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Abstract: Hybrid PVT solar systems offer an innovative approach that allows solar energy to be
used to simultaneously generate thermal and electrical energy. It is still a challenge to develop
an energy-efficient hybrid PVT system. The aim of this work is to develop a mathematical model,
investigate the system’s performance based on parameters, include sensitivity analysis in the upper
layer mainly photovoltaic part, and provide an efficient and innovative system. Performance analysis
of the hybrid system is obtained by establishing a mathematical model and efficiency analysis. The
electrical model and thermal model of the hybrid system is also obtained by appropriate and complete
mathematical modeling. It establishes a good connection of the system in the context of electrical
analysis and power generation. The parameters variation impact and sensitivity analysis of the most
important parameters, namely, irradiance, ambient temperature, panel temperature, wind speed, and
humidity in the PV panel section, are also obtained using a MATLAB model. The results show the
effective increase or decrease in the electrical power and sensitiveness in the output of the system due
to this modification. Related MPP values as a result of these parameters variation and their impact
on the overall output of the hybrid PVT system are also analyzed.

Keywords: PVT system; mathematical modeling; performance analysis; parameters effect; sensitivity
analysis; MPP

1. Introduction

As a result of population increases and improved economic conditions in most parts
of the world, there is a greater need for energy globally. Although the need for energy
is increasing, overconsumption of fossil fuels is starting to deplete the supply of this
essential resource. The rapid change in climatic conditions, including global warming and
ozone layer damage, are the result of human activities caused by energy consumption and
pollution. Further issues related to global warming and environmental pollution can be
mitigated by utilizing renewable energy sources like solar energy, particularly solar power
generated through photovoltaic (PV) technologies [1,2]. Light from the sun is converted
into electrical DC energy using this PV technology [3].

A significant amount of solar energy that is collected by solar cells is not converted into
electricity, which elevates the temperature of the cells and decreases their electrical efficiency.
Combining a heat extraction method with appropriate forced or natural circulation can
reduce the panel temperature. Solar energy can be used to generate electrical energy using
photovoltaic and thermal energy using thermal collectors. Generally, it is necessary to
install them in two different solar systems, namely, one for PV modules and one for thermal
solar collectors, which is one of the most convenient processes. Nevertheless, an excessive
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area of space is needed overall to meet the demand for thermal and electrical energy.
Consequently, using solar energy for the purposes of heating and electricity production is
an excellent and smart innovative idea [4]. Combining thermal collectors and PV panels
increases the energy efficiency of the system [5].

1.1. Background

A hybrid system that combines solar thermal and photovoltaic components to produce
electrical and thermal energy is called a PVT system. It produces heat and electrical power
through an integrated structure. It consists of thermal collectors and a PV layer that covers
an absorber [6]. The PV panels generate electricity, while the working fluids remove the
thermal energy generated in the panel and, thus, the efficiency improves in a hybrid system.
It adjusts the properties of both systems; meanwhile, it is more cost-effective than using the
thermal or PV panels separately.

This technology is developed to capture the additional heat produced by cells in
order to lower the temperature of the PV module and increase overall energy conversion
efficiency. Most remarkable is the cooling fluid that the PVT uses for heat recovery. In order
to cool the PV panel and pass through the channels on the back of the PVT system, several
fluids can be utilized as working fluids. Water is frequently utilized as a cooling fluid in
the systems but because of its low thermal conductivity, performance improvement is not
received as it expected. Nanofluids are now the focus of attention due to their improved
thermal properties over conventional fluids, which is believed to be responsible for their
increased heat transfer capacity [7].

Many internal and external factors, for example, environmental parameters, construc-
tion, installation, operation, and maintenance, can reduce or increase the efficiency of
the system [8]. The performance of the PVT panel has significant dependency on these
parameters. Many parameters are very sensitive to the output and overall efficiency of the
system. The impact of parameters variation and sensitivity analysis of the PVT system can
be obtained by using a numerical simulation method [9]. Few research studies have been
conducted on this subject, and the numerical study of the heat transfer flow in a hybrid
PVT system is very challenging [10].

Despite intensive research in recent decades, there have been very few commercial
PVT systems developed and launched on the market [11]. Nonetheless, a great deal of
uncertainty persists due to the PVT system’s design based on parameters and sensitivity.
For instance, questions still arise like what the best design is, which has additional features,
a better method of heat extraction, and what would be the PVT’s annual output [12].

1.2. Literature Survey

A brief overview of current studies on thermal solar collectors for photovoltaic systems
is described in [13]. It provides the motivation for the introduction of a PVT system due
to the elevation of temperature. It is only limited to efficiency analysis based on heat
exchangers for water and an air-based system. A mathematical model for both a PV and
modified PVT system’s performance evaluation using balanced heat transfer equations,
thermo-physical, and electrical properties is developed in [14]. This work was developed
in a MATLAB simulation environment using a numerical method, but it does not provide a
complete simplified mathematical model for performance analysis of the system.

Modeling and an extensive study of a hybrid PVT system is studied in [12]. A mathe-
matical model for both PV and thermal is presented but no detailed mathematical model
of an electrical equivalent circuit is developed. Modeling and simulation using MAT-
LAB/Simulink for a commercial PVT system is provided in [15]. It shows only the ambient
temperature and irradiance variation impact on the PVT panel. For better elaboration and
performance analysis, other important parameters variation impacts on the electrical power
output is discussed in this work. For a solar photovoltaic system, a coupled model for both
electrical and thermal is shown in [16]. It shows electrical–thermal model development
and a procedure for obtaining optimal output establishing a heat and electricity relation-



Energies 2024, 17, 2887 3 of 32

ship. It develops PV modules and an electrical–thermal model based on conditions like
wind velocity, ambient temperature, and irradiance in an unstable state. However, other
significant parameters like panel temperature and humidity are ignored in this work but
are included in our research. No such concrete research has been found yet that provides
the complete electrical model of a photovoltaic section and thermal model of a thermal part
based on mathematical modeling and parametric with sensitivity analysis.

A research study based on performance analysis of a hybrid PVT system for a specific
location is established in [17]. A numerical analysis for a solar domestic hot water system is
investigated and related output including thermal and electrical performance is analyzed.
It also develops PVT collector equations, a heat exchanger model, a storage tank equation,
and a simulation based on numerical solutions. It neither provides electrical equivalent
circuit development nor a mathematical model for performance and efficiency analysis of a
photovoltaic layer. Performance analysis for a hybrid PVT system still needs to be studied
and considered with the development and sensitivity analysis of the related parameters.
Parameters are the most significant factor for the PVT system that is also responsible for
the overall electrical and thermal output. An innovative idea about the classification and
details about the related parameters of the system is discussed in [18]. The effects of several
parameters on the efficiency of the PVT system are considered for investigation purposes.
PVT classification considering several parameters is obtained and no sensitive parameters
are identified there.

