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Abstract: Photovoltaic/thermal systems are one of the most efficient types of solar collectors because
they absorb solar radiation and generate electricity and heat simultaneously. For the first time, this
paper presents an investigation into the impact of red wine-rGO/H2O nanofluid and paraffin wax
on the thermohydraulic properties of a photovoltaic/thermal system. The study focuses on three
innovative nonlinear arrangements of the serpentine tubes. The effects of these materials and config-
urations are analyzed through numerical simulations. To improve the performance, environmentally
friendly materials, including red wine-rGO/H2O nanofluid and paraffin wax, have been used. Vari-
ous performative parameters such as electrical and thermal efficiency of the photovoltaic/thermal
system, exergy, and nanofluid concentration were investigated. The results demonstrated a significant
enhancement in the system’s performance when using innovative serpentine tubes instead of simple
tubes for the fluid flow path. The use of paraffin C18 increases electrical efficiency, while the use of
paraffin C22 improves thermal efficiency. Moreover, the incorporation of phase change materials
along with the utilization of innovative geometries in the serpentine tube led to a notable improve-
ment in the outlet temperature of the fluid, increasing it by 2.43 K. Simultaneously, it substantially
reduced the temperature of the photovoltaic cells, lowering it by 21.55 K. In addition, the new model
demonstrated significant improvements in both thermal and electrical efficiency compared to the
simple model. Specifically, the maximum thermal efficiency improvement reached 69.2%, while the
maximum electrical efficiency improvement reached 11.7%.

Keywords: photovoltaic/thermal (PV/T) systems; eco-friendly nanofluid; thermal efficiency;
electrical efficiency; PCM:C18; PCM:C22

1. Introduction

The need for energy is considered one of the most important human needs. Fossil fuels
have been the most important source of energy supply for many years. One of the biggest
problems with these fuels is their pollution and limitations. For this reason, numerous
countries currently striving to develop the necessary equipment to harness renewable
energy as a clean and permanent source of energy [1,2]. One of the most important
renewable energies is solar energy, which is converted into usable electrical energy through
the utilization of solar panels. The analysis of energy and exergy parameters of solar panels
serves as an initial step in the advancement of this technology, establishing an appropriate
standard for measuring the performance of solar panels [3,4]. Energy analysis is based
on the first law of thermodynamics, and exergy analysis is based on the second law of
thermodynamics. While photovoltaic cells are primarily used to produce electrical energy,
they can also be used for a wide range of applications, including thermal applications
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such as solar water heaters [5,6]. In addition, photovoltaic–thermal systems (PV/Ts) have
also developed a lot in recent years, which perform the two mentioned functions at the
same time. Researchers have conducted numerous experimental and numerical studies to
enhance the efficiency of these collectors [7,8]. Due to the importance of energy and exergy
analysis in PV/T systems, many researchers have focused on this topic.

In a research paper on hybrid collectors, Dupeyrat et al. [9] investigated the thermal
and electrical performance of a PV/T system. The results of this article show the better
performance of PV/T compared to PV in the limited space of a building. Alous et al. [10]
conducted an experimental study to evaluate the impact of adding a thermal unit to
a photovoltaic module. They concluded that the use of a thermal unit increases the
total energetic efficiency by 53.4% for distilled water. In another study, Sotehi et al. [11]
proposed a hybrid photovoltaic–thermal system for freshwater production, considering
net-zero energy buildings. The results of this article showed an increase of 2.97 times
in the annual production of freshwater compared to passive solar stills. Additionally, in
the article published by Nasrin et al. [12], the effect of fluid flow rate and cooling on the
electrical and thermal efficiency of a PV/T system was analyzed. The findings indicated
that the additional cooling resulted in a 7% reduction in output power. In a very similar
work, Nižetić et al. [13] reported this reduction in output power to be between 0.25%
and 0.5%. Idoko et al. [14] used an aluminum heat sink connected to the back of the
photovoltaic system to reduce the maximum temperature of the module surface. This
creative mechanism was able to increase the thermal efficiency of the photovoltaic system
by about 3%.

