchangers or solar thermal collectors to allow cogeneration of electricity
and hot water for different processes [31]. The energy captured from the sun comes from
a clean energy source and reaches thermal levels ranging from 60 to 280 ◦C and up to
400 ◦C via equipment for power generation systems [32]. Majdi Hazami et al. determined
the theoretical performance of photovoltaic cells through simulations in Tunisian North
Africa [33]. Hybrid heat exchangers coated with silver with low emissivity were fabricated
for simulation and experimentation [34]. Large deviations (up to 20 ◦C) of the base plate
temperature in the correlations compared with the experimental results were observed in
the modeling, probably due to the geometrical characteristics of the heat exchanger [35].
The numerical performance of a solar-assisted heat pump coupled to a photovoltaic air
heater was studied, demonstrating the feasibility of the project [36]. The modeling of a
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low-concentration photovoltaic system was studied using various analytical correlations
and CFD simulations to monitor module temperature and improve analyze electrical effi-
ciency [37]. Some researchers have identified environmental design factors, such as mass
flow rate and inlet water temperature [38]. PV/T modules combine efficiencies from 40 to
87% and can be applied in ground, wall, or rooftop installations in urban and rural areas
to supply energy [39]. Temperature rises and efficiency have been analyzed using active
and passive cooling methods. In these processes, water is typically used as the cooling
medium [40]. A parameter investigation was carried out based on the height, number
of, and distance between fins. The effect of solar irradiance on PV module performance
was evaluated by CFD, ANSYS FLUENT using 3D Navier–Stokes energy equations for
numerical calculations [41]. In related work, a solar heating and cooling (SHC) system
including thermal/photovoltaic (PV/T) heat exchangers was considered, implementing a
polygeneration system. The performance of the system was analyzed from an energy and
economic point of view using a zero-dimensional transient simulation model developed
with TRNSYS, and the results were compared with those reported in the literature [42]. In
a study carried out in Changping, Beijing, China, the performance of a low-concentration
photovoltaic/thermal module (LC-PV/T) was evaluated numerically using MATLAB soft-
ware and experimentally by analyzing its performance under different operating conditions
(fixed flow rate and output temperature) [43]. In that study, a low-concentration photo-
voltaic/thermal triple generation system for heating, cooling, and electricity was proposed.
To demonstrate its feasibility, the performance of the system was dynamically simulated
using the Transient Systems Simulation Program (TRNSYS) software [44]. Parametric stud-
ies and annual transient simulations of hybrid photovoltaic-thermal (PV/T) solar systems
have been modeled by Simulink/MATLAB [45]. Thermodynamic modeling of the thermal
and electrical performance of a hybrid heat exchanger (PV/T) was carried out and used for
the design of a new absorber (double oscillating absorber). The results of the hybrid PV
technology were compared with those of normal PV technology (without cooling systems)
by a simulation analysis of the model based on theoretical data, using MATLAB [46]. In
other work, an investigation was carried out on the impact of adapting to a non-uniform
PV temperature along the receiver. For this purpose, a 2D heat transfer model of a (PV/T)
system was created [47]. Further study analyzed the development of a theoretical dynamic
model to predict the long-term performance of a (CPV/T) photovoltaic/thermal parabolic
trough system. The results showed that the system’s exergy performance was mainly influ-
enced by the trough and the electrical efficiency of the PV module [48]. A thermomagnetic
finite element model (FEM) of the CPV/T in 2D and 3D has been developed, capable of