A comparison of a PVT system’s performance and sensitivity analysis with radiative
cooling is described in [19]. It develops efficiency calculations and evaluates performance
based on indicators given by a mathematical model. Parameters like ambient temperature,
total water column, air mass flow rate, and top surface emissivity variation effects for
both PV and thermal part is studied. It did not develop and study a separate significant
parameters variation effect for only the photovoltaic part of the PVT system. The separate
study of the parameters variation effect for both the PV and thermal section will enhance
the possibility of obtaining a robust and energy-efficient PVT model.

1.3. Motivations and Contributions

Sensitivity analysis [19,20] and overall optimization of a PVT system in a residential
building is developed in [21]. A novel PVT system with a linear Fresnel reflector and
related parameters sensitivity analysis is presented in [22]. In the parametric analysis,
they considered thermal efficiency of the system improvement with increasing fluids’
flow velocity, ambient temperature, and by reduction of the coefficient of convective heat
transfer and fluids temperature. The negative impact of enhanced ambient temperature in
the photovoltaic section and in the electrical power output is not discussed. The influence
and impact on the electrical energy output due to an increase in the ambient temperature
variation including other relevant parameters is established in this work.

Sensitivity analysis due to parameters variation is extremely important to understand
the behavior of a PVT panel. Parameters variation and sensitivity analysis with maximum
power point calculation has not been studied and developed in recent years. Several
research works have provided a parameters variation effect and sensitivity analysis for
the combined photovoltaic and thermal section but have not provided the impact on the
MPP output of the PV of the hybrid system due to this change, which is described in this
research work. By this way, it is possible to analyze and find the most- and least-sensitive
parameters of the proposed hybrid system.

The main contribution of this research work is the establishment of an innovative and
developed simple PVT system that can explain the behavior of the parameters effect and
analyze significant sensitiveness. It shows a complete PVT system electrical modeling and
a developed performance model. Thermal modeling of a PVT system is also developed
using a mathematical model. A brief analysis and the impact of both internal and external
parameters are discussed. Three-dimensional figures are also presented to understand
the appropriate behavior. The relationship between efficiency and other parameters is
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also obtained here. A related MPP curve for this parameters variation and its effect are
also analyzed.

The most recent advancements in the field of PVT technology are studied in this paper.
This paper focus on the following main parts and subparts. The organization of the work
is as follows: Section 2 is Hybrid PVT System Modeling and Analysis and consists of the
PVT system concept, modeling, and performance analysis. Mathematical modeling of
PVT is composed of PVT electrical modeling and overall thermal modeling. Section 3 is
Parameter and Sensitivity Analysis of the PVT System. It is the most important part of
this paper and shows the parameters variation, sensitivity, and related output. Several
parameters variation and its output MPP variation results are observed in this part. Finally,
the conclusions and observations of the investigated work are performed in Section 4.

2. Hybrid PVT System Modeling and Analysis

In situations where solar radiation is very intense, solar photovoltaic panels are among
the most suitable devices to utilize this energy since they can perform in an efficient way
under diffuse irradiance. As a result, the use of solar technology has become attractive
all over the world. On the other side, the energy market is concerned about the solar PV
panels’ efficiency. This is because only around 20% of solar radiation can be converted to
electricity due to the contentious “green planet” theory of climate change [23]. Temperature
in a PV panel rises with increasing ambient temperature, affecting the electrical output of
the photovoltaic system. Numerous studies have demonstrated that high temperatures
cause a PV system’s open circuit voltage to decrease, which lowers the system’s overall
electrical efficiency. The idea of a photovoltaic thermal system was introduced to mitigate
this issue and to optimally use the produced heat in the panel that will produce electricity
and thermal energy at the same time.

The hybrid PVT system was first recommended by Kern and Russel [24] in the middle
of the 1970s. The issue was addressed in response to the problem of falling solar efficiency
with an increase in cell temperature [25]. Most of the solar energy is wasted as heat if this
waste heat is not collected/converted in the photovoltaic energy conversion system. The
reduced efficiency in a PV panel is also the main reason for excessive heat. A probable and
efficient way of solving this issue is to use a suitable contacting fluid that can flow below
or above the solar cells to cool them. The PV cell’s temperature is lowered by the cooling
fluid flow, but it also creates a flow of hot fluid that is used for water heating or spaces, for
example, producing an advantageous thermal output (as an increase in enthalpy). For the
development of a “hybrid PVT” solar energy system, this has been a major driving force.
Consequently, a PVT system integrates a PV module with a heat exchanger that holds an
appropriate heat transfer fluid in a single unit [26].

The electrical output is frequently the primary consideration in many hybrid PVT
system applications; hence, the heat transfer unit’s operating parameters are optimized to
maximize this output. To achieve this, though, the cooling fluid, usually air/water, must be
maintained at a low temperature in order to prevent an unfavorable drop in the electrical
efficiency of the PV cell, which would reduce the thermal output’s usefulness. In contrast,
the PV cell efficiency will somewhat decrease in relation to the ideal electrical power
generation setting if the system is built to achieve a higher outlet fluid temperature [26].
The idea and principles of a PVT system are shown in Figure 1 below [18].

Figure 1 shows the overall view of a hybrid PVT system. In general, the photovoltaic
and thermal systems exist, where the photovoltaic produces electrical energy and the
thermal system produces thermal energy. But, according to the provided figure, we can
see that a hybrid PVT system is the combined solution of the photovoltaic and thermal
panels that produces electrical and thermal energy simultaneously. The profound benefit
of a PVT system is insisting that consumers install this kind of system in both residential
and industrial settings.
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There are several ways to classify PVT systems and their kinds based on structural,
operational, and design. The three main criteria discussed to classify hybrid PVT systems
are the heat extraction medium, the system’s overall classification, and the PVT system’s
design. An upgraded and optimized classification system is proposed in [18]. Classification
of an upgraded system is shown in Figure 2 below.
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Figure 2. An optimized classification of a hybrid PVT system [18].

This optimized and upgraded system proposes classification based on five major parts:
design configurations, integration system, application, heat extraction method, and energy
storage. Each part also contains subparts based on their definition and characteristics. This
classification system provides an extensive idea about the hybrid PVT technology. The
most significant and comprehensive part of this classification is the heat extraction method,
as the thermal efficiency depends mostly on it.

The following Figure 3 shows the proposed PVT system considered for the analysis
purpose of this work. It shows two parts including a photovoltaic section that contains a
PV module, receives irradiance from the sun, and converts it into electrical energy. This
electrical output is used for electrical loads and can also be stored. On the back side of the
panel, a serpentine or any other straight metal tube is considered so that it can be used to
carry the thermal fluid and exchange the heat generated in the module using heat transfer
fluid. By employing this methodology, thermal energy is extracted and it is possible to
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supply this at the consumer level. In this work, only parameters impact and sensitivity
analysis on the photovoltaic part of the PVT system are considered.
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Figure 3. Schematic of a proposed hybrid PVT system.

