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Abstract: Hybrid PVT systems simultaneously produce electrical energy using photovoltaic
technology and thermal energy using a heat extraction method that collects induced
heat from the module. The purpose of this work is to establish a PVT system based on
characterization, efficiency study, and performance analysis for both an electrical and a
thermal system. A mathematical analysis of the electrical, thermal, and optical model is
performed to establish the proposed system. Three types of heat exchanger pipes, including
stainless steel, aluminum, and copper, are considered for a heat transfer analysis of the
system. The results include temperature profiling, a comparison of the PVT system’s
different components, and an overall output and efficiency study for all of the mentioned
pipes. Results show that the obtained electrical and thermal efficiency for stainless steel
is 0.1653 and 0.237, respectively, for aluminum it is 0.16515 and 0.2401, respectively, and
for copper it is 0.16564 and 0.24679, respectively. After comparison, it was found that the
overall efficiency for stainless steel is 0.40234, for aluminum is 0.40526, and for copper is
0.41244. Thus, this study will enhance the opportunity to provide an effective hybrid PVT
energy management system.

Keywords: PVT system; mathematical modeling; temperature variation; heat extraction;
efficiency analysis

1. Introduction
All aspects of the economy, society, environment, and the improvement of living

standards are entwined with energy. With the increase of population, which is around
7.9 billion, the need for energy is growing rapidly, and is hardly being fulfilled. With the
growing energy demand, we are becoming more reliant on fossil fuels, which leads to
a quicker shortage of existing fossil fuels and the release of greenhouse gas emissions.
Therefore, the world is moving towards the production and development of renewable
energy [1,2]. Employing efficient energy management strategies and utilizing renewable
energy sources are key to achieving this goal. A significant focus in current energy studies
revolves around minimizing energy consumption and lowering the emissions of carbon
dioxide, which is an unfavorable greenhouse gas [3]. Many research projects and activities
have been motivated by this important environmental goal [4,5]. To overcome and em-
phasize this issue, two significant strategies are provided. The use of clean and renewable
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energy resources, such as solar, hydro, or wind, that has the ability to minimize the adverse
environmental impacts, is considered as the first solution [6–8]. Effective energy manage-
ment is considered a second solution that will accelerate responsible and effective energy
utilization, further promoting sustainability and green energy [9,10].

By 2050, the world’s power consumption is expected to be tripled due to improved
living conditions and electricity dependency [11]. The need for affordable, renewable
energy sources is higher than before due to the current world situation and the motivation
towards a low-carbon future energy supply. Solar energy usage can secure a sustainable
energy supply for future generations, which also helps to drastically lower global carbon
emissions [11]. Additionally, it is abundant, clean, and renewable. The Earth receives
173,000 TW of solar power per second which is more than 10,000 times higher than the
world’s daily global energy requirements [12,13]. Thus, solar energy can effectively satisfy
the world’s energy needs. Nonetheless, due to the developing solar technology, there are
some other issues to be solved, like storage, efficiency, maintenance, and material [14].
Additionally, the sun does not provide continuous sunlight, resulting in unreliability in
solar energy production.

The use of solar energy will not be proper and efficient without solar technology.
Photovoltaic (PV) panels, collector technology, and solar stills are all a part of solar tech-
nology [15]. Solar energy technology integration is beneficial for both rural and urban
locations, including agriculture facilities in rural areas [16]. According to the research study
in [17], it was discovered that energy expenses can be minimized by 15% in a greenhouse
with a 25% photovoltaic covering ratio.

Sunlight is converted into electricity using photovoltaic cells through the photovoltaic
effect. Two types of silicon material, one p-type and the other n-type, are typically used
for photovoltaic cells [11]. The effectiveness of solar panels in converting sunlight into
electricity is not high, with the typical silicon PV cell having an efficiency of only about
20% [18,19]. Nevertheless, despite its immense potential, PV technology has particular chal-
lenges that reduce its stability and efficient generation. Photovoltaic panels frequently have
low conversion efficiency caused by several factors, like temperature [20,21], shading [22],
dust [23], and reflection.

In a PV cell, only visible light is converted to electrical energy, and the rest of the light,
particularly infrared light, transforms into heat/thermal energy. PV panels suffer from
degradation from this excess heat, which shortens their lifespan and performance, reducing
overall output and efficiency. The vast majority of solar panels undergo testing at 25 ◦C
under Standard Test Conditions (STC). The output efficiency decreases by roughly 10% to
25% with the increase in temperature [24,25]. It is therefore essential to extract the excessive
heat using cooling techniques or reliable heat extraction methods [6,26].

1.1. Background

A PVT system is a hybrid and innovative energy system that generates thermal and
electrical energy by combining photovoltaic and solar thermal modules. It uses a single,
integrated structure to generate both heat energy and electricity. It consists of a PV panel,
heat exchanger equipment, like a heat pipe, heat transfer fluid (HTF), a pump, and other
relevant components. In a hybrid PVT system, efficiency is increased as the PV panels
produce electricity, and the working fluid absorbs thermal energy by heat extraction (HE),
and then provides that electricity to end users. In addition to regulating the characteristics
of both systems, it is less expensive than utilizing PV or thermal panels independently [2].

A PVT system is designed such that it can capture the generated excess heat by the
panel, resulting in a lower module temperature, and thus in improved overall energy
conversion efficiency. In this type of system, the use of a cooling fluid for heat recovery is
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the most notable and reliable aspect. Different kinds of fluids can be utilized as working
fluids to cool the PV panel through the heat exchanger equipment. Water is commonly
used as a cooling fluid in such systems; however, performance improvement is not as
significant as expected due to its low thermal conductivity. Because of the improved
thermal characteristics over traditional fluids, which are believed to be a factor in their
higher heat transfer capacity, nanofluids have recently gained better attention [2].

Environmental conditions, design and construction, installation techniques, operation
and maintenance, and other internal and external elements can all have an impact in the
system’s efficiency [27]. The system’s performance is significantly influenced by a number
of variables, including the temperature of the outside air, irradiance, mass flow rate, and
the module temperature [11]. That is why many academic researchers are exploring the
optimal operating parameters to establish an energy efficient system. To obtain the overall
output of the PVT system, internal and external parameter sensitivity analysis is also
required. Thermal output greatly depends on the used HTF, as well as the heat exchanger
pipe/material used in the system.

Not many variations of PVT systems have been created and introduced to the market
in recent decades despite extensive research having already been conducted. However,
uncertainties still exist because of the PVT systems parameter sensitivity, design analysis,
and proper selection of HE materials. The existing PVT devices are comparatively costly
and not so flexible in terms of design pattern. Additionally, no specific comparison of
various heat exchanger pipes is provided in the literature. A conventional PVT system
is mostly focused on thermal energy improvement but, in this study, both thermal and
electrical energy with improved efficiency are analyzed.

1.2. Literature Survey

Photovoltaic (PV) panels are unable to convert a portion of the total solar irradiation
into electrical energy, with a significant amount of energy transformed into heat. This
excess heat reduces the performance of PV panels. In [28], the authors analyzed various
cooling techniques, including phase change materials (PCMs), thermoelectric cooling, and
nanotube cooling. Among these, water cooling, especially through spraying from both
sides of the panel, is highlighted as an efficient method to lower panel temperatures and
improve performance.

In [29], an air-heating technique was discussed, which extracts hot air generated by the
PV panels. While PV panels convert solar irradiation into electricity, a substantial portion
is converted into heat. The study showed that the back of the PV panel can be 5.5 ◦C higher
than the ambient temperature. Utilizing a PV-air thermal collector (ATC) hybrid system,
the electrical efficiency could be increased by 11.16%, thermal efficiency by 45.27%, and the
total efficiency reached 56.44%. Despite the efficiency improvements, the implementation
of this technique in real-life conditions is challenging, due to structural limitations, such as
the use of a wooden frame.

In [30], the authors investigated three cooling techniques for PVT systems, using
air, fluid, and PCMs as cooling media. These approaches demonstrated an improved
performance for PV/T systems. However, the study did not incorporate any heat-extracting
materials, and no significant variations in the effectiveness of different HE metals were
presented in the review.

Ref. [31] analyzed PVT system data collected from panels and steady water used for
cooling. Both experimental and simulation data were compared. Using thermocouple
sensors, the study captured detailed system information from layers such as the solar
panel, aluminum thermal plate, and heatsinks. The findings reveal that effective thermal
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transfer between system layers enhances cooling and boosts PV efficiency, particularly
under non-optimal conditions.