calculating the heat transfer that occurs due to the cooling fluid flow, obtaining a significant
influence on the performance when operating in climatic zones with very different tempera-
ture ranges throughout the year [49]. A parabolic trough heat exchanger was designed and
simulated to simultaneously generate electricity and high-temperature thermal energy [50].
A mathematical model was presented using the Microsoft Excel “Goal-Seek” data tool
to describe the performance of a concentrated photovoltaic system where the thermal
energy rejected by the photovoltaic cell was used to distill salt water [51]. Using COMSOL
and SolidWorks, a combined thermal and optical three-dimensional analysis of an asym-
metric compound parabolic collector (ACPC) with a hybrid photovoltaic/thermal (PV/T)
receiver was presented. Initially, the incident angle modifier was calculated and numerical
models verified against each other by simulation tools were used in the thermal analysis
part and validated by experimental results extracted from the literature on the examined
collector [52]. For a new type of trough photovoltaic/thermal composite heat exchanger
with change suspension, a three-dimensional physical model was proposed and studied
numerically, thus evaluating the dynamic performance of the hybrid photovoltaic/thermal
collector [53]. Numerical calculations were performed for two climatic conditions in India,
first in January (winter) and then in June (summer), taking the thermal energy balance
equations for N partially covered parabolic trough concentrators (N-PV/T-CPCs) con-
nected in sequence [54]. Those authors numerically developed two convergent channel
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configurations of photovoltaic–thermal (PV-T) systems, i.e., inlet and outlet on different
sides (case 1) and inlet in the middle and outlets on the sides (case 2). They achieved up to
500 W of additional power per unit area of PV module by exchanging one PV system for
its proposed counterpart, thereby reducing the levelized cost of energy in the PV system
compared with the stand-alone system. These stand-alone PV systems showed a net CO2
mitigation of 10% compared to conventional PV systems [55]. The authors investigated
the efficiency of a concentrating photovoltaic/thermal (CPV/T) device. The simulation
considered multi-tube PV/T systems, with and without the inclusion of twisted ribbons,
using H2O as the test fluid. The influence of the concentration ratio was evaluated by vary-
ing the incident irradiances equivalent to one, two, or three suns. The results showed that
using the CPV/T system under three suns with the optimal design would to a reduction of
approximately 5541 kg of carbon emissions over 10 years [56]. These authors performed a
numerical analysis of a photovoltaic system aimed at improving efficiency by incorporating
an absorber consisting of finned tubes, through which water and air circulated as working
fluids. With this approach, a thermal efficiency of 54% was achieved [57]. Similarly, others
investigated the efficiency of a photovoltaic-thermal (PV/T) system using a collective cool-
ing method with internal plate thermal fins, employing nanofluids (Al2O3, TiO2, and CuO)
as coolants. Their results indicated that the Al2O3–water nanofluid with 0.2% nanoparti-
cles achieved the highest thermal efficiency, with an average of 49.59% [58]. To conclude
this introduction, the work was simulated in Ansys Fluent to observe the behavior of the
theoretical parameters statically and assess their capacity to produce thermal and electrical
energy, according to the experimental data taken from a prototype designed, built, and
evaluated. These results are important to verify the technical capability of the fins added to
the interior that were used to improve the heat transfer in combination with the mass flow,
and to thus indicate the excellent thermal–electrical capabilities and future commercial
performance of this prototype. There is currently no commercial solar heat exchanger with
integrated fins inside.