Figure 4 shows the system description of a hybrid PVT system, including a general
overview of its operation. We can see in the figure that there are two main parts in the
system: the electrical part, which is the photovoltaic system, and the thermal part that
produces thermal energy. The electrical part consists of a PV panel and paste; on the other
side, the thermal part consists of an absorber, thermal pipe, and insulation.
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Figure 4. PVT system design and its operation methodology.

Incident radiation falls in the upper part of the layer that produces electrical energy
using a photovoltaic method and heat extraction is obtained in the lower part of the system
that produces thermal energy. Heat extraction is obtained by using several methods like
fluid flowing, using phase change material, and many other techniques. Two general
categories exist for the use of solar energy: solar heat energy converts irradiance to thermal
and electrical energy is gained using photovoltaic energy. PV thermal collectors are modules
that extract heat in a variety of ways and are utilized in various thermal collectors. For both
residential and commercial heating, a liquid or gas is used to extract thermal energy for
daily use. PVT technology improves the energy efficiency of photovoltaic technology by
recovering temperature gained in the solar panels as low temperature heat radiation, thus,
this is how the efficiency of electrical energy conversion is increased [25].

A PVT system’s low-cost device is important so far as it indicates the overall cost
of the main system, and it can be obtained by parametric and sensitivity analysis that is
established in this work. To calculate the value of the electricity generated in relation to
the obtained heat from the panel, the efficiency of the PVT system should be estimated.
The hybrid system’s overall efficiency outperforms due to the recovery of the lost heat
compared to any single PV system [27]. Even though research into PVT systems began in
the early 1970s, it is still in the early phases of development. Because of their increased
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electrical power and possible lower cost, PVT systems will be an effective and profitable
alternative to individual PV systems [28].

Depending on the number of spaces on rooftops, research and development focuses
on the incorporation of PV systems with buildings. The main purpose is to develop PVT
systems with reasonable and cheap costs that can generate both thermal and electrical
energy in an efficient way. It implies that the system’s overall costs need to be minimized
in a possible way. This objective can be accomplished by implementing an optimal system
with the right vision, the right design, and precise production for cost reduction [3].

2.1. PVT Performance Analysis

Evaluation of a PVT system’s electrical performance is simple because storage is
optional and electricity usage may happen instantaneously. When it comes to thermal
performance, things are different. The PVT system is merely one component of a larger
heat-supply system, which is composed of numerous subsystems, or the balance of the
system, such as flow pipes, mechanical components, thermal storage, and auxiliary heaters,
to mention a few. To achieve the highest overall benefits, the system designer must choose
the right solar proportion and other design criteria [29]. The overall efficiency of a PVT
system is calculated as follows [5,18]:

ηTotal = ηThermal + ηElectrical (1)

Here, total efficiency is the summation of thermal efficiency ηThermal and electrical
efficiency ηElectrical . The PVT system’s thermal efficiency is calculated as follows [30]:

ηThermal =
Qu

Gs × APanel
(2)

where Qu is the useful heat, Gs is the solar irradiance, and APanel is the panel area. The
PVT system’s thermal efficiency can be calculated as follows if it appears to be a typical flat
plate solar collector [3]:

ηThermal =
QUse f ul−heat

Is × ACollector
(3)

Useful heat QUse f ul−heat is calculated as [1]:

QUse f ul−heat =
.

mCp∆T (4)

where Cp is the specific heat of the used fluid, mass flow rate of the fluid-like air/water is
.

m,
and the fluid temperature differential between the input and obtained output is represented
by ∆T. In conventional form, electrical efficiency is calculated as [3]:

QElectrical =
I × V

IIrr × APanel
(5)

where I denotes the current, V denotes the voltage, the intensity of solar irradiance is IIrr,
and the panel/collector area is APanel . On the other hand, taking into account using the
produced thermal energy inside the panel, panel-dependent electrical efficiency considering
its temperature is formulated as [3]:

ηElectrical = ηRef(1 − β(TPanel − TRef)) (6)

where panel reference temperature is TRef, PV panel temperature is TPanel , PV panel refer-
ence efficiency is ηRef, and the temperature coefficient is β with a value of 0.0045 ◦C−1. It
shows that the simplest way to calculate thermal and electrical efficiency is by using the
last equation instead of this one. These equations became more complex as mathematical
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and numerical modeling were advanced due to the inclusion of different variables. The
PVT system’s electrical power can be calculated as [31]:

Pmax = VMP × IMP (7)

Another method to obtain the PV cell’s total power is to measure the short circuit
current (ISC) and open circuit voltage (VOC) and then multiply the obtained results. The
module efficiency of electrical power is calculated as [32]:

QElectrical =
PMax

G × APanel
(8)

where PMax is the maximum obtained power, G is the irradiance, and APanel is the panel
area. It is necessary to specify the electrical load demands in order to build a suitable PV
system. Calculation of the battery storage and the PV panels number is also required [33].
The values are calculated as:

PPV =
Edaily

ηs × ηinvPSH
S f actor (9)

where the energy consumption per day is Edaily, peak sun hours is PSH, systems com-
ponents efficiency is ηs and ηinv, and S f actor is the safety factor reference for losses in PV
temperature and resistive losses. The electrical energy generated by the PV system is
measured in kWh and is determined by [34]:

EPV = APV × IIrr_daily × ηmodule × ηwire (10)

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

This set of equations evaluates both the electrical and thermal performance, including
the efficiency of a PVT system.

2.2. PVT System Electrical Modeling

A PVT panel is composed of many solar cells connected in series and parallel to
increase the PVT system’s voltage and current levels. Electrical modeling of current–
voltage analysis is significant for PVT system power designing and analysis. A common
method for the simulation of PV system performance is to utilize an equivalent electrical
circuit which is also required in a PVT system. The electrical equivalent circuit is shown in
Figure 5.
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This electrical model consists of photo current (Iph), diode current (ID), series resistance
(Rs), shunt resistance (Rsh), and the current passing through shunt resistance is Ish. The
mathematical model to obtain load current (I) of the electrical equivalent circuit is [35]:

I = Iph − Is

(
exp

(
qV + qRs I

NKT

)
− 1

)
− V + Rs I

Rsh
(11)
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where the diode reverse saturation current is Is, ideality factor of the diode is N, Boltzmann’s
constant is K (1.381 × 10−23 J/K), and q is the charge of an electron (−1.602 × 10−19 C).
The voltage expression is obtained as:

V = IphRsh − IRsh + Is

(
exp

(
qV + qRs I

NKT

)
− 1

)
− IRs (12)

The relationship between output voltage and output current is shown as [36]:

I = Iph − Is

[
exp

((
1
Vt

)(
V
Ns

+ Rs I
))

− 1
]

1
Rsh

(
V
Ns

+ Rs I
)

(13)

where the thermal voltage of the diode is Vt and in each module, the number of solar cells
in series is Ns. All the unknown parameters in the electrical model are dependent on the
cell temperature and irradiance. The primary specifications that manufacturers provide are
derived under standard test conditions and are not reflective of the real-world situation.