Based on the above literature, significant progress has been achieved in the field of
solar energy conversion systems. These advancements offer promising solutions to address
common challenges encountered in PV/T systems. Further investigating some passive
methods, such as the use of nanofluids, changing the shape of the tube, and phase-change
materials, holds the potential to address the aforementioned challenges effectively. One
of the techniques that can be used to achieve higher electrical–thermal efficiency is the
use of phase change materials (PCM) [15,16]. The phase change materials are latent heat
storage materials that can have a higher thermal energy storage density compared to
sensible heat storage materials. They can absorb or release a large amount of energy at
a constant temperature even after thousands of cycles of the phase change process. The
phase change materials used in the design of PV/T systems must have the following
characteristics [17,18]:

• Thermal properties: proper phase change temperature, high latent heat of phase
change, good heat transfer.

• Physical properties: favorable phase balance, high density, low volume change, low
vapor pressure, renewable phase change.

• Economic properties: availability, reasonable price, recyclability.

The use of nanoparticles in the base fluid is another effective solution to increase
the energy storage of PV/T systems. Among these nanoparticles, graphene, in which
the ballistic transfer of heat carriers occurs, has attracted more attention. Recently, the
scientific community has shown a growing interest in synthesizing these nanoparticles
using different plant extracts. This approach aims to broaden the range of applications
for these nanoparticles while simultaneously reducing their environmental risks [19,20].
Due to the importance of analyzing PCM and environmentally friendly nanofluids, limited
research has been conducted on this topic.

Sardarabadi et al. [21] analyzed the performance of a photovoltaic (PV) system using
phase change materials and ZnO/water nanofluid in a laboratory study. The results of this
paper show a 13% increase in electrical output in the presence of PCM. Nada et al. [22]
investigated the use of nanofluid and PCM in a PV and concluded that the use of pure PCM
and PCM together with Al2O3–H2O nanofluid reduces the system temperature by 8.1 ◦C
and 10.1 ◦C, respectively. Ghadikolaei et al. [23] investigated the thermal energy storage
on the heat sink with two ideas: environmentally friendly nanofluids (CGNPs/H2O) and
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nature-based designs. Additionally, in a similar article, Ghadikolaei et al. [24] achieved
a 6.83% increase in the thermal efficiency of a heat sink using environmentally friendly
nanofluid (green graphene/H2O). Cui et al. [25] evaluated the economic, environmental,
and energy performance of a thermal photovoltaic (PV/T) system using PCM composites.
The thermal efficiency of PV/T systems can increase by 20 to 30% with composite PCM.

The above literature in the field of PV/T cooling shows that the use of PCMs and
environmentally friendly nanofluids is likely to improve the thermal performance of PV/T.
In this CFD study, for the first time, the application of PCM and an environmentally
friendly nanofluid (red wine-rGO/H2O) to improve the thermal energy storage in a PV/T
is investigated. It should be acknowledged that despite much research in this field, no
study has examined PCMs with red wine-rGO/H2O nanofluid in different concentrations
with these nonlinear flow paths. Therefore, the objectives of this environmental paper
include (a) achieving an optimal design of the cooling path in a PV/T, (b) analyzing two
PCM models in electrical-thermal efficiency, (c) evaluating the effect of red wine-rGO/H2O
nanofluid concentration in the thermal energy storage process, and (d) putting together the
results of the simultaneous use of an eco-friendly nanoparticle, PCM, and different flow
path designs.

2. Materials and Methods

This article aims to investigate the electrical–thermal performance of a PV/T with
three different geometries of the fluid flow path in the presence of eco-friendly nanofluid
and phase change materials (see Figure 1). The proposed geometry components, including
glass, ethyl vinyl acetate (EVA), photovoltaic (PV) cells, EVA, Tedlar, absorber tubes, phase
change material (PCM), and insulation, are arranged in a 3D physical model using CATIA-
V5 software (see Figure A1 in Appendix A). The heat transfer fluid in this article is red
wine-rGO/H2O, which is an appropriate example to expand research in the chemical-
mechanical field in order to increase the efficiency of PV/T collectors. These nanoparticles
in four different concentrations (φ = 1% to 4%) have been simulated. The model utilized in
this study is a 40 W monocrystalline silicon photovoltaic (PV) module manufactured by
Suntech (China) and designed using CATIA 2019 software.