2. Description of the Heat Exchanger and Governing Equations
2.1. Heat Exchanger and Governing Equations

To model the hybrid solar system, we used the principle of energy conservation for
each component of the system. We present the equations used in the experimental work as
follows: thermal efficiency (Equation (1)), working temperature (Equation (2)), working
power (Equation (3)), photovoltaic efficiency (Equation (4)) and total photovoltaic–thermal
efficiency (Equation (5)), which are detailed in Table 1. Equations (1) and (2) are based on
the effect of the temperature caused by the incident solar radiation on the photovoltaic cells.
Equations (1) and (2) are based on the effect of the temperature caused by the incident solar
radiation on the photovoltaic cells. The working temperature (Tt) reached by a photovoltaic
panel obeys a linear relationship given by the expression in Table 1, in which it is stated that
the said temperature will depend on the ambient temperature, radiation, and the coefficient
of variation (this will depend on the wind speed if it is 0.2 to 0.4 °C·cm2/mW) at which it is
operating for the cooling of the cells. In conclusion, (K*R) represents the temperature rise of
the cells above the maximum ambient temperature and therefore affects the performance.

Table 1. Representation of the equations used in the experimental work.

Equations Calculation Equation Number References

η =
.

m·Cp(Tout−Tin)
G·A

Efficiency thermal substituting Qu for its
value, in the Bliss equation. We have: (1) [59]

Tt = Ta + K·R Works temperature (2) [60]

Pt = Pp −
(

Pp·δ·∆T
)

Working power (3) [60]

ηPv = Imax ·Vmax
G · A Photovoltaic efficiency (4) [61]

ηPv/Th = Imax ·Vmax
G·A +

.
m·Cp(Tout−Tin)

G·A
Total photovoltaic–thermal efficiency (5) [61]
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To calculate the output power at the working temperature (Pt) reached by a photo-
voltaic panel, the first step is to calculate the working temperature and then determine the
increase in temperature with respect to the test temperature (25 °C), which is resolved as ∆t:
temperature increase over 25 °C (Tt − 25 °C). The peak power is given by the manufacturer
at room temperature, as well as the degradation coefficient.

2.2. Photovoltaic Thermal Model

This model is solved by the equations for each of these components, based on the anal-
ysis of the energy balance, photoelectric conversion, thermal conductivity, convection, and
radiation. It includes the panel absorbance (αs), solar radiation (G), panel area (As), ambient
temperature (Ta), rad, convec, and conduct heat transfer coefficients ( hrad, hconvec, hconduct),
solar cell temperature (S), and plate temperature (T p). Figure 1 shows the PV thermal
model, illustrating the heat transfer processes (conduction, convection, and radiation) that
occur both inside and outside the hybrid solar equipment to produce the desired results
(heat and electricity). The process is divided into three components: the PV panel, the solar
cells, and the fluid (water). Here, the important part of the study is the heat flow of the
maximum experimental radiation incident on the PV cells, which is used to theoretically
evaluate the heat transfer as represented in Equations ((6)–(8)). The thermal energy balance
for solar power generation is based on photoelectric conversion, thermal conductivity,
convection, and radiation. It includes panel absorbance, solar radiation, panel surface area,
ambient temperature, heat transfer coefficients, and solar cell and plate temperatures [62].
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Energy balance for solar cells:

.
Qbe,S =

.
Qin,s −

.
Qrad,s−a −

.
Qconvec,s−a −

.
Qconduct,s−a −

.
Qelectricity (6)

.
Qbe.S = αs·As·G− As·

Processes 2024, 12, x FOR PEER REVIEW 6 of 18 
 

 

Table 1.  Representation of the equations used in the experimental work. 

Equations Calculation Equation Number References 𝜂 ൌ 𝑚 ⋅ሶ 𝐶௣(𝑇௢௨௧ − 𝑇௜௡)𝐺 ⋅ 𝐴  
Efficiency thermal substituting Qu for its value, 

in the Bliss equation. We have: 
(1) [59] 𝑇௧ ൌ 𝑇௔ ൅ 𝐾 ⋅ 𝑅 Works temperature (2) [60] 𝑃௧ ൌ 𝑃௣ − (𝑃௣ ⋅ 𝛿 ⋅ Δ𝑇) Working power (3) [60] 𝜂௉௩ ൌ 𝐼௠௔௫ ⋅ 𝑉௠௔௫𝐺 ⋅  𝐴  Photovoltaic efficiency (4) [61] 𝜂௉௩ ்௛⁄ ൌ  𝐼௠௔௫ ⋅ 𝑉௠௔௫𝐺 ⋅ 𝐴 ൅𝑚ሶ ⋅ 𝐶௣(𝑇௢௨௧ − 𝑇௜௡)𝐺 ⋅ 𝐴  Total photovoltaic–thermal efficiency (5) [61] 

2.2. Photovoltaic Thermal Model 
This model is solved by the equations for each of these components, based on the 

analysis of the energy balance, photoelectric conversion, thermal conductivity, convec-
tion, and radiation. It includes the panel absorbance (𝛼௦), solar radiation (G), panel area (𝐴௦) , ambient temperature (𝑇௔) , rad, convec, and conduct heat transfer coefficients 
(ℎ௥௔ௗ,ℎ௖௢௡௩௘௖ ,ℎ௖௢௡ௗ௨௖௧) , solar cell temperature (S), and plate temperature (𝑇௣) . Figure 1 
shows the PV thermal model, illustrating the heat transfer processes (conduction, convec-
tion, and radiation) that occur both inside and outside the hybrid solar equipment to pro-
duce the desired results (heat and electricity). The process is divided into three compo-
nents: the PV panel, the solar cells, and the fluid (water). Here, the important part of the 
study is the heat flow of the maximum experimental radiation incident on the PV cells, 
which is used to theoretically evaluate the heat transfer as represented in Equations (6–8). 
The thermal energy balance for solar power generation is based on photoelectric conversion, 
thermal conductivity, convection, and radiation. It includes panel absorbance, solar radia-
tion, panel surface area, ambient temperature, heat transfer coefficients, and solar cell and 
plate temperatures [62]. 