2.3. PVT System Thermal Modeling

The common practice is that the typical methods of measuring electronic junction
temperature cannot be used to access the temperature inside and outside a PVT panel.
Rather, the value is estimated using models. The popular approach uses a single thermal
heat balance equation (HBE) and considers a PVT module as a single material block. The
heat balance equation is formulated as [37]:

HAbs = HConv + HLost (14)

where the absorbed energy is HAbs, converted energy is HConv, and HLost is lost energy.
The total energy input for the PVT system is represented by the absorbed energy from the
incident solar irradiance collected by the front surface of the module. In the PVT module,
thermal and electrical energy is obtained by converting this incident solar irradiance and
generated heat. The amount of heat lost mentioned in the previous Equation (14) is the loss
to the environment through various heat transfer processes. Heat losses can be classified
into two parts. The primary factor influencing the first part is the temperature differential
between the panel and its surroundings, while the second part can be due to various effects
like the accumulation of dirt, diode losses, and wire contacts joule heat.

The PVT module’s total energy gained from the short wave irradiance that was
captured is known as absorbed energy. There are various parameters and factors that
influence the overall absorbed energy, including the following [38,39]:

■ PVT panels supporting framework;
■ Diffused radiation and direct radiation intensity when it strikes the panel;
■ Defects in materials, its quality, and physical properties/limitations;
■ The front layer’s optical characteristics, such as transmittance, scattering, reflectivity,

and absorptivity.

The heat transfer method involves several mechanisms like conduction, convection,
and radiation in the PVT module. Normally, the heat transfer between the structural
interfaces of the module is known as conduction. As there is a very small part between
the PVT module and the holding structure, and also minimal difference of temperature,
conduction in this part is neglected. For the PVT module, each layer’s thermal capacity and
thermal resistivity are considered to analyze heat transfer by conduction in each layer [40].

Convection heat transfer occurs between the interfaces of the PVT module and the
air that surrounds it, conforming to Newton’s cooling law [41]. The related heat transfer
coefficients are used to model it. The following formula is used to calculate the overall heat
convection amount per unit area:

qConv = −hC·A·(TPanel − TAmb) (15)



Energies 2024, 17, 2887 10 of 32

where the heat transfer coefficient is (hC), module temperature is TPanel , and air temperature
is TAmb. It normally occurs by both the forced and free convection methods.

Long-wave radiation is the element of radiation heat exchange in a PVT system. The
Stefan–Boltzmann law is utilized to determine per unit area radiative energy:

qrad =∈ ·F·σ·
(

T4
Object − T4

Sur f ace

)
(16)

where the surface emissivity is ∈, view factor is F, Stefan–Boltzmann constant is σ, object
temperature from radiation is TObject, and nearby temperature is TSur f ace.

To investigate the PVT system’s thermal and electrical performance, a one-dimensional
steady-state model can be used considering the flat plate collector. For this reason, the
modified Hottel–Willier equations are considered [42,43]. The heat generated by the
incident solar irradiation is obtained as [16]:

G = Gατ
[
1 − ηerc

α

]
(17)

Here, the incident solar radiation is G, α is the solar absorbance, the glass cover
transmittance is τ, the electrical efficiency is ηe, and the packing factor is rc. The PVT
system’s total loss coefficient can be described as [14]:

U = U − G·τ·ηre f ·rcβre f (18)

In the above equation, the collector heat loss coefficient from absorber to ambient is U,
ηre f is the reference temperature electrical efficiency of the module, and βre f is the PV cell
temperature coefficient.

The maximum heat transfer and the actual heat transfer ratio is considered as the heat
removal factor (FR) and can be calculated as [16]:

F̃R =
mhCpw

AAŨ

[
1 − exp

[
ŨAA

mnCpw

]]
(19)

Here, AA is the surface area of the collector, the water mass flow rate is mh, and Cpw is
the specific heat of water. The efficiency factor of the collector can be described as:

F =
1/U

W
[

1
U[2a+(W−2a)F] +

1
Cb

+ 1
πDihj

] (20)

In the above equation, the tube distance is W, the average bond width is a, the thermal
conductance of the bond is Cb, Dj is the inner tube diameter, and F is the fin efficiency. The
general obtained equation for the useful heat gain is:

Qu = AAFR[G − U(Tho − Ta)]

In the above equation, the collector outlet water temperature is Tho. Determination of
the heat removal factor is achieved by the following equation:

FR =
ϕ·Cp

AC·UL

[
1 − e

AC ·UL ·F′
ϕ·Cp

]
(21)

where F′ is the efficiency factor of the collector, the surface area is AC, the specific heat is
Cp, and the total loss coefficient is UL. The overall loss coefficient is described as:

UL = Ub + Ue + Ut (22)



Energies 2024, 17, 2887 11 of 32

where the top loss coefficient is Ut, the coefficient of edge loss is Ue, and the coefficient of
bottom loss is Ub. The coefficient of bottom loss is formulated as:

Ub =
Kb
Lb

(23)

The coefficient of edge loss is defined as:

Ue =
(UA)edge

AC
(24)

The coefficient of top loss is defined as:

Ut =
1
N

c

Tpm

(
Tpm−Ta

N+ f

)e +
1

hw

+
σ
(
Tpm + Ta

)
·
(
Tpm

2 + Ta
2)

1
εp+0.00591·N·hw

+
2·N+ f−1+0.133·εp

εg
− N

(25)

Also:
f =

(
1 + 0.089hw − 0.1166hwεp

)
(1 + 0.07866N) (26)

c = 520
(

1 − 0.00051β2
)

(27)

e = 0.43.
(

1 − 100
Tpm

)
(28)

The equation that follows can be used to determine the mean plate temperature:

Tpm = Ti +
Qu/AC

FR·UL
(1 − FR) (29)

The total thermal energy input is calculated as:

Ein = AC × IT (30)

The system’s thermal efficiency is calculated as:

ηt =
Qu

Ein
(31)

Here, the obtained useful energy fraction is Qu and the overall energy from input is Ein.
If we consider from the optical perspective, the glass of the PVT panel has two parallel

boundaries: air to glass and glass to air which transmits and reflects the light. Fresnel
equations derive the coefficient of reflection in a boundary. P-polarization is formulated as:

rp =

n2
rel cos(θi)−

√
n2

rel − sin(θi)
2

n2
rel cos(θi)−

√
n2

rel − sin(θi)
2

2

(32)

