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Abstract: A Hybrid Photovoltaic Thermal (PVT) system is one of the most emerging and energy-
efficient technologies in the area of solar energy engineering. This review paper provides a compre-
hensive review of hybrid PVT systems in the context of the history of PVT, general classification, and
parameter analysis. Several cell technologies with spectrum analysis are discussed to understand the
application’s ability and energy efficiency. Hybrid PVT concept, characteristics, and structure analysis
is also discussed in this study. An extensive analysis on the classifications of hybrid PVT systems
from the recent literature is also presented here. These literatures are identified based on several
criteria. In order to provide a complete and energy-efficient technology, an innovative classification
of the hybrid PVT system is proposed in this paper. This proposed classification is a combination and
upgrade of various existing classifications mentioned in recent research studies. Parameters have a
significant and unavoidable impact on the performance and efficiency of the hybrid PVT system. A
brief analysis of different parameters and the optimization of the system is conducted after reviewing
recent research articles. This analysis provides insights into the impact of parameter variations on the
system. A novel parameter model comprising parametric and optimistic analyses is also presented in
this paper. It provides a detailed parametric description that significantly affects the performance
and efficiency of the hybrid PVT system. Finally, the assessment focuses on a critical analysis of the
main challenges in adopting PVT technology and suggests ways to overcome these barriers.

Keywords: PVT system; classification; parametric analysis; optimization; efficiency

1. Introduction

A crucial fact today is that the whole world is gripped by the concern of dwindling
energy stocks, leading to efforts to conserve fossil fuels through the exploration of new
methods and resources. The drive for conservation is not solely due to the rapid depletion of
resources but also stems from the harmful impact of certain resources on the ecosystem. In
addition to these factors, the prices of fossil fuels exhibit high volatility, often experiencing
significant inflation [1]. Many human activities driven by energy consumption and resulting
pollution have contributed to swift alterations in weather conditions, including global
warming, the thawing of polar ice caps, and the depletion of the ozone layer. In the
future, the issues of environmental pollution and global warming could be mitigated
by the adoption of renewable energy sources like solar power, particularly those using
photovoltaic (PV) technology. Solar PV technology is utilized for the conversion of light
energy into DC energy for electricity. The fundamental unit of PV technology is the solar
cell, which can be arranged in series and parallel connections to create a PV module.
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Multiple PV modules can also be linked in series and parallel configurations to form larger
PV arrays [2].

PV power plant shares have surged globally, with numerous countries now aiming to
extend the utilization of alternative energy sources for generating electricity. The European
Union has committed to creating a blueprint that raises the contribution of renewable
energy sources in energy production to no less than 30% by 2030, with the final goal of
achieving 100% by 2050 [3]. The economic and environmental advantages of PV technology
have made it a highly sought-after solution for clean power generation, drawing immense
interest from researchers, manufacturers, and decision-makers alike [4]. Numerous regions
across the globe possess the potential to implement high-efficiency PV plants, owing to the
high intensity of solar radiation in these areas. The high degree of flexibility exhibited by
PV technology sets it apart from other solar applications, as it can be deployed in diverse
geographical locations, ranging from deserts and plains to mountains and even marine
environments. This adaptability allows it to function independently or connected to an
electrical grid, thereby expediting its widespread global adoption, particularly following
the decrease in manufacturing costs and the rise in electrical efficiency [5]. PV technology
is increasingly favored due to its numerous promising benefits, including minimal main-
tenance requirements, low operating costs, a long lifespan, and a significant reduction in
CO2 emissions, thereby promoting a cleaner environment for future generations.

In 2019, a record 22% increase in the PV solar market was witnessed, while China was
the world’s largest market for PV during that time [6]. Additionally, in the European Union
(EU), solar technology had a highly successful year in 2019 due to a rise in installed capacity,
which increased by 104% compared to the previous year. The rise in installed capacity
prices was linked to several factors, including the member states targets for 2020 emissions,
the competitive price of solar energy, tendering and auctioning mechanisms, storage,
digitalization, and self-consumption. Figure 1 shows the top 10 solar PV markets of EU27
in the assessment year 2021–2022. It shows Germany is at the top, followed by Spain, and
at the end, Sweden is in the market [7].
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The capacity of electrical power generation at a PV power station is subject to variabil-
ity, which is dependent on various factors such as the PV plant’s location, meteorological
conditions, the PV technology deployed, and the power station’s capacity. Despite its
numerous advantages, PV technology faces several notable challenges, including its in-
termittent productivity and the unpredictability of solar radiation. The fluctuations in
output are primarily attributed to variations in the level of solar radiation [8] that the panel
receives [9].
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The integration PV plants into the existing electricity grid has led to a rise in technical
challenges. One of the most crucial challenges is ensuring the stability of the power
supplied either directly or indirectly. The problem starts with the solar radiation intensity
and temperature fluctuations over time which hamper network reliability. In some cases,
productivity disruption occurs due to environmental and seasonal issues. The considerable
variations in weather conditions amplify the uncertainty of PV energy generation systems.
Thus, energy storage systems are imperative for PV to mitigate fluctuations in electricity
production [10,11].