The idea of employing cooling techniques in PV systems results from excessive tem-
perature and associated efficiency decrease in the system. An analysis of electrical efficiency
due to the increase of cell temperature was discussed in [1]. In this study, the experimental
results were obtained using the given cooling fluids. Use of phase change materials and
nanofluids were considered to cool the system to provide effective results. Additionally, it
also provided thermal efficiency based on mass flow rate of the cooling fluid. A comparison
of using two types of cooling fluids, namely PCMs and nanoparticles, was considered, but
no effective thermal output variation for heat exchanger part was provided.

A mathematical model based on numerical analysis including electrical and thermal
modeling was provided in [2]. Parameter sensitivity and variation effects for a few external
parameters and other electrical model related parameters of PVT system was also studied.
An extensive analysis of electrical power output due to these variations were provided
in the results section. However, related thermal parameters and optical modeling, and
its effect on the overall output, was not discussed. Additionally, thermal modeling and
thermal parameters sensitivity, namely heat exchanger, HTF, and temperature profiling,
were not analyzed.

Research on PV module temperature dynamics was presented in [3]. The use of heat
pipes and an efficiency evaluation in different conditions was analyzed in [32], where a
yearly efficiency evaluation for the used heat pipes in various locations was studied. Waste
heat recovery in a system, with an experimental analysis and a decision-based study of
heat pipes, was discussed in [33]. A double micro-channel heat exchanger pipe for hybrid
PVT system was studied in [34], which also established a mathematical model including an
internal and external parameter sensitivity analysis.

Detailed optimization and practical application of hybrid PVT system was provided
in [35]. It mainly discussed the dynamic behavior of a PVT system based on various
internal and external factors responsible for performance and efficiency improvement.
Optimization of a PVT system in partially humid weather situations was discussed in [36].
A design of experiment (DOE) optimization technique was used to obtain and optimize the
electrical and thermal performance. This optimization technique was studied considering
the parameters of irradiance, convection heat transfer coefficient. and flow rate. A heat
pipe-based PVT system’s improvements, optimization, and classification were analyzed
in [37]. Performance optimization and evaluation of various types of PVT system was also
compared and studied in this study.

1.3. Motivations and Contributions

PVT system modeling and parameter sensitivity analysis [2] shows the various effects
on the overall output. In [2], mathematical modeling did not include optical characteristics,
like reflection and refraction, as they were overlooked due to simplification. An optimal,
energy efficient PVT system still needs to be developed to overcome the ongoing challenges.
In this study, every possible parameter related to the electrical, thermal, and optical param-
eters of a PVT system for modeling purpose is discussed and taken into consideration. The
reported system also provides a simplified method to evaluate a hybrid PVT system using
provided mathematical models.

Hybrid PVT system modeling includes a performance study by thermal and electrical
model analysis. It provides a general overview of the hybrid PVT system, including
structural and operational methods. It will make a significant contribution in the research
community. In the literature, no simplified PVT system with modeling and performance
analysis is provided. Thermal analysis of a PVT system is discussed in many works with
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different types of HTF and different cooling techniques. The use of heat exchanger pipes
is prioritized in different research works for PVT, but no significant or detailed study is
provided and no comparison for using different heat absorption pipes is discussed. The
impact of using different types of heat exchanger pipe is discussed in several research
works but no specific impact/output in specific parameters are studied.

The main contribution of the proposed work is the study and performance analysis of
a hybrid PVT system based on several components. It provides an updated and energy
efficient hybrid PVT system. Various heat exchanger pipes are used to analyze the system
behavior. It simulates three types of heat exchanger pipes for thermal performance analysis.
The output and efficiency variation due to the use of stainless steel, aluminum, and copper
as heat exchanger pipes in the PVT system is briefly analyzed. The results identify the
most effective heat exchanger, demonstrating that copper is an excellent candidate for heat
extraction from the panel, thereby enhancing the performance of the PVT system.

This paper examines the latest and innovative advancements in PVT technology. The
following main sections and subsections are the main focus of this study. Modeling and
analysis of a hybrid PVT system based on a conceptual study and performance analysis is
discussed in Section 2. It also includes the mathematical modeling of an electrical, thermal,
and optical analysis of the system. In Section 3, a brief and detailed thermal analysis of
the PVT system is shown. The functional methods of the proposed PVT system are also
described, including input parameters and heat transfer analysis. The obtained results
and related discussions are provided in Section 4. The use of three different types of
heat exchanger pipes is discussed, the impact and efficiency variations are also discussed.
Finally, the conclusions, future work, and key observations are summarized in Section 5.

2. Hybrid PVT System Modeling and Analysis
The hybrid photovoltaic thermal system was developed to increase energy efficiency

by extracting heat as thermal energy from the PV panel, in addition to increasing electrical
energy efficiency from the PV panel. This concept was first introduced by Kern and
Russel in the mid-1970s [38]. The PVT system is not only capable of increasing electrical
energy but produces thermal energy that improves the system’s performance by increasing
overall output and efficiency, which is impossible in the PV system alone [39]. The heat
extraction or removal of heat may occur using air flow or any other fluid, including phase
change materials.

PVT panels serve as photovoltaic and thermal panels [40,41], where ducts/pipes are
integrated within or beneath the module. These pipes are typically filled with air, HTF, or
any other phase change material. The heated fluid is sent to a hot water storage reservoir for
domestic or industrial consumer use [42]. The optimal efficiency of a PV panel is obtained
after the heat extraction/cooling cycle [43].

Figure 1 provides an overview of a hybrid PV system [2]. The two parts that produce
energy from solar irradiance are photovoltaic and thermal, which requires a PV panel and
a thermal panel separately. Finally, it is also shown that a hybrid PVT system consists of
both a photovoltaic part and a thermal part that produces electricity and thermal power
simultaneously. It is cost-effective, efficient, and requires less space than the traditional
PV systems.

The proposed schematic of the hybrid PVT system for the analysis and systematic
overview, including an efficiency and performance analysis, is shown in Figure 2 [2]. It
describes that there are two main parts in this system: the photovoltaic part; and the
thermal part. The PV part produces electricity by converting irradiance from sunlight.
The produced electrical energy can be sent to a load and/or stored locally. Due to the
less efficient conversion system in the PV part, the remaining incident energy is converted
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to thermal energy. The thermal part of the PVT system extracts this heat using a heat
extraction pipe and sends it to the consumption reservoir.
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The affordability of a PVT system is an important factor to be considered as it is related
with the type of PV panel, the type of heat extraction pipe (HEP), the kind of HTF, and the
use of other components, such as a pump, water, or a thermal energy reservoir.

Research on PVT systems is still in progress despite having started in the early 1970s.
It is still a challenge to establish an optimum and efficient low-cost PVT system that can
provide maximum output and be sufficiently robust in adverse climate conditions [2]. The
developed model was analyzed in a MATLAB/Simulink R2020a environment based on [44].
The structure of the simulated model is combined with the electrical part, the thermal part,
and the thermal liquid part, as shown in Figure 3.
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2.1. PVT System’s Performance Modeling

Performance monitoring, evaluation, and efficiency analysis of the electrical part of
the hybrid PVT system is less complex, as the output electrical energy is normally used
instantaneously, and large-scale storage is not mandatory. It is associated with electrical
components, storage, heat pipes, additional heaters, pumps, and many other subsystems [2].
The appropriate location, tilt angle, and other design parameters must be selected in order
to achieve overall maximum benefits from that system [45]. In a PVT system the overall
efficiency is as follows [2,46,47]:

ηTotal = ηThermal + ηElectrical (1)

where the overall electrical efficiency is ηElectrical and the overall thermal efficiency is
ηThermal . Thermal efficiency can be calculated as follows [2,48]:

ηThermal =
Qu

IIrr × APanel
(2)

where the useful heat is Qu, the solar irradiance is IIrr, and the area of the chosen panel is
APanel . For a standard solar flat plate collector, the thermal efficiency of that PVT system is
as follows [49]:

ηThermal =
QUse f ul−heat

Is × APanel
(3)

where QUse f ul−heat is the useful heat, the intensity of irradiance is Is, the fluid mass flow
rate is

.
m, the fluid’s specific heat is Cp, and the temperature difference is ∆T. The useful

heat equation is as follows:
QUse f ul−heat =

.
mCp∆T (4)

Conventionally, the electrical efficiency is as follows [40]:

ηElectrical =
I × V

IIrr × APanel
(5)

where I and V are the current and voltage of the panel, respectively, and IIrr is the irradiance
from the solar spectrum. Conversely, by incorporating the thermal energy generated within
the panel, the temperature-dependent electrical efficiency of the panel is described as
follows [49]:

ηElectrical = ηRef(1 − β(TPanel − TRef)) (6)
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where ηRef is the reference efficiency, the panel temperature is TPanel , the PV panel reference
temperature is TRef, and the temperature coefficient is β = 0.0045 ◦C−1. The addition of
more variables made this equation more complicated for the developed numerical model.
The maximum power of the PVT system is calculated using the following [2]:

PMax = VMP × IMP. (7)

where VMP is the voltage at maximum power and IMP is the current at maximum power.
The total electrical power efficiency of a PV cell is obtained by the following [2]:

ηElectrical =
PMax

IIrr × APanel
. (8)

The daily overall electrical energy obtained in a PVT system is given by the following [2]:

EPV = APanel × IIrr_daily × ηmodule × ηwire, (9)

where IIrr_daily is the daily irradiance, ηmodule is the module efficiency, and ηwire is the
wire efficiency.