Figure 1. Geometries of nonlinear serpentine tubes. L1: 630 mm, L2: 540 mm, L3: 367 mm, L4:
76 mm, L5: 160 mm, L6: 100 mm, L7: 180 mm, L8: 456 mm, L9: 43 mm, L10: 22 mm, L11: 38 mm.
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According to Figure A1, the length and width of the PV/T system are 540 and 630 mm,
respectively, and the area where the nanofluid tubes are located is 587 × 456 mm [26].
Additionally, the material of the absorbent tubes is selected from copper because the stability
of copper against factors such as boiling and high voltage environments is relatively good.
Some important thermo–physical properties of different PV/T components are reported in
Table A1. The general perspective of this simulation is as follows:

• Analysis of three new non-linear arrangements (a× sin ((bπ)x)) of the absorber tube
for more fluid circulation and creating a higher temperature gradient between the
structure and the fluid. In this non-linear equation, parameters a and b are variables.

• In the analysis of the electrical and thermal efficiency of the proposed designs with
two types of phase change materials (PCM:Paraffin C18 and PCM:Paraffin C22), the
simulated paraffin wax volume is about 2 kg.

• Analysis of fluid outlet temperature, PV/T-PCM surface temperature, and electri-
cal and thermal efficiency in the presence of an eco-friendly nanofluid (red wine-
rGO/H2O) for different concentrations (φ = 1% to 4%).

2.1. Boundary Conditions and Initial Conditions

CFD simulation is performed using ANSYS-Fluent 18.2 software under the turbulent
flow regime and with a single-phase model. In this simulation, solar radiation enters the
PV/T-PCM surface with a uniform heat flux (1000 W/m2) from the upper (vertical) wall.
Seven U-shaped copper rings are located in two rows on the surface of the PV/T-PCM
system. These rings facilitate convective heat transfer between the red wine-rGO/H2O
nanofluid and the system, as well as conductive heat transfer with walls. The eco-friendly
nanofluid enters the system at an inlet temperature of 303.15 K. It follows a constant mass
flow rate of 30 kg/h and exits from the copper pipe with a pressure outlet condition where
the relative pressure is zero. The ambient temperature is 35 ◦C, the melting temperature of
PCM is in the range of 302 K–317 K, and the wind speed is assumed to be 1 m/s. According
to the first law of thermodynamics, the total input energy to PV/T-PCM is equal to the
solar radiation received, which is 340.2 W. The output energies from the system include
convective losses (58 W), electrical energy (45 W), radiation losses (93 W), and useful heat
(143 W). The error in these calculations is 0.35%, and the difference between the total input
and output energy is 1.2 W. The assumption of non-slip and adiabatic boundary conditions
for all outer walls in this simulation is established. Eco-friendly, incompressible, and
Newtonian nanofluid (red wine-rGO/H2O) in four different concentrations of nanoparticles
(φ = 1% to 4%) is entered into the software by writing C++ code. Additionally, in this
simulation, the model is solved transiently, which means that time changes are considered.
The thickness of the adhesive layer between the absorber and the panel, gravity, and natural
convection through the PCM were ignored.

2.2. Governing Equations

The 3D simulation f the system was performed using ANSYS-Fluent software, uti-
lizing the finite volume method (FVM). The software solved the Newtonian, stable, and
viscous incompressible fluid flow by employing the Navier–Stokes equations. Additionally,
the temperature distribution was solved using the thermal energy equation. In general,
continuity, momentum, and energy equations are applied according to research [26].

The governing equations for the above literature are as follows:

Continuity :
∂ρ

∂t
+∇·

(
ρ
→
V
)

(1)

Momentum :
∂ρV
∂t

+∇·
(
ρ
→
V
→
V
)
= −∇P +∇

(
µ∇

→
V
)
+ ρg + S (2)



Energies 2023, 16, 4332 5 of 20

Energy :
∂(ρh)

∂t
+∇·

(
ρ
→
V h

)
= ∇·(k∇T) (3)

where P and V are pressure and velocity vectors, respectively.
The phase change materials in this article include paraffin waxes (PCM:Paraffin C18

and PCM:Paraffin C22) with a direct chain of n alkane CH3-(CH2)-CH3. Chain crystals
(CH3) release a large amount of latent heat. Paraffin is resistant, safe, low-priced, and
non-corrosive. To model the phase change process in PV/T-PCM, the porous enthalpy
method is used. In this method, when the PCM is completely melted, the liquid fraction
will be one, and when this material is completely solid, the liquid fraction will be zero. In
the above equation, the liquid and solid interfaces are defined by the porous parameter S
for the momentum equation [27,28]:

S =

(
1− β2

β2 + ε

)
C
→
V (4)

where C is a constant reflection of the mushy zone morphology, which is a region in which
the liquid fraction β lies between zero and one. This constant is varied between 104 and
107, and thus 105 is considered for this paper. Parameter ε is a numerical value and is
considered to be 0.001 to prevent division by zero.

β=



0 i f T < Ts

1 i f T > Tl

T−Ts
Tl−Ts

i f Ts < T < Tl

(5)

In Equations (6) and (7), h is total enthalpy, which is the sum of latent enthalpy (hle)
and sensible enthalpy (hse).

hse = href+
∫ T

T
CpdT (6)

hle = βL (7)

where href is the reference enthalpy at temperature (Tref = 298.15). To analyze the thermal
and electrical efficiency of the system, these equations are used [29–31]:

Electrical efficiency : ηel=

.
Eel
.
Esun

= ηr·[1− 0.0045·(Tcell − 298.15)] (8)

where Tcell is the PV cell temperature and ηr is the PV module temperature at the
standard condition.

Thermal efficiency : ηth=

.
Eel
.
Esun

=

.
mn f ·Cp,n f ·

(
Tn f ,out − Tn f ,in

)
.

G·Ac·τc· αcell

(9)

The other constant values in Equations (8) and (9) can be seen in references [29,30].
Moreover, the thermal exergy of the present model can be presented as follows:

Thermal exergy :
.
Ex, thermal =

.
mCp f luid

[
(Tout)− (Tin)− T0ln

Tout

Tin

]
(10)

It is worth noting that the pressure–velocity relationship was conducted with the
conventional phase-coupled SIMPLE (PC-SIMPLE) method. The SIMPLE method solves
the pressure equation implicitly and the velocity equation explicitly. Additionally, the
momentum equations in the convective term are interpolated as a first-order upwind
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scheme and energy as a second-order upwind scheme. The gradient in each cell is analyzed
as a least-squares cell-based gradient. The under-relaxation factors for speed, energy, and
pressure parameters are set to 0.9, 0.95, and 0.35, respectively. To reach an acceptable
solution, the convergence criterion in the current CFD work is 10−8 for all variables.

2.3. Eco-Friendly Nanofluid Specifications

Research shows that the traditional synthesis of nanoparticles causes allergic skin
reactions, environmental hazards, and aquatic mortality. Therefore, researchers related to
the synthesis of nanoparticles are looking to reduce the above risks by using different plant
extracts [32]. One of the great research projects in this field is the article by Sadri et al. [33,34]
on the synthesis of graphene nanoparticles using red wine. Medical articles report that red
wine has antimicrobial, anti-mutagenic, anti-cancer, and antioxidant activities [35]. The
assumptions in the present 3D simulation for the environmentally friendly nanofluid (red
wine-rGO/H2O) are listed in Table A2 and Figure 2.

Figure 2. Schematic of the chemical components of the eco-friendly nanofluid.

2.4. Mesh Independence Study and Validation

Solving the CFD problem should be such that the changes in the results due to the mesh
size can be ignored. Moreover, the meshing should be such that it has the highest density
of cells near the solid walls (see Figure 3). The output data from the referenced article [26]
regarding PV cell temperature reports that by changing the meshes from 4,000,000 to
11,000,000 for the simple model without the presence of PCM, the most optimal number of
meshes is 94,000,000, which has a calculation error of less than 3%. The time step for all
simulations is assumed to be 1 s, which was determined based on the comparison with
the reference [26] for the simple model and PCM (C22), resulting in an error of less than
1%. The outputs related to grid independence and time step are shown in Figure 4. To
validate the numerical model, the average temperature of the photovoltaic module and the
electrical efficiency for three different models have been compared with the results from
the experimental paper of Shahsavar et al. [36]. The comparison is presented in Figure 5.
The maximum error rate for average PV temperature is about 0.17%, and the maximum
error rate for electrical efficiency is about 0.72%.
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Figure 3. Mesh elements of the PVT system.