The development of photovoltaic technology over the past two decades is briefly
discussed in [12]. The price of solar modules decreased, which helped PV technology
become more widespread. The competition seen among the manufacturers is the main
reason for this cost reduction. Several types of useful products based on photovoltaic
technology that produce electricity exists in the current market. A selection of silicon and
non-silicon-based PV systems is briefly covered in [13]. A detailed classification of PV
technologies is shown in Figure 2.
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In comparison to other solar cell technologies, the crystalline silicon technology is far
more widely accepted due to its lower price and better performance.

According to the most recent research, multi-crystalline silicon technology can achieve
an efficiency of up to 23% [14]. In the work of [15], the most recent method of photovoltaic
generation and its applications are explained. Also, it evaluates the most recent studies on
photovoltaic generation and its uses and integration in buildings in [16]. Additionally, cell
technologies are also quite interesting in the analysis of their kinds and characteristics.

Gallium and arsenide components combine to form the composite semiconductor
known as gallium arsenide (GaAs). GaAs can be alloyed with other elements, including
aluminum, phosphorous, and antimony, to boost their efficiency. However, it’s very high
manufacturing cost makes GaAs less popular [16].

In 1991, Michael Gretel and Brian Oregano discovered Dye-sensitized solar cell (DSSC)
technology. It is developed using a semiconductor, an electrolyte, and a photosensitized
anode. Due to its reduced production costs, improved efficiency, and ability to react to low
radiation levels, this recent technology has drawn interest. Certain dye-sensitized materials
such as those based on porphyrins and polythiophene dyes are known to enhance power
conversion efficiency and commercial application stability [17].

Perovskite solar cells (PSC) are being developed to produce solar cells with lower
costs and higher efficiency. There are two methods to fabricate PSCs such as mesoporous
architecture and thin-film architecture. PSCs demonstrate a very high power conversion
efficiency, around 22.1% even though PSCs are made using a simple chemical process [18].

Organic solar cell (OSC) is the latest technology that is popular due to its low price
and conversion efficiency of roughly 9%. Further improvement in efficiency is necessary
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for commercial application. Semiconductor fabrication requires a p-n junction while OSC
requires acceptor materials and an electron donor [16].

Numerous studies have shown that the effectiveness of PV systems is associated with
geographical disparities in both urban and rural areas. Variations in geographical location
directly impact solar radiation strength and cause changes in wind velocity, moisture levels,
dust, and the accumulation of air pollutants on PV panels. These factors lead to reduced
productivity and performance fluctuations in PV systems [19,20].

The impact of climatic conditions on PV systems has been studied and analyzed in
several research works. Intense sunlight exposure and high temperatures over extended
periods have been found to significantly impact PV efficiency. Studies have also determined
that wind has a negligible effect on panel temperature during the testing period [21]. With
an increase in air temperature, there is a notable decrease in voltage and a negligible
increase in current. It leads to a significant reduction in power.

The crystalline silicon technology dominates the solar cell market but thin-film or
amorphous technologies are now broadly used in photovoltaic applications. Unlike poly-
crystalline and monocrystalline silicon-based PV cells, these technologies do not exhibit
significant efficiency changes with temperature variations. However, they have drawbacks
compared to crystalline silicon including shorter lifespan and limited efficiency. Producing
electricity using PV technology is significantly more expensive than generating heat en-
ergy. Consequently, researchers are particularly interested in the capacity of photovoltaic
applications to produce thermal energy. A major limitation of current PV technology is its
inability to absorb energy across the entire spectrum. A large portion of incident light is
lost as heat. It increases cell temperature and thus lowering electrical efficiency [22]. The
absorption model for organic solar cells in thin-film PV technologies is shown in Figures 3–5
below [23].

Figure 3. Absorption model for organic solar cells [23].

Several studies have found that due to high initial setup costs and lower efficiency
compared to fossil fuels the advancement of photovoltaic systems is constrained. Such
inefficiencies are mostly caused by the PV cells rising temperature during operation, which
is primarily caused by ambient temperature, the strength of solar radiation, and the quantity
of the reflected radiation. Ultimately, by taking measurements in the laboratory, these
adverse effects can be drastically decreased. Research on PV systems has been effective in
evolving various forms of PV cell cooling strategies as a result of these efficiency perceptions,
which usually improve the output of a complete PV/T system [1].