 
Figure 1. Model PV/T. 

Energy balance for solar cells: 𝑄ሶ௕௘,ௌ ൌ 𝑄ሶ ௜௡,௦ − 𝑄ሶ௥௔ௗ,௦ି௔ − 𝑄ሶ௖௢௡௩௘௖,௦ି௔ − 𝑄ሶ௖௢௡ௗ௨௖௧,௦ି௔ − 𝑄ሶ௘௟௘௖௧௥௜௖௜௧௬ (6)𝑄ሶ௕௘.ௌ ൌ 𝛼௦ ⋅ 𝐴௦ ⋅ 𝐺 − 𝐴௦ ⋅ ɦ௥௔ௗ ⋅ (𝑇௦ − 𝑇௔) − 𝐴௦ ⋅ ɦ௖௢௡ௗ௨௖௧ ⋅ ൫𝑇௦ − 𝑇௣൯ − 𝜂௦ ⋅ 𝛼௦ ⋅ 𝐺 ⋅ 𝐴௦ 
Energy balance for the absorber plate: 

rad·(Ts − Ta)− As·
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Energy balance for the absorber plate: 

conduct·
(
Ts − Tp

)
− ηs·αs·G·As

Energy balance for the absorber plate:

.
Qbe,P =

.
Qconduct, s−p −

.
Qconduct,p−a −

.
Qconduct,P− f (7)

.
Qbe,P = As·
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conduct·
(
Tp − Ta

)
− q f
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Energy balance for the fluid:

.
Qbe, f =

.
Qconduct, f−a +

.
Qth (8)

.
Qbe, f = A f ·
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Energy balance for the absorber plate: 

conduct·(Tf − Ta)−
.

m·CP·(Tf o − Tf i)

3. Numerical Model

The aim of this study was to calculate, by means of 3D numerical simulation, the
amount of heat absorbed when installing a heat exchanger under a solar photovoltaic
cell. The case study presented refers to a hybrid photovoltaic system consisting of a set of
photovoltaic cells installed on a heat exchanger, which is an aluminum channel 1670 mm
long and 290 mm wide, equipped inside with 12 pairs of fins with an inclination of 60 ◦C
with respect to the direction of flow, and an intermediate bulkhead, through which a fluid
(water) passes to extract the heat produced by the solar cell and obtain hot water at the
outlet. It should be noted that the solar cells were installed centered on the top wall of the
heat exchanger by means of an absorber plate and covered an area of 0.228 m2 (1.64 m long
and 0.139 m wide) to increase the heat exchange; the model is shown in Figure 2. Studies
have shown a favourable impact on the photovoltaic electrical efficiency by decreasing the
temperature of the solar panel [63]. The characteristics of the heat exchanger are shown in
Figure 3.
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Figure 3. Model of Heat Exchanger.

3.1. Geometry and Discretization

The evaluated numerical model included two computational domains: (1) the solid
(aluminum), consisting of the finned heat exchanger and the solar PV cell, and (2) the fluid
domain, representing the water flowing inside the cell. Both domains were generated using
ICEM CFD, as illustrated in Figure 4. An unstructured mesh was applied to discretize these
domains, with specific refinement levels at the fin walls to enhance accuracy in regions
critical for heat exchange.
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Figure 4. Computational model.

The determination of the best mesh was based on the computation time used, by
calculating the relative error percentage, as shown in Table 2, considering the average
temperature at the heat exchanger outlet as the measurement variable. In this study, in
the search for optimization of the computation time, mesh 2 was used, which obtained a
relative error of 0.87%. The mesh refinement near the fin wall had a minimum cell size
of 4 mm, as shown in Figure 5. In Figure 6, the structure of the work is represented by a
flow chart.
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Table 2. Mesh independence.