Overall output calculation, efficiency analysis, and performance studies are funda-
mental in the development of a hybrid PVT system. Important parameters to be considered
for the PVT system’s efficiency and performance analysis are the electrical and thermal
outputs, which are also dependent on other variables. For both cases, PV panel geometrical
structures, incident radiation, or irradiance value and temperature variables are significant.
For a deeper understanding of the electrical output of the proposed system, a modelling
approach and parameter relationship of the electrical model is described in the next section.

2.2. Electrical Modeling of the PVT System

The electrical modeling and analysis are mainly focused on the upper part of the PVT
system. It is composed by a PV panel which is responsible for electrical energy production.
Electrical modeling is required for the electrical power output, efficiency, and performance
analysis. An equivalent electrical circuit model of five parameters is considered here.
The schematic diagram of the electrical equivalent circuit for the PV panel is shown in
Figure 4 [2].
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In this model, the photocurrent is denoted by Iph, the diode current is denoted by ID,
the series and shunt resistance are Rs and Rsh, respectively, the shunt resistance current
is denoted as Ish, the diode saturation current is Is, the diode ideality factor is N, K is the
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Boltzmann constant, and the electron charge is q. The load current I of this equivalent
circuit is as follows [50]:

I = Iph − Is

(
exp

(
qV + qRs I

NKT

)
− 1

)
− V + Rs I

Rsh
, (10)

which can be rearranged into the following:

V = IphRsh − IRsh + Is

(
exp

(
qV + qRs I

NKT

)
− 1

)
− IRs. (11)

Finally, the output voltage and current relation for the Ns solar cells connected in
series is as follows:

I = Iph − Is

[
exp

((
1
Vt

)(
V
Ns

+ Rs I
))

− 1
]
− 1

Rsh

(
V
Ns

+ Rs I
)

, (12)

where Vt is the diode thermal voltage expressed as follows:

Vt =
NKT

q
. (13)

2.3. Thermal Modeling Analysis of PVT System

Conventional methods for measuring electronic junction temperature are not suitable
for determining the temperatures within or on the surface of a PVT panel. Rather, these
temperatures are estimated through the use of several other models. Considering a PVT
system as a single system, the thermal heat balance equation (HBE) [51] is obtained as the
total absorbed heat (HAbs) as follows [2]:

HAbs = HConv + HLost, (14)

where HConv is the converted heat energy and HLost is the lost energy.
The provided electrical and thermal output by the PV panel is obtained from the

incident irradiance and heat produced by the internal and external parameters. Heat
losses occur in a PVT system through various heat transfer processes. Several parameters
are responsible for the absorbed overall energy in the system, including the supporting
materials of the panel, the direct and diffuse radiation, the materials’ physical and struc-
tural properties, as well as several other optical characteristics, like reflection, absorption,
transmission, etc.

Heat transfer in a PVT module occurs in various ways, including heat radiation, heat
conduction, and heat convection. Conduction takes place in the structural interfaces made
of metals. Heat transfer by convection occurs at the boundary where the PVT module
interacts with the surrounding air. The total heat transfer by convection in a PVT panel is
obtained as follows [2]:

qConv = −hC · APanel · (TPanel − TAmb), (15)

where the ambient temperature is TAmb and the heat transfer coefficient is hC.
Heat transfer by radiation is obtained using the Stefan–Boltzmann law as follows [2]:

qrad = ∈ ·F · σ ·
(

T4
Object − T4

Sur f ace

)
, (16)

where the surface temperature and radiation temperature from the object is TSur f ace

and TObject, respectively, the surface emissivity is ∈, the view factor is F, and σ is the
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Stefan–Boltzmann constant. Considering a flat plate collector, a one-dimensional model
which is in a steady state can be used to analyze both the thermal and electrical performance
of the hybrid PVT system. Therefore, the modified Hottel–Willier equations are utilized for
this purpose [52,53]. The generated heat energy due to incident radiation is determined as
follows [2,54]:

EIrr = IIrrατ
[
1 − ηerc

α

]
, (17)

where ηe is the electrical efficiency, rc is the packing factor, α is the solar absorptance, and τ

is the glass transmissivity. The total thermal loss of the PVT system is determined by the
following [54]:

UTh,Loss = Ũ − IIrr · τ · ηre f · rcβre f , (18)

where Ũ is the heat loss coefficient of the panel (absorber–ambient), the module’s electrical
efficiency for a given reference temperature is ηre f , and the temperature coefficient of the
PV cell is βre f . The heat removal factor (HRF) F̃R is determined by the following [2,54,55]:

F̃R =
mh Cpw

APanel Ũ

[
1 − exp

[
ŨAPanel
mhCpw

]]
(19)

where the mass flow rate of water is mh and the water specific heat is Cpw. Now, the PVT
efficiency factor is determined by the following [2,54]:

F =
1/UTh,Loss

W
[

1
UTh,Loss [2a+(W−2a)η f in ]

+ 1
Cb

+ 1
πDihi

] , (20)

where the tube’s distance of the tubes is W, the tube diameter of the inner part is Di, fin
efficiency is η f in, the bond width average is a, Cb is the bond thermal conductance, and hi

is the heat transfer coefficient due to forced convection. The useful heat gain formula for a
flat plate PVT system is obtained as follows [54]:

Qu = APanel F̃R[IIrr − UTh,Loss(TIn − Ta)], (21)

The total loss coefficient in the PVT system is obtained as follows [55]:

Ũ = Ubottom + Uedge + Utop, (22)

where the top loss coefficient is Utop, the bottom loss coefficient is Ubottom, and the edge
loss coefficient is Uedge.

As, Ubottom = Kbottom
Lbottom

and Uedge =
Aedge
APanel

, Equation (22) can be rewritten as follows:

Ũ =
Kbottom
Lbottom

+
Aedge

APanel
+ Utop, (23)

where the back thermal is Kbottom, the thickness of back insulation is Lbottom, and the edge
area is Aedge.

Overall input energy is determined by the following [2]:

Ein = APanel × IIrr. (24)

Additionally, the thermal efficiency of the system is calculated as follows [2]:

ηt =
Qu

Ein
(25)
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where the useful energy is Qu and the input energy is Ein.
For a domestic water heating-based PVT system, the value of temperatures in the

input (cold) and output (hot) can be used to assess a counterflow heat exchanger. An
effectiveness of heat transfer unit (NTU-ε) analysis is determined by the following [2,54]:

ε =

{
1−e[−NTU(1−Cr)]

1−Cre[−NTU(1−Cr)] Cr ̸= 1
NTU

NTU+1 Cr = 1
(26)

where the ratio of capacity is Cr = Cmin/Cmax , the minimum hot fluid capacity is Cmin, the
maximum hot fluid capacity is Cmax, the heat transfer unit number is NTU = UAEx/Cmin,
where the area of the exchanger is AEx and the total heat transfer coefficient is U. Conse-
quently, the solar energy that the storage tank receives is as follows [2,54]:

QST = εCmin(Thi − Tci), (27)

where the hot water temperature towards the heat exchanger is Thi and the cold water
temperature from the exchanger is Tci. The temperature of the heat exchanger at the outlet
is determined by the following [2,54]:

Tho = Thi −
QST
Ch

, (28)

where QST is thermal energy supplied to tank and Ch is the heat exchange capacity rate for
hot fluid. The cold temperature of the heat exchanger at the outlet is determined by the
following [2,54]:

Tco = Tci −
QST
Cc

, (29)

where Cc is the cold water capacity rate of fluid in the heat exchanger. It is necessary to
integrate the energy balance over time in order to assess long-term performance. The
household water heater’s loss to the ambient air is calculated as follows:

QL = US AS(Ts − Ta), (30)

where the storage tank heat loss coefficient is US, the surface area of storage tank is AS, Ts

is the starting temperature of storage tank, and Ta is the outdoor dry bulb temperature. The
amount of energy supplied by the household heaters is determined by the following [2,54]:

QLS = mSCpw(Ts − Tm), (31)

where the extracted heat from the storage tank to the load is QLS, the water’s composition
temperature is Tm, and Cpw is the specific heat of the water. Subsequently, a well-mixed
storage tank’s energy balance at any given time is as follows [2,54]:

(
CpwρwVTank

)dTs

dt
= QST − QLS − QL, (32)

where the water density is ρw and the tank volume is VTank.
The performance and efficiency analysis, including the thermal output of the PVT

system, is obtained by using mathematical modeling and simulation techniques.