It is required to install thermal collectors on the backside of the photovoltaic panel as
it is easy to control the heating and cooling procedures. This process is required to absorb
surplus heat to maintain a sufficient temperature level at the user end. The “base fluid” that
exists inside the tubes of the solar thermal system collects thermal energy, which is then
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delivered to a container. This system has a heat exchanger in addition to the heat extraction
material and a container where heat is transmitted. Its job is to separate the fluid from
the rest of the system and collect it in the insulated tanks. The drive to develop a system
that was incredibly effective and productive can be traced back to the early 1970s, when
efforts to improve the PV/T system’s performance and actively apply it started. It has been
demonstrated that lowering the PV module temperature significantly raises PV’s efficiency.
PV/T collectors, which can produce electrical and thermal energy while converting solar
energy in a single process and are sometimes thought of as hybrid systems, are nevertheless
a straightforward system that incorporates PV cells and solar thermal collectors. However,
improving the PV module’s efficiency and coming up with a way to meet the demand for
energy are what led to the emergence of a PV/T system [24].

Many different forms of study on PV/T systems have been conducted in the modern
era, with an emphasis on the system’s design and operation. These growing studies are
a reflection of people’s increased desire to use renewable energy sources wisely. As a
result, more emphasis is placed on talking about and researching the thermal and electrical
efficiency of this system. In addition, a significant portion of the spectrum of sunlight will
be utilized, eventually resulting in the generation of both heat and power [25].
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The radiation at sea level with the sun directly overhead (0◦) and the radiation with
AM1 and the 5250 ◦C blackbody spectrum, in addition to the spectral arrangement of
extraterrestrial solar radiation with an Air Mass coefficient (AM) of 0. It is important to
remember that the sun’s emission spectrum can be compared to a blackbody having a
temperature of roughly 5800 Kelvin. The energy absorbed by airborne gases such as ozone,
carbon dioxide, water vapor, and different greenhouse gases can also be explained by
providing a dedicated figure.
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The next part of this paper discusses the core analysis of the investigated work.
Section 2 provides classifications and a hybrid Photovoltaic Thermal (PVT) system review.
It also provides the PVT concept, mathematical modeling [27], and a new proposed classifi-
cation in the results part. Section 3 discusses parameters and optimization analysis that
reveals the parameters mentioned in the existing literature. The results analysis of this part
explains the proposed parameter analysis and optimization model, and it shows several
other proposed parameter models. At the end, the conclusions are described in Section 4.

2. Hybrid PVT System and Classifications

The utilization of solar power in renewable energy systems can be employed to
produce electrical and thermal energy using solar PV panels and thermal panels [28,29].
In general, solar photovoltaic technology collects solar radiation and converts it into
electrical energy [30,31]. On the other hand, irradiance is captured by the solar collector
and converted to heat that can be used for a variety of purposes. In the middle of the 1970s,
after various studies, the PVT system was discovered [32]. A liquid-type of solar collector
of hybrid PVT was investigated in 1976 by observing the performance of the collector in
a single-family home over the course of a full year [33]. The primary parameters of the
“Hottel Whillier model” which is considered flat plate collector thermal modeling [34],
are modified in [35], and the thermal performance of hybrid PVT, including electrical
performance, is studied. PVT solar collectors are an idea that has been around for more
than 40 years, although they have not yet reached full commercialization. Recently, different
forms of research were conducted to enhance the PVT collector’s functionality and reduce
its cost [36–38]. PV systems are now regarded as a desirable idea that reduces reliance on
traditional energy sources and is harmless to the environment.

Heat and electricity are produced by using a PVT collector, which is designed and
combined with a PV cell and thermal collector. It is also known as a PVT hybrid system,
which mitigates the energy losses [39,40]. While the thermal collector transforms the
captured energy into heat, solar photovoltaic transforms it into electrical energy. By making
the most use of solar energy, a system similar to this proposed system is also efficient and
may produce more energy in a given area than thermal systems or PV alone. To better
understand the construction of a PVT system, a diagram is shown in the figure below:

Figure 5 above describes an overview of the PVT system’s construction, which consid-
ers mainly fluid flow mechanisms for extracting heat and cooling purposes. This system
has mainly two parts: the upper and lower portions. The upper part produces electricity,
and the lower part is responsible for producing thermal energy. Any type of fluid suitable
for heat extraction can be used for heat extraction purposes in this type of system. The
main parts of this type of system are the PV panel, heat exchanging mechanism part that
could be established either by fluid or any other heat extraction medium, active/passive
flow, extracted heat storage, output inlet, and so on. A developed and updated mechanism
of the concept of the PVT solar system is shown in Figure 6.

One of the main purposes of using a hybrid PVT system is to create an efficient
system and maximize solar energy extraction. Comparing PVT to traditional PV or thermal
collectors, PVT uses less space. In other words, PVT can create greater power and heat in
the same space than a normal PV panel or thermal collector can. This clarifies that PVT
functions more effectively than when two systems are utilized independently. It is also
suitable for places with a smaller surface area. Additionally, the PVT system integrates
into one, which lowers the cost of installation and has a short payback period, and both
technologies are combined [39].