The formula for s-polarization is:

rs =

cos(θi)−
√

n2
rel − sin(θi)

2

cos(θi)−
√

n2
rel − sin(θi)

2

2

(33)

Total reflection is calculated as:

r =
1
2
(
rp + rs

)
(34)
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Due to neglected absorption presence, the transmittance is calculated as:

t = 1 − r (35)

Snell’s law is used to calculate the incidence angle on the second boundary, and it
comes after the first boundary:

n1 sin(θ1) = n2 sin(θ2) (36)

After entering the glass, a part of the light is absorbed by per unit length constant
probability. It results in the transmittance coefficient of the glass decreasing exponentially
with distance travelled:

τg = exp
( −αgdg

cos(θ2)

)
(37)

Upon reaching the second boundary, it reflects and transmits using Fresnel equations
again. The light is reflected and captured inside the glass and reflects back and forth
between the two boundaries until it is totally absorbed. The sum of the infinite geometric
series represents the system’s total reflection and transmission coefficients, yielding the
following outcome:

Tg =
t1τgt2

1 − r1r2τg 2 (38)

Rg = r1 +
t1

2τg
2r2

1 − r1r2τg 2 (39)

Ag = 1Tg − Rg (40)

For a counter flow heat exchanger, it can be evaluated by the hot and cold outlet
temperatures. The analysis of the heat transfer unit (NTU-ε) of an effective number is
calculated as [44]:

ε =


1−e[−NTU(1−Cr)]

1−Cre[−NTU(1−Cr)] Cr ̸= 1

NTU
NTU+1 Cr = 1

(41)

Here, the capacity ratio is defined as Cr = Cmin/Cmax and the heat exchange unit number
is NTU = UAu/Cmin. As a result, the solar energy received by the storage tank is:

QST = εCmin(Thi − Tci) (42)

The heat exchanger’s hot temperature at the outlet is calculated as:

Tho = Thi −
QST
Ch

(43)

The heat exchanger’s cold temperature at the outlet is calculated as:

Tco = Tci −
QST
Cc

(44)

For determining long-term performance, the energy balance should be integrated over
time. The heat loss to the environment of the domestic water heater is:

QL = US AS(Ts − Ta) (45)

The supplied energy of the domestic water heater is:

QLS = mSCpw(Ts − Tm) (46)
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Here, QLS is the storage-tank-to-load extracted heat and Tm is the makeup temperature
of the water. Finally, at any moment, the energy balance of a well-mixed storage tank is [39]:

(
CpwρwVT

)dTs

dt
= QST − QLS − QL (47)

On the basis of the above PVT system modeling for parameters’ identification, mathe-
matical modeling of a simulation is carried out to obtain the performance of a PVT system.
The simulation model will provide the idea and relevance for the described mathematical
and parameters model. The obtained results can be compared with the results of the
available literature for validation purposes.

3. Parameter and Sensitivity Analysis of the PVT System

An innovative PVT system’s classification and parametric study is required to establish
a comprehensive and energy-efficient solar technology. The hybrid system’s optimization
and parameter analysis are fundamental to the performance assessment. In order to
achieve a higher performance, parametric and optimization systems are discussed in many
research papers.

A deeper knowledge of the several parameters pertaining to hybrid PVT performance
is provided by parametric research and analysis. Several internal, external, geometri-
cal, geographical, meteorological, and climatic parameters are classified and described
in [16]. Climatic parameters, commonly referred to as external parameters, are a significant
parametric section in the hybrid PVT system. The considered significant parameters are
irradiance, temperature, wind speed, and air speed [18]. This section of the paper mostly
focuses on irradiance and temperature impact on the PVT panel.

Different types of parameters like mass flow rate, water’s inlet temperature, and
geometric variables are some of the characteristics that go into designing a PVT collector.
Each of these factors affects the system’s efficiency in a different way. To create an ideal
system, one needs to understand the impact of every essential aspect. For this reason, a
sensitivity analysis on the PVT system’s temperature and irradiance is performed in this
study, and the findings are shown using a number of graphs. The parameters used for the
simulation of the proposed hybrid PVT system is provided in the Table A1.

3.1. Impact of Irradiance on the PVT System

Irradiance is one of the primary factors responsible for both maintaining life on the
earth and influencing climate patterns. Solar radiation is the term used to describe radiant
energy, especially the electromagnetic energy that the Sun emits. It is a combined effect of
ultraviolet, visible light, and infrared. Normally, the sun emits radiation in all directions,
from radio signals to gamma. The photocurrent in a photovoltaic cell is dependent on
temperature and sun energy. The equation for the photocurrent is stated by [45]:

Iph = [Is + ki(T − 298)]
Ir

1000
(48)

The dependence of the photocurrent is mostly on solar radiation and temperature, as
described above. Additionally, it is dependent upon the temperature coefficient and also
the short circuit current. The performance of the PVT system is significantly influenced by
several of the PVT system’s parameters.

The following Figure 6 represents the impact of varying irradiances on the PVT system.
It implies that with an increase in irradiances values, there is an increase in the open circuit
voltage and short circuit current. The considered values for irradiances are 500 Wm−2,
800 Wm−2, 1100 Wm−2, and 1300 Wm−2. The position of the current–voltage (I–V)
curve [46] slightly increases from 500 to 800 Wm−2, then it continues to 1300 Wm−2.
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Similarly, Figure 7 provides the power–voltage (P–V) curve of a PVT system for
varying irradiances. It also indicates an increase in the output of the PVT system. As a
result of the increasing tendency of the P–V curve in the system, the maximum power point
(MPP) [47] that provides higher power output of the system also increases. The considered
values for varying irradiances are the same as the varying I–V curve values.
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Figure 7. P–V curve for varying irradiances of the PVT system.

It has already been mentioned that the value of the maximum power point in a PV
system increases with the increasing value of irradiances. The maximum power point value
variation based on variable irradiances is shown in Table 1 below.
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Table 1. MPP values regarding variable irradiances.

Irradiance (Wm−2) MPP (W) MPP Difference (W)

500 1.22 0

800 2.00 0.78

1100 2.80 0.80

1300 3.33 0.53

From the above table, we can see that with an increasing value of irradiance, there
is an increase in the maximum power output value. The following Figure 8 shows the
changes in the MPP value with varying irradiances.
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These data illustrate how the MPP of the device responds to changes in irradiance
levels, showing an increasing trend with some variation in the rate of increase. It also
implies an increase in the MPP value at an exponential rate with the varying irradiances.
The following Figure 9 provides a three-dimensional view of the MPP value and MPP value
differences with varying irradiances in the PVT system.

Energies 2024, 17, x FOR PEER REVIEW 16 of 33 
 

 

Table 1. MPP values regarding variable irradiances. 