2.4. Optical Modeling of PVT System

To establish a complete and effective PVT system model, and for optimal output,
it is eventually necessary to model and consider loss/gain due to optical properties of
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the PVT system. Mainly, the optical properties related to the glass cover of the PVT
panel is considered for the evaluation and analysis purpose. The equations for reflection,
absorption, and transmission coefficients are established based on Fresnel equations and
other physical fundamentals. The Fresnel equations describe the behavior at the interface
between two media, which are air to glass and glass to air. The reflection coefficients of
parallel p-polarization for the first boundary from air to glass are as follows [2]:

r1p =

n2
rel cos(θi)−

√
n2

rel − sin(θi)
2

n2
rel cos(θi) +

√
n2

rel − sin(θi)
2

2

, (33)

where nrel is the refractive index and θi is the incidence angle. Reflection coefficients for
s-polarization (perpendicular polarization) are as follows [2]:

r1s =

cos(θi)−
√

n2
rel − sin(θi)

2

cos(θi) +
√

n2
rel − sin(θi)

2

2

. (34)

Effective reflection at the first boundary is determined by the following:

r1 = 0.5
(
r1p + r1s

)
. (35)

At the second boundary, effective reflection is determined by the following:

r2 = 0.5
(
r2p + r2s

)
(36)

Equations (37)–(40) are based on the reflection coefficients that take part in the PVT sys-
tem performance analysis. Transmission coefficients for both boundaries are also required
to be determined.

Transmission at the first boundary is determined as follows:

t1 = 1 − r1. (37)

Transmission at the second boundary is determined as follows:

t2 = 1 − r2. (38)

The following is a model for the absorption-induced light attenuation inside the glass:

τg = e−αg
dg

cos θ2 (39)

where the glass absorption coefficient is αg, the glass thickness is dg, and θ2 is the refraction
angle inside the glass.

The effective coefficients are computed using the following recursive transmissions
and reflections [2]. For transmission:

Tg =
t1τgt2

1 − r1r2τg2 . (40)

For reflection:

Rg = r1 +
t1

2τg
2r2

1 − r1r2τg2 . (41)
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For absorption, according to energy conservation:

Ag = 1 − Tg − Rg. (42)

The interaction of light with the solar panel’s glass cover [56] is governed by these
given equations. A set of mathematical models of a hybrid PVT system is developed and
demonstrated in this section. It discusses the PVT system’s performance analysis using a
different mathematical model of a PVT module. The efficiency model is calculated using
related electrical, thermal, optical, and other parameters.

3. Thermal Analysis of the PVT System
The most significant disadvantage of PV panels is that only a portion of solar irradiance

can be converted into electrical energy, and the rest is converted into thermal energy that
raises the temperature in the panel. PV cell electrical yield can drop by 0.1–0.5% with
each 1 ◦C temperature rise, which significantly reduces PV cell output, particularly when
it is exposed to constant irradiation. Higher temperatures also result in an increase in
circuit resistance. Additionally, it has a negative impact on the performance of the materials
and its open circuit voltage [57]. It is essential to use various cooling techniques for the
solar collectors to mitigate the temperature increase effect and increase the efficiency of
the PVT system [58]. Heat can therefore be efficiently relocated from PV cells by adding a
cooling/heat transfer fluid (HTF) into the module. The recovered heat can be efficiently
used as thermal energy [59].

Parameter sensitivity is very significant for an overall output and performance analysis.
The related current–voltage (I-V) and power–voltage (P-V) behavior due to temperature
variation in the cell is shown in Figure 5 [2]. This figure shows the reduction of values in
both I-V and P-V curves as the temperature increases. As a result, the maximum power
point (MPP) value also decreases with the gradual increase of cell temperature value.

Energies 2025, 18, x FOR PEER REVIEW  13  of  40 
 

 

2 2
1 2

1 2
1 21
g

g
g

t r
R r

r r




 


.  (41)

For absorption, according to energy conservation: 

1g g gA T R   .  (42)

The interaction of light with the solar panel’s glass cover [56] is governed by these 

given equations. A set of mathematical models of a hybrid PVT system is developed and 

demonstrated in this section. It discusses the PVT system’s performance analysis using a 

different mathematical model of a PVT module. The efficiency model is calculated using 

related electrical, thermal, optical, and other parameters. 

3. Thermal Analysis of the PVT System 

The most significant disadvantage of PV panels is that only a portion of solar irradi-

ance can be converted into electrical energy, and the rest is converted into thermal energy 

that raises the temperature in the panel. PV cell electrical yield can drop by 0.1–0.5% with 

each 1 °C temperature rise, which significantly reduces PV cell output, particularly when 

it is exposed to constant irradiation. Higher temperatures also result in an increase in cir-

cuit resistance. Additionally, it has a negative impact on the performance of the materials 

and its open circuit voltage [57]. It is essential to use various cooling techniques for the 

solar collectors to mitigate the temperature increase effect and increase the efficiency of 

the PVT system [58]. Heat can therefore be efficiently relocated from PV cells by adding a 

cooling/heat transfer fluid (HTF) into the module. The recovered heat can be efficiently 

used as thermal energy [59]. 

Parameter sensitivity is very significant for an overall output and performance anal-

ysis. The related current–voltage (I-V) and power–voltage (P-V) behavior due to temper-

ature variation in the cell is shown in Figure 5 [2]. This figure shows the reduction of val-

ues in both I-V and P-V curves as the temperature increases. As a result, the maximum 

power point  (MPP) value also decreases with  the gradual  increase of cell  temperature 

value. 

   

Figure 5. I-V curve and P-V curve variation for different cell temperatures [2]. 

The MPP variation due to the variation in cell temperature is shown in Figure 6. It 

shows that the power at the MPP decreases with temperature. Therefore, as the tempera-

ture rises, the overall efficiency of the system is reduced. 

Figure 5. I-V curve and P-V curve variation for different cell temperatures [2].

The MPP variation due to the variation in cell temperature is shown in Figure 6. It
shows that the power at the MPP decreases with temperature. Therefore, as the temperature
rises, the overall efficiency of the system is reduced.
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3.1. Analysis of Proposed PVT System

Temperature in a PV panel is controlled by a variety of cooling strategies, which vary
based on whether it is designed for active or counted for passive cooling. A number of
studies have focused on certain cooling methods. Some have considered water-based
cooling, air-based cooling, PCM-based cooling, heat pipe-based, and bi-fluid-based. Table 1
provides a summary of existing cooling techniques.

Table 1. PVT cooling classification techniques based on primary materials used.

Methods Cooling Means/Ways Examples

Water-Based Methods Evaporative Cooling Porous materials, burlap, cotton wick.

Water Circulation Types Tanks, pumps, pipes, water channels,
flow regulators

Spray-based Cooling Solenoid valves, tubes, tanks, spray nozzles.

Nanofluid assisted Cooling Dispersion stabilizers, heat exchanges,
nanofluids, water channels.

Hybrid Cooling Combination of nanofluids and water spray.

Air-Based Methods Natural Flow Passive ventilation systems, heat sinks,
air ducts.

Forced Airflow Air ducts, metal sheets, fans, heat sinks.

Hybrid Air–Water Cooling Air-cooled heat exchangers combining with
water spray.

PCM (Phase Change Material) Cooling Passive Cooling Heat sinks, thermal paste, nanoparticles,
PCM enclosures.

Enhanced Cooling Water pipes, enhanced thermal conductivity
PCMs, Fans, pumps.

Active PCM Regeneration Other heat sources for PCM resetting purpose.

Other Cooling Strategies Heat Pipe Cooling Copper, Aluminum, Stainless steel,
Brass, Thermosyphons.

Heat Pump Systems Advanced refrigerant, conventional
heat pumps.

Thermoelectric Cooling Fans, PCMs, water pipes, heat sinks, Other
thermoelectric modules.

Advanced Thermal Coatings Higher reflectivity and heat
dissipation coatings.