PV modules usually appear in a variety of system architectures, including grid-
connected, standalone, hybrid, and tracking systems. PV panel/module, battery, charge
controller, maximum power point tracker (MPPT), and inverter are the typical elements
of a PV system. PV has gained popularity over time and is now utilized in numerous
applications. On the other hand, PVT systems are predicted to be a reliable and significant
source of energy in the very near future, though there are existing plants that are not so
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efficient yet. Many research investigations indicate that high temperatures decrease a PV
system’s open-circuit voltage, which lowers electrical efficiency [41,42]. The integration
of cooling systems will help reduce the temperatures, increasing the PV system’s overall
effectiveness. Additionally, it helps to recover the lost energy of the system. Air, water, and
both air and water can be utilized in PVT systems for cooling purposes.
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It is important to indicate the cost of the main system to identify the PV system’s
low-cost properties. To calculate the electricity value in relation to the heat received from
the collector, it is necessary to estimate the PVT system’s efficiency. The hybrid system’s
overall efficiency surpasses that of any single PV system due to waste heat recovery [43].
PVT systems are still in the early stages of development, despite the fact that research
into them began in the 1970s, and this system will be a productive and efficient substitute
for individual photovoltaic systems because of their greater output power and possibly
lower expenses. Considering the available spaces on the rooftops, R&D is concentrated
on the integration of PV systems with buildings. The main objectives are to identify PVT
systems that generate thermal energy and electricity at reasonable and cheap costs. This
implies that the system’s overall cost will be as low as achievable. This objective can
be achieved by employing an optimal system with an appropriate vision, design, and
quantified production for cost reduction. In addition to all of this, the system needs to be
made to fit in with the architectural style of the buildings, creating attractive geometric
shapes [44]. The following are PVT systems main advantages [2]:

• A distinct portion of the solar spectrum is used by both photovoltaic and thermal col-
lectors.

• The visible light portion is used by the solar cell, and infrared waves are used by
the collectors.

• Combining the two technologies in a tandem solar cell could lead to a more efficient
use of the solar spectrum.

• By employing this system, the installation costs will be split between both systems
and lower the overall cost compared to the separate systems, which will reduce the
total costs, and this is the most significant benefit. Additionally, it requires less space
for installation.

• The PVT system’s additional advantage is that it reduces the building temperature
during the summer by improving surface shading and building isolation. Finally, the
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architecture of the buildings will be beautiful because of the use of PVT rather than
two separate systems.

Based on the information provided above, PVT systems are important because they
have the potential to produce higher electrical energy, including the compensation of
thermal losses using other thermal applications.

The overall performance of the PVT system is determined by its total efficiency [45]:

ηTotal = ηThermal + ηElectrical (1)

Thermal efficiency by considering PVT as a flat plate solar collector is:

ηThermal =
QUse f ul−Heat

Is × ACollector
(2)

The system useful heat is evaluated as:

QUse f ul−Heat =
.

mCp∆T (3)

where
.

m is the used fluid’s mass flow rate, Cp is fluid’s specific heat, ∆T is inlet and outlet
temperature difference. In conventional form, the electrical output efficiency is computed
as follows:

QElectrical =
I × V

Is × ACollector
(4)

where, voltage V, current is I, Is is the intensity of solar irradiation, ACollector is the area of
PV panel. Further, the produced thermal energy in the PV module may be utilized, the
varied electrical efficiency based on panel temperature is shown as:

ηElectrical = ηre f

(
1 − β

(
TPV − Tre f

))
(5)

where, β is the coefficient of temperature, TPV is the module temperature, Tre f is the
reference temperature, ηre f is reference efficiency. These equations are used to calculate
the efficiencies of the thermal and electrical of the panel. These equations became more
complex with the advancement of mathematical and numerical modeling which includes
more variables.

In the first part of this section on hybrid PVT systems and classifications, a general
description, and the existing literature review are discussed. The construction diagram
of the PVT system shows the design and parts associated with the PVT system. The
combination of thermal and photovoltaic technology in the hybrid PVT system offers
notable consequences for sustainable energy solutions. This description will help to better
understand the constructive analysis of the PVT system. A developed PVT system block
diagram is proposed, which will provide a clear idea to the researchers regarding the PVT
system mechanism. Later on, the main advantages of PVT systems are also discussed, which
will provide better energy management and encourage more devotion to the development
of PVT systems. Finally, a mathematical model of the PVT system was also discussed,
which helped to better understand and optimize the PVT system’s overall performance.

2.1. PVT Classification

There are several existing ways to classify PVT systems. For the classifications, a
numerous research study was conducted, and literature review was performed. The
selected publications were analyzed and collected from the years 2010–2023. The following
Figure 7 shows the yearly view of the selected articles for the classification purpose, which
is shown in Table 1.
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Table 1. Classification of Hybrid PVT system.