Figure 4. (a) Mesh independence and (b) time-step studies.
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Figure 5. The numerical and experimental (a) average temperature and (b) electrical efficiency for
PVT systems [36].

3. Results and Discussions

In this paper, innovative serpentine tubes, eco-friendly nanofluids, and PCMs are
numerically examined to determine the best model for achieving the highest efficiency. As
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it is known, the main objectives of PV/T simulations are to reduce the PV cell temperature
and increase the output fluid temperature. In the first section, the PV cell temperature and
the output fluid temperature were analyzed for two PCM materials. Once the optimal
PCM material is determined, the subsequent section will investigate the effect of red
wine-rGO/H2O nanofluid concentration. In the second part, the thermal and electrical
efficiencies in the presence of PCMs and different concentrations of green nanofluid will
be examined.

3.1. PV/T Surface Temperature and Fluid Outlet Temperature

One of the parameters that must be evaluated in the design of PV/T systems is PV cell
temperature. This parameter is more important for areas with a very hot climate because a
sharp increase in temperature both reduces efficiency and causes thermal degradation. To
investigate the effect of PCM on PV cell temperature, two different PCM models, includ-
ing PCM:Paraffin C18 and PCM:Paraffin C22, were used in three innovative geometries
(CASE A–C). A comparison was made with the case where no PCM was present, and
the results are presented in Figure 6. As can be seen from Figure 6, the use of paraffin
waxes has been able to significantly reduce the PV cell temperature and reduce the many
disadvantages caused by the high temperature of the cell surface. According to Figure 6, the
introduction of PCM:Paraffin C18 and PCM:Paraffin C22 in the PV/T system, without the
presence of nanofluid, resulted in a decrease in PV cell temperature of approximately 4.30%
and 1.84%, respectively, compared to the case without PCM. The reason for the reduction in
the module surface temperature in the case of using the phase change material is the absorp-
tion of excess heat from the PV/T surface by the PCM. The comparison between PCM:C18
and PCM:C22 also shows the superiority of PCM:C18 in reducing PV cell temperature
compared to PCM:C22. Physically, in order to achieve better efficiency, the melting point
of PCMs should be in the working temperature range. This allows for the utilization of
both sensible and latent thermal energy storage models simultaneously. Therefore, adding
PCM:C22 to PV/T according to Table A3 is not beneficial for cooling the system due to its
higher melting point.

Figure 6. PV cell temperature in different models with and without PCMs.
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Another parameter that should be evaluated in the design of PV/T systems is fluid
outlet temperature because it directly affects thermal efficiency (see Figure 7). Based on
Figure 7, when comparing simulations without PCM to simulations with PCM:C18 and
PCM:C22 in a PV/T system using a simple model and without the presence of nanofluid,
the fluid outlet temperature increased by approximately 0.22% and 0.55%, respectively.
The reason for the increase in the output fluid temperature in the case of PCMs is the
release of excess heat from the PV/T surface to the copper tube. The comparison between
PCM:C18 and PCM:C22 also shows the superiority of PCM:C22 in increasing fluid outlet
temperature compared to PCM:C18. In fact, after the PV heats up and reaches its maximum
temperature, the PCMs in the wall are also heated and reach their melting point. From this
time onward, the PCMs continue to absorb heat energy from the PV system while resisting
an increase in their own temperature. This allows the PCMs to maintain a relatively constant
temperature at their melting point, effectively regulating the thermal characteristics. As a
result, it is natural that PCM:C18 and PCM:C22 tend to maintain their temperature and the
surrounding environment at 302 K and 317 K, respectively, from the beginning to the end of
melting. Therefore, reducing the temperature of the PV surface by PCM:C18 and increasing
the temperature of the output fluid by PCM:C22 can be justified. Lastly, it should be noted
that the above simulations were conducted in about 1 h.

Figure 7. Fluid outlet temperature in different models with and without PCM.