Irradiance (Wm−2) MPP (W) MPP Difference (W) 
500 1.22 0 
800 2.00 0.78 

1100 2.80 0.80 
1300 3.33 0.53 

From the above table, we can see that with an increasing value of irradiance, there is 
an increase in the maximum power output value. The following Figure 8 shows the 
changes in the MPP value with varying irradiances. 

 
Figure 8. MPP value for varying irradiances of the PVT system. 

These data illustrate how the MPP of the device responds to changes in irradiance 
levels, showing an increasing trend with some variation in the rate of increase. It also im-
plies an increase in the MPP value at an exponential rate with the varying irradiances. The 
following Figure 9 provides a three-dimensional view of the MPP value and MPP value 
differences with varying irradiances in the PVT system. 

 
Figure 9. MPP value and differences for varying irradiances of the PVT system (3D view). 

500 600 700 800 900 1000 1100 1200 1300

Irradiance [W/m 2
]

1

1.5

2

2.5

3

3.5

M
PP

 V
al

ue
 [W

]

Figure 9. MPP value and differences for varying irradiances of the PVT system (3D view).



Energies 2024, 17, 2887 16 of 32

The above figure shows a clear picture of the irradiance variation impact in reference
to the MPP values.

3.2. Impact of Temperature on the PVT System

One of the important factors in accurately evaluating the performance of a solar
module is its temperature [48]. The impact of temperature on the PVT system is very
important to consider as the overall output has a continuous impact due to this parameter.
The performance of the PVT system mostly depends on the temperature of its surroundings
and its cell temperature. The relationship between the PVT panel temperature and ambient
temperature is shown in Figure 10 below.
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Upon thorough examination of the data, it becomes apparent that there exists a direct
correlation between the ambient temperature and the temperature of the panel. As ambient
temperature escalates, panel temperature exhibits a corresponding increase, demonstrating
a parallel relationship. The effect of varying ambient temperature and panel temperature
on the overall output and efficiency of the PVT system is described next.

3.2.1. Impact of Ambient Temperature on the PVT System

There is a direct effect of ambient temperature in the PVT module and cell temperature.
The effect of varying ambient temperatures on the PVT panel and the related I–V curve is
shown in the figure below.

The below Figure 11 shows that with an increase in ambient temperature [49], the I–V
curve has a reducing tendency. It means that while the temperature of the environment
increases, the output including maximum power in a PVT panel decreases. The behavior of
varying ambient temperatures on a PVT panel is better understood by a three-dimensional
figure, which is illustrated below.

Figure 12 shows the variable ambient temperature variation impact on a PVT panel.
The considered temperatures for the variation are 25 ◦C, 30 ◦C, 35 ◦C, 40 ◦C, and 50 ◦C.

Additionally, there is also a significant impact of varying ambient temperatures on the
power–voltage (P–V) curve of a PVT system, which affects the overall output. The impact
of ambient temperature variation on the P–V curve is depicted in Figure 13 below.
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The figure above shows that the various P–V curves for varying ambient temperatures
results in a negative impact on the PVT system. It is clearly shown that while the temper-
ature increases, the curve has an inward tendency, resulting in a decrease in the overall
output. A three-dimensional view of this behavior is shown in Figure 14.
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This figure describes that the effect of increasing ambient temperature reduces the
overall output as it reduces the maximum power point position. In a general situation, an
ambient temperature increase has a negative impact on the PVT panel and its electrical output.

The maximum power point (MPP) of a PVT module is the point at which the mod-
ule has its maximum achievable power [45]. The tracking of MPP is very significant to
determine the optimum output of a PVT system. MPP fluctuates when a PVT system’s
internal and external factors change. An external factor like ambient temperature also has
an impact on the PVT system output. The following Figure 15 shows the MPP variation
with varying ambient temperature values.
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From the above figure, it is shown that while there is increase in the ambient tempera-
ture value, the value of the MPP decreases. The MPP values regarding ambient temperature
are explained in Table 2 below.
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Table 2. MPP values regarding variable ambient temperatures.

Temperature (◦C) MPP (mW) MPP Difference (mW)

25 94.8 0

30 89.6 5.2

35 83.7 5.9

40 78.3 8.4

45 68.2 10.1

From the table above, it is shown that an increase in ambient temperature in a PVT
panel has a negative impact on output, because it decreases the electrical energy output
value. The difference between the MPP values with varying ambient temperatures is shown
in the three-dimensional Figure 16 below.
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The above figure describes the MPP values for varying ambient temperatures and
MPP differences values. It is shown that when ambient temperature increases from 25 ◦C to
30 ◦C, the output value of MPP decreases, and if the values rise to 35 ◦C, then it decreases
again and the differences increase between the values.

Figure 17 below shows the relationship between the efficiency and ambient temper-
ature. The figure describes that the electrical efficiency of a PVT system reduces with
increasing ambient temperature. The following Figure 18 describes the detailed impact of
increasing ambient temperature values on the efficiency of a PVT system.

The figure above shows the impact of ambient temperature on the efficiency of a PVT
panel. It shows that the value of electrical efficiency decreases with increasing ambient
temperature. It also shows that while ambient temperature increases from 25 ◦C to 50 ◦C,
the difference between the efficiency of 25 ◦C and 50 ◦C also increases.
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3.2.2. Impact of Panel Temperature on the PVT System

The variation of panel temperature affects solar cells. The panel temperature change
will have an impact on the PVT system’s power production. Temperature has a significant
influence on voltage, and rising temperatures cause voltage to fall. The impact of increasing
panel temperature on a PVT module is shown in Figure 19 below.

The considered values for varying panel temperatures are 60 ◦C, 65 ◦C, 70 ◦C, 75 ◦C,
and 80 ◦C. It is observed from the above figure that with an increase in panel temperature,
the current–voltage (I–V) curve has a reducing tendency. It results in a reduction of the
electrical output of the PVT system. The illustration is better observable in the following
Figure 20.

The impact of varying panel temperatures is more visible in Figure 17. It clarifies that
panel temperature acts negatively on the PVT panel.

The power–voltage (P–V) curve for varying panel temperatures is provided in
Figure 21 below.
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Figure 19. I–V curve for varying panel temperatures.
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The P–V curve for varying panel temperatures shows the impact of increasing or
decreasing temperature values. The results show that while the temperature of a PVT panel
increases, the P–V curve tends to decrease. It means that the output value with maximum
power also decreases.

The below Figure 22 shows the reduction in maximum power due to a rise in the panel
temperature value. It also reduces the maximum power point of the curve, which results in
a decrease in overall output. The values are shown in Table 3 below.
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Table 3. MPP values regarding variable panel temperatures.