Reference Year Classification Types

[46] 2023 PVT Systems

• Air-based
• Water-based
• Bi fluid-based
• Heat-pipe-based
• PCM-based

[47] 2023 PVT Collectors

• Air-based collectors
• Liquid-based collectors
• Heat-pipe collectors
• Dual air-water collectors
• Building-integrated collectors
• Concentrated collectors

[48] 2023 PVT System • Absorber material
• Absorber Configuration

[49] 2022 PVT Collector

• PV cell
• Solar thermal collectors
• Type of glazing
• Working fluid

[50] 2022 PVT Collector

• PV Cell Type
• Glazing
• Heat Extraction Medium
• Absorber
• Collector

[51] 2021 PVT Collector

• Air-based PVT
• Liquid-based PVT
• Air and Liquid-based PVT
• Concentrated PVT
• PCM-based PVT

[52] 2021 PVT Systems
• Flat-plate PVT system
• Concentrator type PVT system
• Novel PVT system

[39] 2020 PVT Collectors

• PV Cell
• Solar Thermal Collector
• Working Fluid
• Glazing
• Thermal Absorber

[53] 2020 BIPVT
• Air base BIPVT
• Water Base BIPVT
• Hybrid BIPVT
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Table 1. Cont.

Reference Year Classification Types

[54] 2020 PVT Systems

• Air-based PVT
• Water-based PVT
• Air and water-based PVT
• Nanofluid-based PVT
• Concentrated PVT

[55] 2020 PVT System

• Conventional Systems

i. Air
ii. Water
iii. Concentrator
iv. Bi-fluid

• Novel-based Systems

i. Refrigerant
ii. Nanofluid
iii. PCM

• Heat Pump

[56] 2019 PVT System
• Collector type
• Coolant type
• Material type

[57] 2019 PVT System
• Module type
• Coolant type
• PV material type

[58] 2019 PVT Collector
• Flat-plate PVT
• Concentrator type PVT
• Novel PVT

[59] 2019 PVT System

• Air PVT
• Water PVT
• Refrigerant PVT
• Heat pipe PVT
• PCM/PVT
• Nanofluid PVT
• Air and water PVT

[60] 2018 PVT Systems

• Medium of heat extraction
• Type of heat extraction
• Type of solar input
• Systems configuration

[61] 2018 PVT System

• Collector design type
• Type of PV
• Working Fluid Type
• Fluid flow type
• Panel covered type

[62] 2018 PVT System

• Flat plate liquid
• Flat plate air
• Concentrator
• Vacuum tube

[63] 2017 PVT Collectors
• Collector type
• Coolant type
• PV material type

[64] 2017 PVT System • Conventional PVT systems
• Novel PVT Systems

[65] 2017 PVT Collector
• PVT Water Collector
• Combination of water and air
• Air Collector
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Table 1. Cont.

Reference Year Classification Types

[66] 2016 PVT System

• Thermoelectric-based PVT
• Air-based PVT
• Water-based PVT
• Air and water-based PVT
• Refrigerant-based PVT
• PCM-based PVT
• Heat pipe-based PVT
• Concentrated PVT

[67] 2012 PVT Collectors
• Liquid PVT collector
• Air PVT collector
• PVT concentrator

[68] 2011 PVT Collector

• AIR Collectors

i. Unglazed
ii. Glazed
iii. Single pass
iv. Double pass
v. Channel flow

• Water Collectors

i. Unglazed
ii. Glazed
iii. Round tube absorber
iv. Square/rectangular
v. tube absorber
vi. Sheet and tube

• Channel flow

[69] 2010 PVT Products

• Liquid PVT collector
• Air PVT collector
• Ventilated PV with heat recovery
• PVT concentrator

The above figure shows that most of the papers were from 2020 and 2019, and so
on. In the recent years, like 2023–2021, we studied seven papers for analysis purposes
based on the kinds and classifications of PVT systems. These papers discussed the PVT
systems/collector’s classification based on various parameters. After performing an ex-
tensive literature review, we structured the following table for the classification of hybrid
PVT systems:

Table 1 shows several classification types described in several research papers. Af-
ter analysis, it was found that the authors classified the PVT systems based on several
criteria. For example, classification obtained based on heat extraction medium is shown
in [46–48,51,53–55,59,62,65–67,69], classification based on the overall system’s is discussed
in [39,49,50,57,60,61,63,64], and classification based on the PVT system’s design is shown
in [52,56,58,68]. The overview of different criteria of classification discussed in the papers
is shown in Figure 8.