3.2. The Effect of Eco-Friendly Nanofluid on Tout and Tput

Figure 8a shows the changes in PV cell temperature for different concentrations
of red wine-rGO/H2O nanofluid (φ = 1% to 4%) in the presence of PCM:C18, which
had the best performance in reducing Tpvt. Accordingly, Figure 8b shows the fluid out-
let temperature changes for different concentrations of red wine-rGO/H2O nanofluid
(φ = 1% to 4%) in the presence of PCM:C22, which had the best performance in increasing
Tout. From a physical point of view, adding red wine-rGO nanoparticles to the base fluid
(H2O) changes the flow structure in a manner that not only enhances thermal conductivity
but also increases the heat absorption capacity. In fact, various factors such as Brownian
diffusion, thermophoresis, dispersion of suspended nanoparticles, irregular movements,
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and disturbances of nanoparticles lead to an increase in the energy exchange rate. Conse-
quently, this led to an increase in the temperature gradient between the structure and the
fluid. According to Figure 8a, by changing the simulation from W-rGO/H2O 0.0 wt% to
W-rGO/H2O 4.0 wt% for PV/T with a simple model and PCM:C18, PV cell temperature is
reduced by about 0.14%. Physically, after the complete melting of PCMs, their resistance
to the increase in temperature of themselves and the surrounding environment will be
lost. Therefore, in order to postpone the complete melting of PCMs, nanofluids can be
used, which is beneficial for cooling the system. By incorporating the nanofluid within the
copper tubes, the phase-change material can be returned to a solid state. This enables the
heat exchange process to persist, allowing for the transfer of heat from the module surface
to the phase change material and facilitating a change in its state. According to the same
argument, by changing the simulation from W-rGO/H2O 0.0 wt% to W-rGO/H2O 4.0 wt%
for PV/T with a simple model and PCM:C22, the fluid outlet temperature has increased by
about 0.1%.

Figure 8. (a) PV cell temperature with PCM and different concentrations of nanofluid, and (b) fluid
outlet temperature with PCM and different concentrations of nanofluid.

3.2.1. Thermal and Electrical Efficiency

The enthalpy of fusion and the fusion temperature are two key factors for PCMs that
determine the thermal efficiency and performance improvement of each PCM material [37,38].
Higher outlet fluid temperatures lead to higher thermal efficiency, and lower absorber
temperatures lead to higher electrical efficiency. The temperatures of the outlet fluid and the
absorber plate using the surface averaging method are presented in Figure 9a,b. It should
be noted that due to the higher influence of electrical energy than thermal energy, electrical
efficiency plays a greater role in the overall efficiency of PV/T. To investigate the effect of
PCM on thermal efficiency, two different PCM models, including PCM:C18 and PCM:C22,
were used in three innovative geometries (CASE A–C). The outcomes obtained from these
configurations were then compared to the state without PCM, as depicted in Figure 9a. As
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observed in Figure 9a, the utilization of paraffin waxes as PCM leads to an enhancement in
thermal efficiency. The simulation results demonstrate that when transitioning from the
state without PCM to PCM:C18 and PCM:C22 in the PV/T system with a simple model and
without the presence of nanofluid, the thermal efficiency has increased by approximately
22.3 and 42.9%, respectively.

Figure 9. (a) Thermal efficiency of PVT systems in different models with PCMs and without PCM,
and (b) electrical efficiency of PVT systems in different models with PCMs and without PCM.

This phenomenon can be argued based on Equation (8) and the increase in the fluid
outlet temperature. It is evident that the geometry of CASE C has more thermal efficiency
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than the other two models. This can be attributed to the increased curvature in the flow
path (a = 6 and b = 10), which facilitates prolonged fluid residence within the pipe, allowing
for a longer duration of heat exchange with the structure. Additionally, paraffin waxes have
been able to significantly increase the electrical efficiency of PV. According to Equation (8),
the electrical output power is reversely related to the PV cell temperature. The comparison
between PCM:C18 and PCM:C22 also shows the superiority of PCM:C18 in increasing
electrical efficiency compared to PCM:C22, which originates from the lower absorber
temperature in this model of paraffin wax (see Figure 9b).