Mesh Elements Mesh Type Average Temperature [◦C] %εr

Mesh 1 2,941,907 Tetrahedral 74.66

Mesh 2 1,860,633 Tetrahedral 75.31 0.87%

Mesh 3 1,452,591 Tetrahedral 75.40 0.98%

Mesh 4 1,332,107 Tetrahedral 75.48 1.09%

Mesh 5 1,153,646 Tetrahedral 75.86 1.60%

3.2. Governing Equations on the Numerical Model

The model of the solar thermal hybrid system evaluated in this study considered the
stationary heat transfer in solids without heat generation and the stationary heat transfer
in the fluid using the energy conservation equation. Considering for the solid the thermal
conductivity k in Equation (9) and for the fluid, the rate of convective heat transfer ρCpu·∇T
in Equation (10), where u is the fluid velocity. In the solar cell, the heat flux due to solar
irradiation is defined by G, being incident in the form of a vector normal to the surface n,
as seen in Equation (11).

∇·(k∇T) = 0 (9)

ρCpu·∇T = ∇·(k∇T) (10)

−n·(−k∇T) = G (11)

The model included convection with the atmosphere, calculated from the heat transfer
coefficient h and the temperature difference between the atmosphere and the solar panel,
as shown in Equation (12). Radiative heat transfer was also included in the model:

−n·(−k∇T) = h·(Tamb − T) (12)
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The solution of the flow involved solving the continuity equation, the equations of
motion, and the turbulence model. Due to the low-velocity flow, low Reynolds number,
and compressibility, the standard k-ω turbulence model was chosen, an empirical model
based on model transport equations for the turbulence kinetic energy k and the specific
dissipation rate ω, which can also be thought of as the ratio of ε to k. The turbulence kinetic
energy and the specific dissipation rate were obtained from Equations (13) and (14):

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ Gk −Yk + Sk (13)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

(
Γω

∂ω

∂xj

)
+ Gω −Yω + Sω (14)

where Gk represents the generation of turbulence kinetic energy due to the mean velocity
gradients. Gω represents the generation of ω, Γk and Γω represent the effective diffusivity of
k and ω, respectively. Yk and Yω represent the dissipation of k and ω due to turbulence [64].

3.3. Boundary Conditions

The numerical study was based on incompressible URANS simulations in 3D to solve
the aforementioned governing equations and obtain the temperature distribution along
a mean plane inside and at the heat exchanger outlet. The calculations were performed
stationary by setting up a SIMPLE algorithm for the pressure–velocity coupling, and a
second-order scheme was used for discretizing the momentum and energy equations.

The solutions converged, satisfying predefined criteria (ranging from 1× 10−6 for
continuity and energy) for the continuity equation, momentum equation, and energy
equation, respectively. A direct heat flux of 1067 W/m2 was applied in the cell based on
experimental data obtained from the literature [65], considering an external temperature of
26.5 °C. A coupled wall with a no-slip condition was configured on both the inner walls and
the fins, while a convective heat transfer coefficient was set for the outer walls. A uniform
mass flow of 0.01 Kg/s was established at the fluid inlet, with a temperature of 27 °C and a
pressure of 1 atm. For the outlet, a pressure outlet was used to ensure mass continuity at
1 atm. The flow inside the exchanger was solved using standard k−ω turbulence model,
and five measurement points were set up at the outlet to monitor the flow temperature.
The boundary conditions are listed in Table 3. The properties of the materials used are
shown in Table 4, and the measurement points at the outlet are shown in Figure 7. These
monitors were used to calculate the average temperature at the outlet of the exchanger.

Table 3. Boundary conditions in the model.

Name Boundary

Solar cell Heat flux

External walls Convection

Inlet Mass flow inlet

Outlet Pressure outlet

Fins Wall with no-slip condition

Heat exchanger Coupled wall

Table 4. Properties of the materials.

Material Property Value

Solar cell

ρ 2329 Kg/m3

k 130 W/m·k

Cp 700 J/kg·k

ε 0.60
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Table 4. Cont.

Material Property Value

Aluminum

ρ 2699 Kg/m3

k 209 W/m·k

Cp 102 J/kg·k

Water

ρ 997 Kg/m3

k 0.611 W/m·k

Cp 4.184 kJ/kg·k

µ 902× 10−6 kg/m·s

Processes 2024, 12, x FOR PEER REVIEW 11 of 18 
 

 

Table 4. Properties of the materials. 