The above figure shows all the classification criteria used in the investigated research
papers. After analyzing this summary, it was determined that there are three major criteria
considered: Heat Extraction Medium, the system’s overall classification and the PVT
system’s design. The summary also shows that the maximum of thirteen papers among the
twenty were discussed to obtain classification based on Heat Extraction medium and then
eight on the System’s overall classification. Finally, the four papers were classified based on
the PVT system’s design. The literature review implies the lack of a complete and efficient
PVT classification system, as no classification method is provided or discussed in any of the
literature that provides a complete and detailed analysis. By considering that, we proposed
a better and upgraded classification system, which is shown in Figure 9 below.
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2.2. Results

Our proposed classification of hybrid PVT system mainly consists of design configura-
tion, integration system, application, heat extraction method, and energy storage. It also
shows the subparts of this classification. It provides a complete overview of the hybrid
PVT system. In this classification, the heat extraction method is the most important and
extensive part. It consists of several other subparts, which are shown in the figure below.

The above Figure 10 describes the PVT system’s classification based on possible heat
extraction medium/method that could be used in the system. It is proposed two types
of heat extraction method in the classification which is active and passive. In active heat
extraction method, there are several types like heat exchangers mechanism, heat pump,
active PCM, thermal energy storage, thermos electric generator, active air heating, direct
fluid flow control, desiccant-based system, combined heat and power system, selective
active coatings, and nanostructured materials. On the other hand, passive type includes
natural convection, natural ventilation, radiative cooling, PCM cooling, thermal mass,
natural evaporative cooling, thermal fins, and heat sinks.

This part discusses PVT classification and the chosen method, including criteria for
classifying the hybrid PVT system. Firstly, it describes the research paper chosen by year,
which shows the most recent literature review on classification. The significance of PVT
classification and the chosen technique, with a particular emphasis on the classification
criteria for hybrid PVT, will provide scope to the researcher in the designing and modeling
of PVT system. The study’s significance is found in its attempt to improve comprehen-
sion through current data, which serves as a basis for precise and pertinent classification
standards. After analyzing numerous PVT types from recent research, a simplified and
summarized classification technique is described. This effort seeks to simplify intricate
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data into a more manageable structure, offering an accessible and useful method for classi-
fying hybrid PVT systems. Finally, an innovative and developed classification structure is
proposed with an emphasis on heat extraction methods. The contribution improves com-
prehensiveness and makes it simpler to apply technologically updated PVT technologies
found in recent investigations.
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3. Parameters and Optimization Analysis

Parameter analysis and optimization of hybrid PVT systems are inherent to perfor-
mance evaluation. Many of the research papers on hybrid PVT systems discuss parametric
and optimization systems to obtain better performance. A parametric study provides
a deep understanding of the various parameters related to the performance of hybrid
PVT [67]. Parameters associated with channel size, mass flow rates, and heat exchange
resistance to both ambient and channel air flow are discussed in [68]. The performance
of a PVT system based on various regimes of flow is discussed in [69]. The performance
analysis of the PVT system includes the examination of a substantial paper from reputable
publishers. An overview of the analyzed articles is shown in the figure below:

The above Figure 11 shows the yearly view of the selected articles for the analysis. It
reflects that most of the paper is selected from the year 2023, which is eight, then 2019, and
so on. Table 2 shows the summary of the performance analysis obtained after an extensive
review of the above-mentioned research papers.
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Table 2. Parametric and Optimization analysis of Hybrid PVT system.

Reference Year Analysis Topic Parameters

[67] 2023 Parametric

• Mass flow
• Channel thickness
• Air velocity
• Wind speed

[47] 2023 Optimization • Geometric parameters
• Operating conditions

[68] 2023 Parametric

• Air temperature
• Solar insolation
• Wind speed
• Micro-channel heat pipes
• Packing factor
• Glazing cover
• Mass flow rate

[69] 2023 Parametric • Design parameters
• Different flow regimes

[70] 2023 Parametric • Meteorological parameters
• Temperature evolution

[71] 2023 Parametric

• Fluid and air velocities
• Fluid channel diameter
• Receiver side length
• Thermal conductivity

[72] 2023 Parametric • Temperature
• Different fins shapes

[73] 2023 Parametric • Climatic parameters
• Geometric parameters

[74] 2022 Parametric

• Solar irradiance
• Wind speed
• Nanofluid type
• Volume concentration
• Flow rate
• Dust
• Humidity
• Ambient temperature

[75] 2022 Optimization • Geometric parameter

[76] 2021 Optimization

• Position
• Ambient temperature
• Irradiance
• Humidity
• Dust

[52] 2021 Optimization • System design
• Environmental conditions

[77] 2021 Parametric • Design parameters
• Boundary conditions

[53] 2021 Parametric • Design parameters
• Weather conditions

[78] 2021 Parametric

• Cell temperature
• Solar irradiation
• Incidence angle
• Electrical losses

[79] 2020 Parametric
• Different parameters
• Air temperature
• System voltage/current
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Table 2. Cont.