Temperature (◦C) MPP (mW) MPP Difference (mW)

60 106 0

65 100 6

70 93 7

75 87 6

80 76 11

The representation of the compared values of panel temperature and its related output
is shown in Figure 23 below.
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This figure shows the maximum power point value variation in regard to the variation
of panel temperature. The results show that the MPP value increases if there is a decrease
in panel temperature; on the contrary, if there is an increase in panel temperature, the value
of MPP decreases. The following Figure 24 shows the more visible three-dimensional view
of the MPP comparison.
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This figure shows a clear picture of the MPP values variation due to panel temperature
changes in the PVT panel. It always degrades the value of the overall electrical output of
the PVT system due to an increase in panel temperature. This problem can be solved by
cooling or by using any other possible thermal extraction methodology.

3.3. Impact of Wind Speed on the PVT System

The main issue with a PV and PVT system is the panel’s low conversion energy
efficiency. This is an additional environmental factor that somewhat affects how well a PVT
system performs. The following Figure 25 shows the current–voltage (I–V) curve behavior
for varying wind speeds [50] on the PVT system.
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The considered values for wind speed [51] are 1 ms−1, 2 ms−1, 3 ms−1, 4 ms−1, and
5 ms−1. From this plot, it is found that the increasing value of wind speed increases the
open circuit current and short circuit voltage values. It means that with an increase in
the I–V curve, there will be an increase in the overall electrical power of the system. The
impact due to an increase in wind speed on the power–voltage (P–V) curve is shown in the
Figure 26 below.
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The P–V curve shows that with an increase in wind speed, there is an increase in the
P–V curve and with a decrease in wind speed, there is decrease in the P–V curve. It means
that increasing wind speed has a positive impact on output. The maximum power point
(MPP) values difference due to the wind speed variation is shown in Table 4 below.

Table 4. MPP values regarding variable wind speeds.

Wind Speed (ms−1) MPP (mW) MPP Difference (mW)

1 0.0560 0

2 0.0728 0.0168

3 0.0831 0.0103

4 0.094 0.0109

5 0.1069 0.0129

Table 4 shows the MPP value for each wind speed variation and a comparison between
the values. The comparison shows a positive impact on the PVT system due to an increase
in wind speed. So, the overall electrical power of the system increases due to an increase in
wind speed. The following Figure 27 shows MPP values and a comparison for each wind
speed value’s variation.
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This figure shows the comparison between the MPP values due to the changes in wind
speed. The related MPP values are also indicated in the figure. This figure reveals that
there is always a positive MPP gain due to the wind speed increase. This behavior is better
described by the following Figure 28.
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It has already been established that the wind speed increase has a positive impact
on the overall electrical output of the PVT system. After analyzing the above figure, it is
confirmed that the maximum power point increases and, thus, how the electrical efficiency
of the PVT system also increases by increasing the value of the wind speed. However, it
has been mentioned in several research papers that the wind speed decreases the thermal
output, which still needs to be confirmed by further studies.

There are other external parameters that also impact the behavior and output of
the PVT module. The most considered parameters are wind speed humidity and dust
effects. The humidity effects on a PV panel are discussed in many research works [52]. The
panel’s behavior based on a varied humid atmosphere is examined here. The results of
this research show that variation in humidity levels also varies the output. The maximum
power decreases with increases in the humidity level. Furthermore, ambient factors like
dust, wind, ambient temperature, and humidity have a significant impact on irradiance and
temperature. It has been noted in various research publications that dust and shadowing
on the surface of the panel helps to raise its temperature [53]. However, there is not much
information regarding humidity and panel temperature in the literature.
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The amount of water in the atmosphere air is known as humidity. A diffraction optical
path is created for the incoming sunlight due to the presence of humidity in the air. This
results in a decrease in the useful solar radiation that reaches the panel surface [54].

There is an impact of changing humidity on the PVT panel. It also affects the irradiance
level of the system. A study and scientific investigation is also performed to understand
the behavior of the PVT panel’s output variation according to the humidity variation. The
following Figure 29 shows the relationship between the irradiance level and humidity value.
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Figure 29 shows the changes in irradiance values in relation to the variation in humidity
in the PVT panel. From the above figure, we can see that if there is a rise in the humidity
level, the irradiance incident on the panel decreases. The value of the increase or decrease
in irradiance and its difference is shown in Table 5 below.

Table 5. Irradiance values regarding variable humidity levels.

Humidity (%) Irradiance (Wm−2) Difference (Wm−2)

60 900 0
65 870 30
70 850 20
75 832 18
80 817 15
86 800 17
92 790 10
98 770 20

The values from the table describe that the irradiance value changes at a significant
level due to an increase in the humidity level in the PVT system. As there is a decrease in
the irradiance level, there is also a decrease in the overall output of the system. So, the MPP
of the PVT system decreases with an increase in the humidity level. It is also found that, in
reality, power output reduces to almost 50% with an increase of 80% in the humidity level.

Dust is also another important parameter that has an impact on the PVT system. The
impact of increasing dust on the PVT system is analyzed in [55]. Dust raises the temperature
of the modules and reduces the amount of power that they can produce. However, the
overheating impact can be mitigated by using the thermal mechanism of the PVT system.
Despite this, dust is still another factor that reduces the productivity of the system.



Energies 2024, 17, 2887 27 of 32

4. Discussion

This work provides modeling, development, and evaluation of a hybrid PVT system. It
also shows the concept and overview that will help to identify the principles of its working
methodology. The output is divided into two main sections, electrical and thermal, which
are shown here. The working methodology and its related output will provide an enhanced
understanding of the proposed system. A mathematical model for PVT performance
analysis is established in this research. The performance and efficiency of a system is
obtained through this mathematical model which will contribute to future research work.
PVT system electrical modeling and related parameters with a mathematical model are
established in order to analyze and simulate the hybrid system. This model is used to
obtain the parametric variation analysis. An electrical equivalent circuit model and an
obtained current and voltage equation with other related parameters are calculated.

This study describes the parameters that need to be considered for the modeling of
an updated PVT system. A simulation model for the photovoltaic section of the proposed
mathematical system using MATLAB is obtained to study the parameters variation effect
and analyze the sensitivity of the panel. Mostly, the system’s external parameters are
considered, and they show a significant impact on the system, which also changes the
overall output. The most sensitive parameters among those examined are irradiance
and temperature. Irradiance shows a positive impact with its increase and on the other
side, temperature shows a negative impact on photovoltaic output. Additionally, other
parameters also have an impact on the electrical output of the system.

Mainly external parameters are considered to show the impact and sensitivity of the
system, namely, irradiance, temperature, wind speed, and humidity. The two considered
temperatures are ambient and panel temperature. An irradiance value increase shows a
positive impact in the sense of an overall output increase. It is also sensitive in relation
to the rise or fall of the value. The results show that when the irradiance value changes
from 500 Wm−2 to 800 Wm−2, MPP increases by 0.78 W in the cell level. It continues to
increase to 1300 Wm−2 finally and we obtain a 2.11 W increase in the MPP value. Due to a
rise of the irradiance value, there is an increasing efficiency of the system. So, in general, an
irradiance value increase is positively correlated with an increase in the energy.