3.2.2. The Effect of Eco-Friendly Nanofluid on ηth and ηel

Thermal efficiency is considered one of the important factors in evaluating the per-
formance of thermal photovoltaic collectors. Changes in ηth in the presence of PCM:C22
and changes in ηel in the presence of PCM:C18 for different concentrations of red wine-
rGO/H2O nanofluid (φ = 1% to 4%) are shown in Figure 10a,b, respectively. The increase
in the thermal efficiency of the system when using a nanofluid with a higher concentra-
tion compared to a nanofluid with a lower concentration is due to the higher thermal
conductivity coefficient of nanoparticles. On the other hand, this phenomenon can be
argued based on Equation (9) and the increase in the temperature of the outlet fluid due
to the Brownian movements of the nanoparticles. Furthermore, the natural tendency of
PCM:C18 to maintain its temperature and that of the environment at the melting point
(302 K) from the beginning to the end of melting provides the conditions for PCM:C18 to
create a lower temperature for the PV cell. With the increase in the concentration of red
wine-rGO nanoparticles, the melting time of PCM:C18 is delayed. This delay is beneficial for
system cooling since the temperature of PCM starts to rise after complete melting, thereby
reducing the temperature gradient between the structure and the fluid. According to the
same argument, when changing the simulation from W-rGO/H2O 0.0 wt% to W-rGO/H2O
4.0 wt% for PV/T with a simple model and PCM:C18, the electrical efficiency has increased
by approximately 0.1%.

Figure 10. (a) Thermal efficiency of PVT systems with PCM and different concentrations of nanofluid;
and (b) electrical efficiency of PVT systems with PCM and different concentrations of nanofluid.
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3.3. The Exergy Analysis

Energy analysis is based on the first law of thermodynamics, and exergy analysis
is based on the second law of thermodynamics. Usually, exergy analysis is considered
a more appropriate analysis because a difference is made between usable energy and
non-usable energy [39,40]. To calculate the exergy terms, the condition of the dead state
is assumed, where T0 = 298 K, P = 100 kP, and the temperature of the sun is 5774 K. Due
to the higher quality of electrical energy compared to thermal energy, electrical efficiency
plays a greater role in the exergy efficiency of the PV/T system. Consequently, the behavior
of exergy efficiency is very similar to the behavior of electrical efficiency. To investigate the
effect of PCM on exergy efficiency, two paraffin wax models were used in three innovative
geometries (CASE A–C), and the results were compared with the case without PCM (see
Figure 11). The results indicate that CASE C exhibits superior exergy efficiency compared
to the other two models. This superiority can be attributed to the geometry of CASE
C, which achieves both a higher output temperature and a lower PV cell temperature.
As a result, according to Equation (10), the exergy efficiency is higher. The comparison
between PCM:C18 and PCM:C22 also shows the superiority of PCM:C18 in increasing
exergy efficiency compared to PCM:C22. This difference arises from the greater effect of
electrical efficiency than thermal efficiency on increasing exergy.

Figure 11. Exergy efficiency of the PVT system in different models with and without PCM.

3.4. The PCM Liquid Fraction

Figure A2 shows the liquid fraction of PCM:C18 on the optimal geometry (CASE C)
for different concentrations of red wine-rGO/H2O nanofluid (φ = 1% to 4%). Based on the
results, in general, the addition of red wine-rGO nanoparticles increases the heat transfer
coefficient of the base fluid (water) compared to the previous state. In fact, the presence of
red wine-rGO nanoparticles in turn increases the thermal permeability, which is one of the
main reasons for increasing the liquid fraction.
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3.5. The PV/T Cell Temperature

Figure 12a shows the effect of three different copper tube models on PVT cell tem-
perature in the presence of 4.0 wt% W-rGO/H2O nanofluid and without PCMs. It is clear
that sinusoidal copper tubes have been more successful in reducing PV cell temperature.
Physically, increasing the curvature of the copper tube not only enhances the fluid’s heat
transfer ability but also prolongs the residence time of the fluid inside the tube. This results
in a decrease in PV temperature. Based on these contours, the minimum temperature in the
inlet area and the maximum temperature in the air gap area are created. The reason for the
increase in temperature in this area is the absence of PCM and cooling fluid tubes. In fact,
the air gap has been used as a barrier to prevent heat loss in PV/T systems. The low thermal
conductivity of air results in a natural temperature increase within this region. To further
investigate CASE C, which has better heat transfer than other models, the temperature con-
tours for two paraffin wax models are displayed (see Figure 12b). A comparison between
PCM:C18 and PCM:C22 shows that PCM:C18 produces a more uniform temperature for
PV. Physically, after 1 h of simulation, PCM:C18 can better store both sensible heat energy
and latent heat energy at the same time.