Reference Year Analysis Topic Parameters

[1] 2020 Parametric
• PV cells
• Thermal collector
• Cooling type and efficiencies

[22] 2020 Optimization

• Packing factor
• Air mass flow rate
• Glazing
• Wind velocity
• Coolant temperature

[80] 2020 Parametric

• Irradiance
• Ambient and module temperature
• Wind speed
• Humidity
• Shading, dust
• Design parameters

[81] 2020 Parametric • System parameters

[82] 2020 Parametric
• Design parameters
• Electrical parameters
• Thermal parameters

[57] 2019 Optimization • Design parameters

[58] 2019 Optimization • Design parameters

[56] 2019 Optimization • Design parameters

[83] 2019 Parametric
• Geometric parameters
• Meteorological parameters
• Thermal parameters

[84] 2019 Optimization
• Design parameters
• Meteorological parameters
• Incident parameters

[85] 2019 Parametric • Design parameters
• Electrical parameters

[58] 2018 Optimization • Design parameters

[40] 2018 Optimization • Design parameters

[86] 2018 Optimization • Meteorological data
• Electrical parameters

[87] 2018 Parametric • Heat transfer
• Thermal capacity

[61] 2017 Optimization • Design parameters
• Meteorological parameters

[60] 2017 Optimization • Natural parameters
• Design parameters

[2] 2017 Optimization

• Technological parameters
• Location
• Weather parameters
• System configuration
• Thermal parameters

[34] 2016 Parametric

• Density
• Thermal conductivity
• Heat capacity
• Irradiance
• Velocity

[88] 2016 Parametric • Electrical parameters
• Thermal parameters
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Table 2. Cont.

Reference Year Analysis Topic Parameters

[89] 2016 Parametric
• Solar irradiance
• Ambient temperature
• Phase change material

[90] 2015 Optimization

• Meteorological parameters
• Solar radiation
• Temperature
• Heat transfer coefficient

[37] 2015 Parametric
• Global radiation
• Wind speed
• Temperature

[91] 2014 Parametric • Design parameters
• Mass flow rate

[92] 2013 Parametric

• Packing factor
• Mass flow rate
• Efficiency
• PVT Materials

[93] 2013 Parametric • Operating temperature
• Design parameters

[66] 2010 Parametric
• Mas flow rate
• PV/T dimensions
• Air channel geometry

[94] 2010 Optimization • Design parameters

[95] 2010 Parametric • Design parameters

Table 2 shows the parameters and optimization properties mentioned in the recent
literature. From the described Table 2, we summarized the obtained analysis as follows.

Figure 12 shows the classification of summarized topics described in the studied
research papers. From this figure, it can be seen that most of the authors chose to depend
on parametric analysis to evaluate the efficiency of hybrid PVT systems; on the other hand,
many of them chose to evaluate parameters with the optimization method. Parametric anal-
ysis also varies from author to author. For example, many authors focused on only climatic
parameters; others focused on design parameters [69] or meteorological parameters [70],
and a few of them described both climatic and geometric parameters. Fluid flow with air
velocities, including its shape, is studied in [71]. The author of [72] focused on temperature
and the different fin shapes of the system.
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Figure 12. Classification of obtained analysis.

The author [74] focused on specific parameters for the evaluation purpose. Optimiza-
tion based on geometric parameters is considered in [75]. In addition to climatic parameters,
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it is considered the position of the PVT system for the performance analysis [76]. Parametric
analysis with design parameters and weather conditions is discussed in [53]. Incidence
angle and electrical losses with climatic parameters are studied in [78]. Air temperature is
another important parameter in the analysis of hybrid PVT system performance, which
is discussed in [79]. For that purpose, many authors [1,22] considered active or passive
colling for the efficiency increase. Design parameter optimization is given importance for
the performance evaluation purpose in [56–58].

A photovoltaic thermal system has both electrical and thermal output, where thermal
output is obtained using a heat transfer mechanism. In the parametric analysis case, heat
transfer and thermal capacity are considered in [87]. The authors of [85] simply studied
electrical and thermal parameters related to the PVT system. Phase change material (PCM)
is used for heat extraction purposes, which are discussed in [89]. The packing factor
and mass flow rate [90] of the heat extraction fluid are also important for the efficiency
calculation. Design parameters [93–95] are analyzed in many papers, which shows an
impact on the performance of the hybrid PVT system.

Results Analysis

The research review shows that researchers studied and analyzed a vast number of
parameters for optimization of performance evaluations and efficiency analysis. After
obtaining all this information, we summarize the following responsible parameters for
parametric and optimization of hybrid PVT systems:

Figure 13 shows the proposed parameters for obtaining an efficient and optimized
hybrid PVT system. We considered two types of analysis: based parametric analysis and
optimization study. Among the significant parts of the parametric analysis are geometric
parameters, geographical parameters, external/climatic parameters, meteorological param-
eters, and internal parameters. A short overview of these parameters is given in the next
part. The parameter in the geometric part is described as:
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Geometric parameters are the primary parameters considered for the construction of a
hybrid PVT system, and they have an influence on the overall output. Mainly, we consid-
ered PVT panel shape, storage tank size, shape of the heat exchange, channel thickness, fin
shapes, and air channel geometry as the geometric parameters which is shown in Figure 14.