Temperature is found to be one of the most significant elements of the hybrid PVT
system. There is a remarkable relationship between ambient and panel temperatures; that
is, an increase in ambient temperature gradually increases panel temperature. From the
results, it is determined that ambient temperature increases gradually have a negative
impact on overall output. At the cell level, when the value changes from 25 ◦C to 30 ◦C,
MPP changes from 94.8 mW to 89.6 mW; when the temperature reaches 45 ◦C, MPP drops
to 68.2 mW. It clearly shows an MPP reduction due to the ambient temperature increase. In
the above figure of ambient temperature, section variation also demonstrates the radical
decrease in efficiency due to an increase in ambient temperature.

Due to a rise in ambient temperature, panel temperature also rises, which has a
negative impact on output. The MPP value is a minimum at a panel temperature of 80 ◦C,
while it is a maximum at a panel temperature of 60 ◦C. The value shifts from 106 mW to
76 mW, while ambient temperature changes from 60 ◦C to 80 ◦C. The MPP curve versus
panel temperature shows the real relationship between these two parameters. To obtain
thermal energy and reduce panel temperature, the proposed PVT system is very useful.
That is why active or passive cooling is also mentioned in several research papers.

A parameter like wind speed is also slightly helpful to cool the panel, which is also
shown in this work. That is why when wind speed increases, the output, including MPP,
and efficiency of the panel increases. The obtained I–V and P–V curve also justifies the
impact of wind speed on the PVT system. From these results, it is found that the MPP
value is 0.0560 mW at a wind speed of 1 ms−1. The MPP value reaches 0.0728 mW at a
wind speed of 2 ms−1. Gradually, it reaches 0.1069 mW when the wind speed is 5 ms−1.
The impact of wind speed on the maximum power output is depicted by a figure which
also claims a positive impact on the system.
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The humidity level of air is also another parameter that is considered for sensitivity
analysis purposes. The results show that a humidity level increase decreases the irradiance
level, resulting in a decrease in output. The obtained results show that the irradiance level
is 900 Wm−2 at a humidity level of 60%; on the other side, the irradiance level drops to 770
Wm−2 at a humidity level of 98%.

Three-dimensional figures are also presented for better understanding of the obtained
results. MPP values are calculated and compared with one another for each parameter’s
variation. A slight change in the parameter’s value has a significant impact on the MPP of
the system. Sensitiveness of the parameters in the system is also briefly studied and shows
the high sensitivity of several parameters.

5. Conclusions

The goal of the current work is to mathematically model and simulate the overall
performances of a hybrid PVT system according to the related output evaluation. It
provides an extensive idea about the hybrid PVT system, classification and design, and
operation methodology which provides the primary information and idea about the system.
The hybrid PVT system’s performance analysis is obtained by using a specific set of
mathematical equations. Performance analysis can be used to model and develop an
energy-efficient system. It includes electrical and thermal efficiency modeling and also
maximum power output evaluation. The electrical equivalent circuit of the PVT system
is also shown here. The related mathematical model of the electrical equivalent circuit is
described. A set of mathematical equations is analyzed in order to develop the electrical
model of the PVT system, which helps to design and model an efficient system. Thermal
modeling of the PVT system is also obtained by analyzing heat equation formulas. The
established mathematical model helps to obtain an extensive energy-efficient thermal
system of the PVT module.

Parameters variation effects including sensitivity analysis are required to establish
an energy-efficient hybrid system. The considered parameters for the observation of its
variation and sensitivity analysis are irradiance, ambient temperature, panel temperature,
wind speed, and humidity. A three-dimensional view of the parameters variation effect
on the PVT system is also generated. It provides a clear view of the generated output for
the parameters variation. The increase in the solar irradiance value in the PVT system
shows a positive impact on it. It helps to increase the overall output, including the MPP
of the system. Additionally, a decrease in the irradiance value shows a negative impact.
MPP values regarding variable irradiances are also shown here. The effect of temperature
variation on the panel is also studied in this work. The MPP of the panel also increases
with an increase in the irradiance value. The relationship between panel temperature and
ambient temperature shows a positive correlation in this work. It shows that with increasing
ambient temperature, panel temperature also increases at the same time. The impact of
increasing ambient temperature and panel temperature on the system shows a reducing
electrical power output and at the same time, decreasing ambient and panel temperature
shows a positive impact, which also increases maximum power output. Related three-
dimensional images are also illustrated in this work.

The study of increasing wind speed in the PVT system shows that it has a positive
impact and decreasing wind speed has a negative impact. And the humidity level is the
opposite of wind speed, which describes that its increase has a negative impact on the
hybrid system, reducing the overall output. For all the parameters, the obtained maximum
power output and differences values due to the variation are also shown in the given tables.
The results imply that the investigated parameters variation is very sensitive, not only
to the PVT system but also to the overall output including maximum power point. The
developed mathematical model, performance analysis, parameters effect, and sensitivity
analyzed in this work will highly contribute to the area of solar energy engineering. For
future work, more internal parameters related to geometry, physical structure of the system,
heat transfer, and fluid-related parameters will be studied and analyzed.
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Finally, this work provides a simulation of the photovoltaic section of the hybrid
PVT system. A mathematical model for both the photovoltaic and thermal sections is also
established here. Thermal parameters that impact on the thermal section will be analyzed
in future work. Experimental work will be exercised to confirm the simulation results in
reality. In this way, an efficient and improved PVT system will be introduced.
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Appendix A

The parameters used for simulation purposes are provided in Table A1 below.

Table A1. Simulation parameters for the photovoltaic section.

Name Symbol Unit Value

Ideality Factor N n/a 1.2

Electron Charge Q (C) 1.6 × 10−19

Series Resistance Rs (Ω) 0.00001

Shunt Resistance Rsh (Ω) 10,000

Solar Radiation Ir (Wm−2) 1000

Boltzmann’s Constant K (m2kgs−2K−1) 1.3806488 × 10−23

Saturation Current Is (A) 1 × 10−10

Junction Temperature T (K) 293.15

Temperature Coefficient ki (A/◦C) 0.0017

Short Circuit Current Isc (A) 3.885

Open Circuit Voltage Voc (V) 0.74

Table A1 above provides a simulation parameters value for the hybrid PVT system
photovoltaic part. All related parameters for the thermal part are shown in Table A2.

https://doi.org/10.54499/2020.06312.BD
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Table A2. Considered parameters for the thermal section.

Name Unit Value

Pipe Length (m) 6

Pipe Area (m2) 0.00075

Pipe Shape Factor None 64

Nusselt Number None 3.68

Heat Exchanger Mass (kg) 16

Back Cover Mass (kg) 6

Glass Emissivity None 0.80

Table A2 above provides the considered general parameters for the thermal section of
the hybrid PVT system.
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