Table 1 shows the classification of the main materials used for the cooling of PVT
panels. It demonstrates several techniques used to manage thermal energy in PV systems,
including water pipes, PCMs, heat pipes, and many other systems. Different strategies for
maximizing energy use and improving solar panel cooling efficiency are represented by
each category.

A practical way to mitigate the negative impacts of high temperatures on PV systems is
water cooling techniques. It is beneficial as it helps to maintain the longevity and efficiency
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of a solar module. Among various water-based cooling techniques, mainly tubes water
cooling, evaporation-based water cooling, combining water and nanofluid cooling, and
channels-based water cooling are attractive to the users due to their ability to ensure the
optimal performance of the system. Heat exchange occurs using evaporation which helps
to maintain the PV panel in a reduced temperature situation. This procedure involves
applying water to a porous substance that maintains temperature at an optimal level,
thereby improving efficiency [60].

Specialized approaches within the field of water-based cooling techniques for solar
PVT systems consist of cooling channels and water pipes. In this method, water is used
and pumped through heat pipes that are fixed to the panels and absorb the heat and cool
the system while water flows inside of it. After that, the hot water is accumulated and
stored/supplied to an end user [60].

A water-based hybrid PVT [61] system is studied, analyzed, and considered to imple-
ment in this proposed work. The two subparts in this proposed model are an electrical
system and a thermal system. An advanced cell block, consisting of PV cells, is connected
to a load that properly simulates dynamic resistive loads. This is extended by a thermal
network that monitors the complex heat exchange processes between the back cover, the
glass cover, and the thermal exchanger, including surroundings parameters. Heat transfer
in this PVT system is modelled considering convection, conduction, and radiation.

The thermal liquid network in this model incorporates intelligently designed compo-
nents, consisting of precise pipes, a storage tank, and an adaptive pump which coordinates
the liquid flow in a controlled and efficient process, providing an optimal system and
performance. Both active and passive cooling systems can be used with water-cooled PVT
systems. In this model, to enable water to pass through the PV panel, water pipes are
positioned behind it in both methods. The water cools the panel and creates hot water
by drawing heat from the PVT system. There are several kinds of uses for this extracted
heated water in a household or any other place. The inlet for the collector is positioned
at the tank bottom, while the heated water enters the upper section of the tank from the
collector. This configuration improves thermal performance and lowers the temperature
of the PVT systems by stratifying the tank with a lower hot water density [62]. A linear
flowchart based on the proposed PVT system and its related activities, parameters, and
other analysis is shown in the Figure 7.
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The external and internal parameters, including electrical, thermal, optical, and load
parameters, are considered in this model. A brief description of sensitivity analysis is
also provided. Electrical output from this model is calculated and analyzed. Heat sensing
and accumulation is also obtained here. Thermal energy extraction, usage, and storage,
including overall output, is also studied. Finally, the overall efficiency is calculated from
both thermal and electrical efficiency.

Input Parameters and Heat Transfer Analysis

In this work, an enhanced simulation using MATLAB R2020a is studied. The related
parameters for effective output and efficiency are discussed. This section provides a detailed
description of the input parameters and simulations output. The value of the used load in
this work is considered to be 5 Ω. It might vary depending on the user’s demand. Solar
parameters include the temperature, panel geometry, and optical properties of the panel,
the heat transfer properties, and the electrical properties of the PV cell. Table 2 presents the
initial temperature of various components, while the geometrical properties of the solar
panel are provided in Table 3.

Table 2. Initial temperatures.

Parameter Value

Glass Cover Temperature (Tg0) 295 K

PV Cell Temperature (Tpv0) 295 K

Heat Exchanger Temperature (Te0) 295 K

Tank Water Temperature (Tw0) 295 K

Back Cover temperature (Tb0) 295 K

Table 3. Solar panel geometrical properties.

Parameter Value

Area of Cell (Acell) 0.0225 m2

Number of Cells (Ncell) 72

Optical properties of the cell also take part in the output calculation of a PVT system.
The generalized used optical properties for this model are provided in Table 4.

Table 4. Solar panel optical properties.

Parameter Value

Refractive Index Ratio (glass/air) 1.52

Absorption Coefficient Glass 0.2 m−1

Glass Cover Thickness 0.01 m

Reflection Factor 0.15

In order obtain the thermal energy output of this system, the used thermal properties
for the heat transfer process are provided in Table 5.
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Table 5. Heat transfer properties of the system.

Parameter Value

Ambient Temperature (Ta) 295 K

Sky Temperature (Tsky) 292 K

Glass Cover Mass (Mg) 4 kg

PV Cell Mass (Mpv) 0.2 kg

Heat Exchanger Mass (Me) 15 kg

Back Cover Mass (Mb) 5 kg

Specific Heat Glass (Cg) 800 J/kg/K

PV Cell Specific Heat (Cpv) 200 J/kg/K

Heat Exchanger Specific Heat (Ce) 460 J/kg/K

Heat Exchanger Back Cover (Cb) 400 J/kg/K

Glass Emissivity 0.75

PV Cell Emissivity 0.7

Glass–Air Convection Coefficient 10 W/m2/K

PV–Glass Convection Coefficient 20 W/m2/K

Back–Air Convection Coefficient 10 W/m2/K

Heat Exchanger Thermal Conductivity 130 W/m/K

Heat Exchanger Thickness 0.04 m

Insulation Thermal Conductivity 0.1 W/m/K

Insulation Layer Thickness 0.03 m

Electrical properties are generally given in the datasheets of the chosen photovoltaic
module by the manufacturer. The used electrical properties for the simulation purpose are
provided in Table 6.

Table 6. Electrical properties of the PV cell.

Parameter Value

Short-circuit Current (Isc) 8.88 A

Open-circuit Voltage (Voc) 0.62 V

Diode Saturation Current (Is) 1 × 10−6 A

Current (Iph) 8.88 A

Irradiance (Ir) 1000 W/m2

Quality Factor (N) 1.5

Series Resistance (Rs) 0 Ω

Parallel Resistance (Rp) Close to infinity

Temperature Coefficient 0 K−1

Energy Gap 1.11 eV

Temperature Exponent 3

Temperature Exponent 0

Temperature Exponent 0

Measurement Temperature 298 K

In a hybrid PVT system, the pipe is used for the heat transfer fluid flow, which is also
known as the HEP. Various types and shapes of pipes have different output characteristics.
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The specific values of the pipes used for the proposed model’s simulation are shown in the
Table 7. A tank is used to provide/store the extracted thermal energy to the consumers.
The considered parameters for this case are provided in Table 8.

Table 7. Pipe parameters of the system.

Parameter Value

Pipe Length 5 m

Pipe Area 0.0007 m2

Hydraulic Diameter 0.03 m

Pipe Resistance Length 1 m

Pipe Roughness 15 × 10−6 m

Upper Reynolds Number 2000

Lower Reynolds Number 4000

Shape Factor 64

Nusselt Number 3.66

Table 8. Input parameters of the tank.

Parameter Value

Maximum Volume 0.25 m3

Tank Area 0.3 m2

Initial Volume 0.1 m3

Initial Temperature 295.15 K
Thickness 0.05 m

Thermal Conductivity 0.1 W/m/K
Convection Coefficient 10 W/m2/K

The input parameters for the pump flow of this system are provided in Table 9.

Table 9. Input parameters of the pump flow.

Parameter Value

Internal Mass Flow 0.022 kg/s

Demand Mass Flow 0.005 kg/s

Supply Mass Flow 0.005 kg/s

To analyze the effective performance and output characteristics for the proposed
PVT system, a simulation model based on the given properties is conducted in this work.
Figure 8 shows that the maximum irradiance value is 1200 W/m2 obtained at 15 h and the
minimum is considered 0 W/m2 before sunrise and after sunset.

Heat exchanger pipes can help improve the performance of solar panels as they are
able to work in a passive system with the capability for a high rate of heat transfer [63].
Even at a minimal temperature differential, the PCM maintains the heat pipe’s remarkable
heat transfer performance. Because of its high performance even at a low temperature,
this type of heat exchanger is often used in air conditioning, heating, and ventilation
system [64].
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The efficiency of a PVT system is mostly dependent on the heat transfer mechanism.
This mechanism includes the type of material used for the heat extraction purpose. The heat
transfer fluid also takes part in the performance analysis. Heat extraction pipe parameters
are also considered for this purpose. Our proposed work provides an overview of the
effectiveness of using different types of HE pipes. A water heating system through heat
extraction using a copper pipe from a PVT panel was discussed in [65]. Heat sinks were
connected to the copper pipe, and a pump moved the cooler water of the tank circulating
in a pipe that extracts the extra heat accumulated in the panel. The solar absorber material
or the solar HEPs made of aluminum and steel were considered, as well as their design
analysis in [66]. The schematic view of the attached heat exchanger pipe is shown in
Figure 9. It provides an overview of the layout of the pipe and the flow of HTF inside it.
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In this work, a brief discussion on the PVT system’s performance analysis based on
various heat transfer pipes is discussed. Three types of pipes are considered: stainless
steel, aluminum, and copper. The effective differences in overall output and efficiency are
discussed in the next section.