Material Property Value 

Solar cell 

𝜌   2329 Kg/mଷ 𝑘  130 W/m ∙ k 𝐶𝑝  700 J/kg ∙ k 𝜀   0.60 

Aluminum 
𝜌  2699 Kg/mଷ 𝑘  209 W/m ∙ k 𝐶𝑝  102 J/kg ∙ k 

Water 

𝜌  997 Kg/mଷ 𝑘  0.611 W/m ∙ k 𝐶𝑝  4.184 kJ/kg ∙ k 𝜇  902 × 10ି଺ kg/m ∙ s 

 
Figure 7. Temperature monitors at the outlet of the heat exchanger. 

4. Results and Discussion 
4.1. Static Analysis of Heat Transfer in a Hybrid Photovoltaic Heat Exchanger 

A three-dimensional model was simulated in Ansys Fluent software, to analyze cool-
ing of the photovoltaic cells by water flow. The process consisted of dissipating heat from 
the cells, which facilitated better absorption of heat from the heat transfer fluid. The model 
setup included the Navier–Stokes energy, continuity, and momentum equations, which 
were subsequently solved. The radiation problem was solved through the boundary con-
ditions (heat flux of 1067 W mଶ⁄ ), in which the main contribution of the design is the fins. 
Although it is known that in Spain, finned tube heat exchangers (referring to non-solar 
heat pumps) are beginning to be used, we implemented it in photovoltaic solar exchangers 
to obtain a better performance in the cooling of the cells and an improvement in the elec-
trical performance, as well as obtaining a thermal performance as demonstrated in the 
experimental work referenced in the previous paragraph. 

Figure 8a shows the temperature contour of the lateral plane where the solar photo-
voltaic heat exchanger reached 87.1 °C, which was absorbed by the heat transfer fluid, 
reducing the cell temperature and providing the cooling fluid with approximately 75.31 
°C. The middle lateral plane facilitates the observation of the thermal drag experienced by 
the water as it entered the exchanger and directly impacted the surface of the solar cell. 
This interaction resulted in a temperature change from 27 °C (inlet temperature) to 56.7 °C 
by the third row of fins. This region exhibited the highest thermal exchange due to the tur-
bulence generated by the change in flow direction and the interaction of the flow with the 
fin walls. Subsequently, the flow continued to increase in temperature until it reached the 

Figure 7. Temperature monitors at the outlet of the heat exchanger.

4. Results and Discussion
4.1. Static Analysis of Heat Transfer in a Hybrid Photovoltaic Heat Exchanger

A three-dimensional model was simulated in Ansys Fluent software, to analyze
cooling of the photovoltaic cells by water flow. The process consisted of dissipating heat
from the cells, which facilitated better absorption of heat from the heat transfer fluid. The
model setup included the Navier–Stokes energy, continuity, and momentum equations,
which were subsequently solved. The radiation problem was solved through the boundary
conditions (heat flux of 1067 W/m2), in which the main contribution of the design is
the fins. Although it is known that in Spain, finned tube heat exchangers (referring to
non-solar heat pumps) are beginning to be used, we implemented it in photovoltaic solar
exchangers to obtain a better performance in the cooling of the cells and an improvement
in the electrical performance, as well as obtaining a thermal performance as demonstrated
in the experimental work referenced in the previous paragraph.

Figure 8a shows the temperature contour of the lateral plane where the solar pho-
tovoltaic heat exchanger reached 87.1 ◦C, which was absorbed by the heat transfer fluid,
reducing the cell temperature and providing the cooling fluid with approximately 75.31 ◦C.
The middle lateral plane facilitates the observation of the thermal drag experienced by
the water as it entered the exchanger and directly impacted the surface of the solar cell.
This interaction resulted in a temperature change from 27 ◦C (inlet temperature) to 56.7 ◦C
by the third row of fins. This region exhibited the highest thermal exchange due to the
turbulence generated by the change in flow direction and the interaction of the flow with
the fin walls. Subsequently, the flow continued to increase in temperature until it reached
the outlet, where a significant temperature change occurred as the flow direction was
altered once again.