Figure 12. Cont.
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Figure 12. (a) PV cell temperature distribution in various models without PCM. (b) PV cell tempera-
ture distribution in various models with PCM.

4. Conclusions

This study numerically investigated the effect of adding red wine-rGO/H2O nanofluid
to the base fluid as the active coolant and paraffin wax (PCM medium) as the passive coolant
of the PVT/PCM system. The effect of the concentration of nanofluid on the enhancement
of electrical and thermal efficiency and different parameters of the system were analyzed.
The main findings of this study are summarized as follows:

• Using a serpentine tube that creates a more turbulent flow and creates more time for
heat transfer (CASE C) is more efficient than other models in all studied items.

• The use of PCM significantly reduces the temperature of the photovoltaic cells. Among
the used PCMs, Paraffin C18 has a better performance and reduces the temperature
of simple, model A, model B, and model C cells by 4.3, 4.4, 4.7, and 5%, respectively,
compared to the model without PCM.

• Paraffin C22 causes the outlet temperature of the fluid to be higher than Paraffin C18
and without PCM. Additionally, by increasing the concentration of nanofluid, the
outlet temperature of the fluid can be increased. However, it should be noted that the
effect of the concentration of nanofluid on the outlet temperature is insignificant.
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• Using model C and paraffin C22 and paraffin C18 causes the thermal and electrical
efficiency to increase by 60 and 11.5%, compared to the simple state. The effect of
W-rGO/H2O concentration on thermal efficiency is about 6.33%, and for electrical
efficiency, it is about 0.33%.

• The exergy analysis shows that CASE C has more exergy efficiency than the other
models due to a higher outlet temperature and a lower cell temperature. Using
model C and paraffin 18 increases the exergy efficiency by 4.2% compared to CASE A
without PCM.

Author Contributions: H.N.: conceptualization, formal analysis, writing—original draft preparation,
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ogy, Formal analysis, Writing–review & editing. A.S.: writing—review and editing, supervision,
methodology. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data can be shared up on request.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Figure A1. A detailed view of the studied PVT system.

Figure A2. Liquid fraction in CASE C with PCM in various nanofluid mass fractions.
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Table A1. Thermal properties of the PVT components.

PV Cells Copper Collector TPT PV Cells EVA

Type - - Serpentine Monocrystalline silicone
Cp/J kg−1 K−1 385 2090 385 700

Density/kg m−3 8920 960 8920 2330
Thermal conductivity/Wm−1 K−1 386.6 0.35 386.6 148

Table A2. UDF codes for the physical properties of the eco-friendly nanofluid.

Physical Properties Specific Heat Capacity Thermal Conductivity Viscosity

W-rGO 1.0 wt%/H2O
nanofluids Cp = 0.0009 T + 3.8801 k = 0.0004T2 − 0.0132 T + 0.7089 µ= 0.0002T2 − 0.0313 T + 1.6015

W-rGO 2.0 wt%/H2O
nanofluids Cp = 0.0011 T + 3.8251 k = 0.0005T2 − 0.0158 T + 0.7422 µ= 0.0002T2 − 0.0327 T + 1.6673

W-rGO 3.0 wt%/H2O
nanofluids Cp = 0.0016 T + 3.7621 k = 0.0005T2 − 0.0187 T + 0.7826 µ= 0.0003T2 − 0.0343 T + 1.7304

W-rGO 4.0 wt%/H2O
nanofluids Cp = 0.002 T + 3.69640 k = 0.0005T2 − 0.0193 T + 0.8058 µ= 0.0003T2 − 0.0349 T + 1.7810

Table A3. The properties of phase change material.

PCM Heat Capacity
(J kg−1 K−1)

Density
(kg m3)

Melting Temperature
(K)

Enthalpy of Fusion
(KJ kg−1)

Paraffin C22 2950 (l)
2510 (s)

760 (l)
818 (s) 317 226

Paraffin C18 2520 760 (l)
900 (s) 302 244
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