4. Results and Discussion
The performance of the proposed PVT system is analyzed based on PV panel electrical

properties and thermal properties. An electrical equivalent circuit and related parameters
are studied in the electrical modeling and analysis part. The thermal model is composed of
several components: heat exchanger pipes, motor/pump to water flow, storage tank, and
other thermal components. The feasibility, temperature profiling, and related output are
also described. Three types of heat exchanger pipes, stainless steel, aluminum, and copper,
are analyzed. Copper, aluminum, and stainless steel are considered for use as heat trans-
fer pipes for the simulation purpose due to their better thermal and electrical properties,
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mechanical strength, and corrosion resistance. Additionally, these pipes are also easily avail-
able on the market, which makes them practical options for real world implementation.

4.1. Stainless Steel

The pipe roughness for this exchanger is 15 × 10−6 m and other parameters are similar
to the proposed model parameters. The heat transfer properties are presented in Table 10.

Table 10. Heat transfer properties of stainless steel pipe.

Parameter Value

Heat Exchanger Specific Heat (Ce) 460 J/kg/K

Heat Exchanger Thermal Conductivity 130 W/m/K

4.1.1. Simulation Results Analysis (Stainless Steel)

Temperature variations in the different component of a PVT system over time is
simulated and provide in Figure 10.
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Figure 10. Temperature dynamics of hybrid PVT system.

Figure 10 provides the dynamic behavior of temperatures over time for panel glass,
PV panel, heat exchanger, back surface, and tank water. After sunrise, the temperature
of all components increases. As the water flows through the pipe, the water temperature
increases with the increasing irradiance. Electrical and thermal power output from this
system, using a stainless steel pipe, is provided in Figure 11.
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Figure 11. Electric and thermal power output of hybrid PVT system.

Electric and thermal power output for a period of 24 h is shown in Figure 11, which
shows that the value of electric power is at peak while irradiance is higher and thermal
output is at peak in the late afternoon.
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The temperature profile of the panel temperature and the back cover temperature is
provided in Figure 12. As solar radiation increases during the day, the temperatures of the
PV panel and back surface also increase. And, in the evening, the temperature also reduces
as the irradiance value reduces. It is clearly visible that the back surface temperature is
lower than the PV panel temperature, which is due to the heat dissipation and the material’s
insulating effect.
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According to Figure 13, the tank water temperature is projected to rise more gradually
as heat is absorbed over time, and drops more slowly due its thermal storage characteristics.
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Figure 14 shows the pattern of water volume in the storage tank over a 24-h period.
The figure shows that the water volume follows a daily cycle, decreasing during use and
increasing during refilling.
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A comparison of the electrical and thermal power output of the PVT system is shown
in Figure 15.
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Figure 15. Electrical vs. thermal power output of the PVT.

The electrical power output is obtained from the PV part, and the thermal power
output is obtained using heat utilization from the thermal portion of the system. The
highest electrical power output occurs when solar radiation is maximum, and there is
no output at night as it solely depends on sunlight. On the other hand, thermal power
increases around noon but declines slowly after sunset, resulting in sustained high output
due to thermal inertia. The panel temperature and water temperature due to the heat
absorption from the surroundings is depicted in Figure 16.
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Figure 16. Panel temperature vs. water temperature.

The panel temperature indicates the amount of heat the panel absorbs from the sun
and is crucial for comprehending the panel’s effectiveness. The water temperature shows
the available tank water temperature over the course of 1 day.

A comparison between total power input and total power output of the PVT system is
illustrated in Figure 17. For better understanding, a two-day (48-h) observation period is
considered here. The green line depicts the fluctuation in the overall output of the system,
comprising thermal and electrical power. The overall power input is symbolized by the red
dotted line, which is obtained from the external parameters and the irradiance absorbed
from the system. Power input normally varies based on the available irradiance profile
which increases during the day period. Differences in input and output reflect the losses in
the system, such as those related to energy conversion, storage, or distribution.
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Figure 17. Total power output vs. power input.

4.1.2. Efficiency Analysis (Stainless Steel)

This part analyzes and discusses the usable electrical and thermal energy generated in
relation to the total energy received by the panel from the sun in order to determine the
hybrid PVT systems efficiency. The efficiency of this system is calculated by using total
input energy, electrical energy, and thermal energy. Electrical efficiency is defined as the
proportion of electrical energy in relation to overall input energy. Thermal efficiency is
defined as the proportion of total input energy that is considered useful as thermal energy.

Table 11 provides the results obtained for the efficiency of the PVT system when
stainless steel is used as a heat exchanger. The table provides the information about
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the input energies, supplied heat energy, electrical energy, electrical efficiency, thermal
efficiency, and total efficiency. From the calculations, it is found that the electrical efficiency
is 0.165, thermal efficiency is 0.237, and total efficiency of the PVT system using a stainless
steel heat pipe is 0.402. Figure 18 shows the efficiencies and exergies of this system.

Table 11. Efficiency table for stainless steel heat exchanger pipe.

Parameter Value Unit

Sun Input Energy (2 days) 31.23 kWh

Sun Input Energy (daily) 15.61 kWh

Electrical Energy Supplied (2 days) 5.16 kWh

Electrical Energy Supplied (daily) 2.58 kWh

Supplied Thermal Energy (2 days) 19.32 kWh

Used Thermal Energy (daily) 11.92 kWh

Total Used Thermal Energy (2 days) 7.40 kWh

Thermal Energy (daily) 3.70 kWh

Electrical Efficiency 0.165

Thermal Efficiency 0.237

Total Efficiency 0.402
Energies 2025, 18, x FOR PEER REVIEW  24  of  40 
 

 

 

Figure 18. Efficiency analysis of PVT system. 

4.2. Aluminum 

In many PVT systems, aluminum is used as a heat exchanger pipe. We simulated the 

aluminum pipe as the heat exchanger in the proposed PVT system to study the output 

variation related to other pipes. The considered pipe roughness of the used aluminum is 

1.5 × 10−6 m. Thermal parameter properties are provided in Table 12. 

Table 12. Heat transfer properties of aluminum pipe. 

Parameter  Value 

Sky Temperature (Tsky)  295 K 

Heat Exchanger Specific Heat (Ce)  897 J/kg/K 

Heat Exchanger Thermal Conductivity    237 W/m/K 

4.2.1. Results Analysis (Aluminum) 

This section describes the outcome of employing aluminum as the heat exchanger 

pipe in the suggested PVT system. Figure 19 illustrates the temperature changes over time 

in various PVT system components due to the use of aluminum pipe. It shows the tem-

perature behavior of the panel glass, PV panel, heat exchanger, rear surface, and tank wa-

ter over time. The temperature of every component rises after sunrise. The temperature of 

the fluid (water) rises as  it passes through the pipe  in coordination with the  increasing 

irradiances. 

 

Figure 19. Temperature behavior of hybrid PVT system. 

Figure 18. Efficiency analysis of PVT system.

4.2. Aluminum

In many PVT systems, aluminum is used as a heat exchanger pipe. We simulated the
aluminum pipe as the heat exchanger in the proposed PVT system to study the output
variation related to other pipes. The considered pipe roughness of the used aluminum is
1.5 × 10−6 m. Thermal parameter properties are provided in Table 12.

Table 12. Heat transfer properties of aluminum pipe.

Parameter Value

Sky Temperature (Tsky) 295 K

Heat Exchanger Specific Heat (Ce) 897 J/kg/K

Heat Exchanger Thermal Conductivity 237 W/m/K
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4.2.1. Results Analysis (Aluminum)

This section describes the outcome of employing aluminum as the heat exchanger pipe
in the suggested PVT system. Figure 19 illustrates the temperature changes over time in
various PVT system components due to the use of aluminum pipe. It shows the temperature
behavior of the panel glass, PV panel, heat exchanger, rear surface, and tank water over
time. The temperature of every component rises after sunrise. The temperature of the fluid
(water) rises as it passes through the pipe in coordination with the increasing irradiances.
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Electrical power and thermal power output using the aluminum pipe is provided in
Figure 20. This figure displays the electric and thermal power output. It indicates that the
greater irradiance value around noon causes the electric power and thermal value to peak.
The output of thermal power peaks at noon, rises after sunrise, and nearly falls at dusk.
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Figure 20. Electric and thermal power output using aluminum pipe.