Figure 8b shows that during the simulation process, the temperature of the midplane
and the heat distribution through the flow inside the equipment and through the fins
gradually increased as a consequence of the solar radiation of 1067 W/m2 that directly
reached the PV cells and the housing of the equipment. This plane allows us to visualize the
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impact of the fins on the water flow and, consequently, on the thermal exchange. Since the
fins are attached to the casing, the flow is forced to recirculate within the internal sections,
resulting in a gradual temperature increase at the internal vertices of each fin as the water
progresses toward the outlet.
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In Figure 9, we can see that during the simulation process, there was a small pressure
drop due to the turbulence that existed when the fluid collided with the walls of the
equipment and the velocity of the fluid as it travelled through the heat exchanger.
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Figure 9. Static pressure of the fluid in the heat exchanger.

In Figure 10, we see the velocity in a mid-plane contour in the simulation at 0.00544 m/s.
A heat exchange with the photovoltaic cells was generated; due to the incidence of the solar
radiation of 1067 W/m2, they reached 87.1 ◦C in temperature. When the process finished,
the fluid had taken on the greater thermal part produced by the phenomenon.

Figure 11 shows how the liquid temperature was distributed at the exchanger outlet,
for which the temperature of the five monitors is shown. The stability of the temperature can
be observed at approximately 150 iterations, where the highest temperature was 75.31 ◦C.
It should be noted that the measurement points are numbered from 1 to 5, as shown in
Figure 8, with P4 being the first monitoring point after the last fin and P5 being the last
monitoring point near the outlet of the exchanger. A significant temperature change was
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observed at P5 because the flow at that point experienced greater recirculation, resulting
in enhanced thermal exchange. Consequently, an average of the measurement points was
calculated to determine the outlet temperature of the flow.
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4.2. Final Remarks

It was possible to prove that the experimental results were due to the fact that the
12 fins added in the interior imparted excellent performance in improving the heat transfer
in combination with the mass flow; so, the theoretical thermal performance obtained a
relative error of 2.3%, and the literature mentions that it should be less than 10%. All this
was due to the reduced geometrical characteristics with a mass flow of 0.01 kg. To complete
these observations, we conclude that the 97.7% similarity refers to the thermal results of
the experiment and simulation. We do not focus on the electrical performance, as it is well
known that as the cell temperature decreases, its efficiency improves. A lot of the published
literature affirms this, as can be seen in the introduction provided.

5. Conclusions

The numerical analysis presented in this manuscript aims to improve both photovoltaic
and thermal cogeneration, specifically by achieving higher water temperatures at the
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exchanger outlet. For this purpose, the inlet mass flow rate of 0.01 kg/s was kept constant.
The novelty of this work is the incorporation of fins to improve heat transfer efficiency
by increasing the contact surface between the fluid and solid at higher temperatures, as
well as improving turbulence within the heat exchanger, as we did not find any work on
solar photovoltaic hybrid heat exchangers in the literature, as discussed in our introduction.
Furthermore, the results obtained from the proposed model were compared with the
experimental data reported in the literature, referenced in Section 3.3, showing a similarity
of 97.7%, especially for the thermal measurements. The data obtained in this work from
the simulations in relation to the previously published experimental data were as follows.
The cell temperature decreased by approximately 11.79 ◦C due to heat absorption by the
cooling fluid, resulting in a fluid temperature of 75.31 ◦C at the end of the experiment. The
simulation was performed using a standard k-ω turbulence model. These results were
analyzed in terms of the boundary conditions at which the heat flux (1067 W/m2) impinged
on the radiative photovoltaic heat exchanger.
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Abbreviations

Symbol Description Units
A Total useful irradiance of the panel surface kW/m2

As PV panel area m2

Cp Heat capacity J/(kg ◦C)
Connect Convection --------
Conduct Conduction --------

Electricity Electricity output --------
h Heat transfer coefficient W/m2 ◦C
I Current A
K Coefficient of variation ◦C. cm2/mW
ṁ Mass flow kg/s
P Output power at a working temperature W
Pp Panel peak power (25 ◦C). --------
P Plate --------

PV/T Photovoltaic thermal system --------
Q Energy W
.

Q Heat flow rate of power kW
Qu Amount of useful energy extracted per area kW/m2

rad Radiance
R Solar radiation [varies between 80 and 100 mW/cm2] mW/cm2

S Solar cell --------
G Incident solar radiation absorbed by area W/m2

T Temperature ◦C
V Voltage V
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