Figure 21 provides a temperature profile of the panel and back cover temperatures.
It is visible in the figure that the back surface temperature is lower than the PV panel
temperature due to the heat dissipation and the material’s insulating effect.
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Figure 21. PV panel vs. back surface temperature for aluminum.

Figure 22 shows the temperature differential between the tank water and the back
surface during the PVT operation.
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Figure 22. Back surface vs. tank water temperature for aluminum.

According to the pattern of solar irradiation, the back surface temperature increases
during the day and decreases at night. It is projected that the tank water’s temperature will
increase more gradually as heat is absorbed over time and decrease more slowly because of
its thermal storage properties. The water volume pattern in the storage tank over a 24-h
period is shown in Figure 23.
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Figure 23. Tank water volume dynamics for aluminum.

The figure illustrates how the tank’s volume changes over time. It helps to properly
control the PVT system through demonstrating how the water volume changes while it
operates. The water volume follows a daily cycle, decreasing during consumption and
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increasing during replenishment. A comparison of the electrical and thermal power output
of the PVT system for using aluminum heat exchanger is shown in Figure 24.
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Figure 24. Electrical vs. thermal power output for aluminum.

This figure depicts the PVT system’s electrical and thermal power output during a
24-h period. The photovoltaic component provides the electrical power output, while the
thermal component of the system uses heat to produce the thermal power output. Since
it depends entirely on sunlight, the maximum electrical power output comes at midday,
when solar radiation is at its most intense. At night, there is no output. However, thermal
inertia causes a prolonged high output, with thermal power increasing around midday
and gradually decreasing after sunset. Figure 25 compares the temperatures of the panel
and water resulting from heat absorption from the environment and the system. The solid
green line indicates the water temperature, while the dashed orange line indicates the
panel’s temperature.
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Figure 25. Comparison of panel temperature and water temperature for aluminum pipe.

Measuring the panel’s efficiency requires knowing its temperature level, which shows
how much heat the panel absorbs from the sun and surroundings.

Figure 26 shows a comparison of the PVT system’s total power input and total power
output obtained by using aluminum as a heat exchanger. Two days (48 h) of observation are
taken into consideration here for easier comprehension. The system’s entire output, which
includes both electrical and thermal power, is shown by the green line. The red dotted line
represents the total power input, which may come from external factors or radiation that
the system absorbs.
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Figure 26. Comparison between output power and input power.

Typically, power input value fluctuates according to the available irradiance profile,
which increases during the day. The generation and losses that take place within the system
will determine its outputs.

4.2.2. Efficiency Analysis (Aluminum)

In order to determine the efficiency of the hybrid PVT systems, this part examines
and discusses the usable electrical and thermal energy generated in relation to the total
energy received by the panel from the sun. The efficiency results of the PVT system when
aluminum is utilized as a heat exchanger are shown in Table 13.

Table 13. Efficiency table for aluminum heat exchanger pipe.

Parameter Value Unit

Electrical Energy Supplied (2 days) 5.15 kWh

Electrical Energy Supplied (daily) 2.57 kWh

Supplied Thermal Energy (2 days) 19.41 kWh

Used Thermal Energy (daily) 11.92 kWh

Total Used Thermal Energy (2 days) 7.49 kWh

Thermal Energy (daily) 3.74 kWh

Electrical Efficiency 0.165

Thermal Efficiency 0.240

Total Efficiency 0.405

It is found that the electrical efficiency is 0.165, the thermal efficiency is 0.240, and
the total efficiency of the PVT system using an aluminum heat pipe is 0.405. Obtained
efficiencies using aluminum in the PVT system are depicted in Figure 27.
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4.3. Copper

The use of copper for the heat exchange pipe, its impact, including thermal profiling,
outputs, and efficiency increased or decreased, are studied here. The geometrical param-
eters are considered to be almost the same as the previous pipes, except for the internal
surface absolute roughness which is 1.5 × 10−6 m, with a Nusselt number for laminar flow
heat transfer of 4.36. The thermal parameters and the properties of this pipe are provided
in the Table 14.

Table 14. Heat transfer properties of copper pipe.

Parameter Value

Heat Exchanger Specific Heat (Ce) 400 J/kg/K

Heat Exchanger Thermal Conductivity 398 W/m/K

4.3.1. Results Analysis (Copper)

The results of using copper as the heat exchanger pipe in the proposed PVT system
are discussed in this section. Figure 28 illustrates the temperature changes over time in
various PVT system components.
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Figure 28. Temperature variation of PVT components.
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Figure 29 shows that every component’s temperature increases as time passes after
sunrise. As the fluid (water) moves through the pipe, its temperature increases in parallel
with the increased irradiance. It shows the temperature change for different parts of the
PVT system. The electrical power and thermal output for this system using a copper pipe
as a heat exchanger is provided in Figure 29.
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Figure 29. Electric and thermal power output using copper pipe.

The electric and thermal power value peaks while it has a higher irradiation value, it
increases after sunrise, and almost decreases after sunset. It is evident from Figure 30 that
the back surface temperature is lower than the PV panel temperature, which is caused by
heat dissipation and the insulating effect of the materials in the back of the PVT structure.
Additionally, the temperature variation during PVT operation between the tank water and
the back side is depicted in Figure 31. The figure states that the back surface temperature
rises during the day and falls at night in accordance with the pattern of solar irradiation.
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Figure 30. PV panel vs. back surface temperature for copper heat exchanger.
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Figure 31. Temperature variation of back surface vs. tank water.
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As heat is absorbed over time, the temperature of the tank water is predicted to rise
more gradually and fall more slowly due to its thermal storage characteristics. The water
volume pattern in the storage tank over a 24-h period is shown in Figure 32. The tank’s
volume fluctuates with time. By showing how the water volume fluctuates while the
PVT system is operating, it assists in its appropriate regulation of energy management.
The figure indicates a daily cycle in which the volume of water decreases during use and
increases after refilling.

Energies 2025, 18, x FOR PEER REVIEW  30  of  40 
 

 

 

Figure 30. PV panel vs. back surface temperature for copper heat exchanger. 

 

Figure 31. Temperature variation of back surface vs. tank water. 

As heat is absorbed over time, the temperature of the tank water is predicted to rise 

more gradually and fall more slowly due to its thermal storage characteristics. The water 

volume pattern in the storage tank over a 24-h period is shown in Figure 32. The tank’s 

volume fluctuates with time. By showing how the water volume fluctuates while the PVT 

system  is operating,  it assists  in  its appropriate regulation of energy management. The 

figure indicates a daily cycle in which the volume of water decreases during use and in-

creases after refilling. 

 

Figure 32. Tank water volume dynamics for copper heat exchanger. 

A comparison of the electrical and thermal power output of the PVT system for using 

copper heat exchanger is shown in Figure 33. 

0 5 10 15 20 25 30 35 40 45 50

 Time [Hours]

295

300

305

310

315

320

325

330
Panel
Back

 T
em

p
er

at
u

re
 [

K
]

Figure 32. Tank water volume dynamics for copper heat exchanger.

A comparison of the electrical and thermal power output of the PVT system for using
copper heat exchanger is shown in Figure 33.
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Figure 33. Comparison of electrical and thermal power output for copper.

The system’s thermal component generates the thermal power output by using heat,
while the photovoltaic component provides the electrical power output. Figure 33 also
states that there is higher thermal power than electrical power in the output. The active
power output occurs mainly during the daytime when there is sufficient sunlight. The
temperature difference between the PV panel and water at the storage tank is shown in
Figure 34.
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Figure 34. Comparison of panel temperature and water temperature for copper pipe.

The water’s temperature is shown in the Figure 34 by the solid green line, while the
panel’s temperature is shown by the dashed orange line. The temperature level of the panel,
which indicates how much heat it receives from the sun and surroundings, is necessary
to measure its efficiency. The figure exhibits the temperature gained and the expected
result of thermal energy in the system by analyzing the interaction between the PV panel’s
temperature and the water in the storage tank. The total power input and output of the
PVT system using copper as a heat exchanger are compared in Figure 35.
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Figure 35. Comparison of output and input power.

Figure 35 provides a comparison between the obtained input and output power of the
PVT system while using a copper pipe as the heat exchanger material.

4.3.2. Efficiency Analysis (Copper)

The usable electrical and thermal energy generated in relation to the total energy
collected by the panel from the sun is analyzed and discussed in this part to assess the
efficiency of the hybrid PVT systems. Table 15 presents the efficiency results of the PVT
system when copper is used as the heat exchanger.
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Table 15. Efficiency table for copper heat exchanger pipe.

Parameter Value Unit

Electrical Energy Supplied (2 days) 5.17 kWh

Electrical Energy Supplied (daily) 2.58 kWh

Supplied Thermal Energy (2 days) 19.6 kWh

Used Thermal Energy (daily) 11.92 kWh

Total Used Thermal Energy (2 days) 7.40 kWh

Thermal Energy (daily) 3.85 kWh

Electrical Efficiency 0.165

Thermal Efficiency 0.246

Total Efficiency 0.412

The calculations reveal that the electrical efficiency of the PVT system using a copper
heat pipe is 0.165, the thermal efficiency is 0.246, and the total efficiency is 0.412. Figure 36
provides an illustration of the copper-based heat pipe PVT system efficiency.
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4.4. Comparison

The related output employing three types of heat exchanger pipes are discussed in
Sections 4.1–4.3. The electrical, thermal, and overall output, including related efficiency
comparison, are described in this section. It will enhance the area of knowledge for the
research community on the use of different types of heat exchanger pipes.

Electrical Efficiency

The PVT system electrical power output for using heat exchanger pipes with stainless
steel, aluminum, and copper are 5.16 kWh, 5.16 kWh, and 5.1742 kWh, respectively. The
efficiency when using these pipes is 16.53%, 16.52%, and 16.56%, respectively. The efficiency
and output of these pipes are depicted in Figure 37.
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From the comparison figure, it is clear that the obtained electrical output and efficiency
for stainless steel and aluminum is similar, but copper has a higher output and efficiency. As
a result, the use of a copper pipe as a heat exchanger will provide higher electrical efficiency.

The value of thermal energy output for stainless steel, aluminum, and copper is
19.3237 kWh, 19.4199 kWh, and 19.629 kWh, respectively. Additionally, the thermal effi-
ciency of these pipes is 23.70%, 24.01%, and 24.68%, respectively. A comparison of the
thermal output and efficiency for the different materials of the heat exchanger pipes is
provided in Figure 38.
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From the results, it is found that the thermal output for the stainless steel pipe is
19.32 kWh, for aluminum is 19.42 kWh, and for copper is 19.63 kWh. The thermal efficiency
for stainless steel is 23.70%, for aluminum is 24.01%, and for copper is 24.68%. The results
show that the copper pipe in the proposed PVT system has a slightly higher thermal output
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and efficiency when compared to stainless steel and aluminum materials. Additionally,
between aluminum and stainless steel, aluminum has a higher thermal capacity as well
as efficiency.

Finally, the overall output and efficiency for all three pipes are discussed. It provides
an overview of the entire system’s efficiency. The total output that includes the electrical
and thermal part for stainless steel, aluminum, and copper is 24.48 kWh, 24.57 kWh, and
24.80 kWh, respectively. The obtained total efficiency for stainless steel, aluminum, and
copper is 40.23%, 40.53%, and 41.24%, respectively. The value and comparison of the output
is described in Figure 39.
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The copper heat pipe has the maximum power output and efficiency. Copper has
exceptional higher thermal conductivity than the other materials, which allows it to transfer
heat very efficiently. For the PVT, as a heat exchanger application, copper provides long-
term performance, better corrosion resistance, and durability. It is also preferred in the
thermal systems due to it having high ductility, and designing and shaping flexibility than
the other tested materials. On the other side, aluminum has a slightly better efficiency
than stainless steel. Thus, it is recommended to use copper pipe in the PVT system instead
of the other two types of pipes though there may be other conditions that may need to
be considered.

5. Conclusions
This work describes and establishes a working methodology, thermal analysis, and

overall performance characterization of a hybrid PVT system. The main purpose of this
study is to provide an effective PVT system by analyzing overall efficiency related to
both thermal and electrical parameters. The analysis studied related parameters that
are responsible for characterization of the system. The outline of the proposed system
provides information regarding construction, working methodology, and other electrical
and thermal functions. The proposed hybrid PVT system shows the configuration and
additional components that are required to construct the system. By analyzing all other
existing PVT systems, this type of system is considered and discussed as it provides optimal
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output. In the end, it shows the feasibility of using these devices in the context of a PVT
system for better and efficient output. It reduces the panel temperature, thus cooling the
whole system, by extracting the thermal energy and converting it to usable thermal power
for an end user. That is the primary success of the proposed work, which is cost effective
since water is used as heat transfer fluid instead of a more expensive fluid.

The performance modeling of the PVT system provides energy balance considering
useful energy for both thermal and electrical system. It also discusses overall power input,
output, and gain in all perspectives required to understand the system’s performance. The
mathematical model is obtained by analyzing both the electrical and the thermal model of
the existing system. In the thermal modeling case, it is found that the parameters values
are sensitive to overall output and, as a result, it changes its efficiency. The optical model of
the proposed system also contributed to model the PVT, specifically for the thermal study
which takes part in the thermal energy analysis.

The thermal analysis shows the effects of temperature variation at the cell/module
level. In general, an increase of the cell temperature decreases the output power of a PV
system including also the degradation of the material properties. This problem is mitigated
using a proper heat extraction and heat transfer mechanism through a hybrid PVT system.
Among the various types of cooling/heat extraction systems, heat pipe-based cooling using
water as a heat transfer fluid is found suitable for this experiment. A MATLAB/Simulink
R2020a environment is used to simulate the model and extract the outputs, including
efficiency. Water is considered as the HTF in this case, and it resulted in optimal output,
as expected.

The input characteristics using specific dataset provides an idea about the system’s
internal conditions during operation. For example, the state of irradiance with respect to
mass flow and pump flow also provides the internal conditions of the PVT system. Mainly,
three types of HE pipes, such as stainless steel, aluminum, and copper, are considered
for the simulation purposes. According to pipe characteristics, the value of significant
parameters is provided for simulation purposes. Initially, the use a of stainless steel pipe
in the PVT system and its related profiling are studied. The temperature profile shows
the temperature variation during operation. Electrical and thermal power output show
the obtained power from the system. Additionally, the temperature behavior and changes
during operation in the PV panel, back surface, and tank water are also studied, which
provides the realistic variation of these components.

In the context of energy output, the gained electrical energy for stainless steel and
aluminum showed similar output, but for copper it was a bit higher. As a result, the
electrical efficiency was maximum for copper, while values for aluminum and stainless
steel were almost the same. Thermal energy for copper was the maximum, followed by
aluminum and stainless steel. For this reason, the maximum efficiency was obtained for
copper, and the minimum was obtained for stainless steel. Total maximum efficiency for
copper was 41.24%, the minimum for stainless steel was 40.23%, and for aluminum it
was 40.53%.

This study and results analysis will provide the insight to choose the appropriate and
energy efficient design of a PVT system in real world applications, such as in residential
buildings and commercial spaces. This system is able to produce and supply electrical
energy in both on-grid and off-grid systems. Additionally, it will provide thermal energy for
space heating and water heating in small scale and industrial processes, as well as district
heating on a large scale. The simplicity of the design, the available materials, and the cost
effective installation makes it attractive to both residential and commercial consumers. It
will also contribute to the advancement of the current PVT technologies due to its low-cost
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properties, easier installation facilities, and better optimization techniques, as well as being
easy to integrate with an internet of things platform.

This study analyses the ideal thermal conductivities for steel, aluminum, and cop-
per, but the performance can be varied based on real-world factors like manufacturing
tolerances, oxidation, and impurities. Heat transfer efficiency may vary based on contact
resistance between the absorber plate and the heat exchanger pipe. If there is fluctuating
irradiance, the simulation is unable to adapt the heat transfer transient behavior. This
study considers normal or steady state environmental conditions but, due to adverse
weather situations, the output may vary. Copper has a higher thermal conductivity but, for
practical feasibility, the cost and weight should be considered. Aluminum performance
is competitive, but further analysis of the impact of other parameters should be analyzed.
Though steel has a comparatively lower thermal conductivity, its structural durability may
be beneficial.

Finally, the proposed work enhances the knowledge on the use of different types of
heat exchanger/heat transfer pipes in order to be integrated in the hybrid PVT system.
Mathematical and electrical models, including the optical equations, are also developed in
this work. An extensive analysis including thermal and electrical output and efficiency is
discussed. The use and integration of these types of pipes for better output and efficiency
within consumer capacity will be further studied in future work. Experimental setup is
already planned and required procedures are maintained to verify the authenticity of the
simulated work.
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