Figure 15 shows the geographical parameters of the hybrid PVT system, which mainly
consist of latitude and longitude, incidence angle, location, etc. These parameters are also
responsible for the overall efficiency of the photovoltaic thermal system.
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Climatic parameters are also known as external parameters, which are one of the most
important parametric branches of the hybrid PVT system. The main parameters of this
branch are solar irradiance, air temperature, air velocity, and wind speed are classified in
the above Figure 16. Among these parameters, solar irradiance has the most significant
impact on the photovoltaic thermal system’s overall output.
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Figure 16. Climatic parameters of hybrid PVT system.

Meteorological parameters that have an effect on the efficiency of hybrid PVT systems
are air mass, dust and pollution, humidity, rain, snow, cloud cover, and albedo are clas-
sified in the above Figure 17. These parameters typically influence the overall output of
the system.
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Figure 17. Meteorological parameters of hybrid PVT system.

We already discussed many of the parameters that have an impact on the performance
of the hybrid PVT system. These parameters are almost the external parameters of the PVT
system, but there are many parameters that have a huge influence on the overall efficiency
of the energy output that are considered internal parameters.
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Internal parameters of a hybrid PVT system is classified in the above Figure 18 con-
sist of electrical characteristics or losses, thermal characteristics, mass flow rate, fluid
types, packing factor, system voltage/current, thermal conductivity, and so on. Internal
parameters also have an influence on the hybrid PVT system.

Energies 2024, 17, x FOR PEER REVIEW 19 of 25 
 

 

 
Figure 16. Climatic parameters of hybrid PVT system. 

Meteorological parameters that have an effect on the efficiency of hybrid PVT sys-
tems are air mass, dust and pollution, humidity, rain, snow, cloud cover, and albedo are 
classified in the above Figure 17. These parameters typically influence the overall output 
of the system. 

 
Figure 17. Meteorological parameters of hybrid PVT system. 

We already discussed many of the parameters that have an impact on the perfor-
mance of the hybrid PVT system. These parameters are almost the external parameters of 
the PVT system, but there are many parameters that have a huge influence on the overall 
efficiency of the energy output that are considered internal parameters. 

Internal parameters of a hybrid PVT system is classified in the above Figure 18 consist 
of electrical characteristics or losses, thermal characteristics, mass flow rate, fluid types, 
packing factor, system voltage/current, thermal conductivity, and so on. Internal param-
eters also have an influence on the hybrid PVT system. 

 
Figure 18. Internal parameters of hybrid PVT system. 

In the above, we explained the parametric impact of a hybrid PVT system. Now we 
will consider the optimization parameter of a hybrid PVT system to understand the influ-
ence and efficiency relationship. Optimization parameters are divided into two main 
parts: design parameters and technological parameters are shown in the Figure 19. 

Internal 
Parameters 

Electrical 
Characteristics/losses

Thermal 
characteristics

Mass flow 
rate Fluid types Packing factor System 

voltage/current
Thermal 

conductivity

Figure 18. Internal parameters of hybrid PVT system.

In the above, we explained the parametric impact of a hybrid PVT system. Now
we will consider the optimization parameter of a hybrid PVT system to understand the
influence and efficiency relationship. Optimization parameters are divided into two main
parts: design parameters and technological parameters are shown in the Figure 19.
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Design parameters are one of the main components of the hybrid PVT system. It
consists of the design of PVT systems, the positioning of the components, the operating
conditions, and the design of several important components.

This section describes significant optimization parameters that influence the PVT
system’s performance. Mainly, it will show the importance of PVT parameter dependency
in analysis and optimization. Based on the analysis, the recent literature study describes that
the performance of PVT relies on parametric and optimization studies. The classification
summary proposed by the analysis will provide a clear picture of PVT performance and
optimization parameters to the people, which will help them choose the appropriate
parameters for the optimized design of the PVT system.

In this result analysis part, the proposed parameter model with parametric classifi-
cation is discussed. It will offer an in-depth and realistic method for improving hybrid
PVT systems. Through a comprehensive analysis of several variables, including geometric,
geographical, meteorological, external/climatic, and internal aspects, the paper proposes a
design and optimization roadmap for hybrid PVT systems. This strategy is essential for
the implementation of practical PVT systems, as it may improve performance and overall
efficiency under various environmental [96] circumstances.

The optimization part addresses optimizing the performance of PVT systems by taking
into account technological and design factors. The importance of optimizing parameter
studies in improving PVT performance for optimal system design has been emphasized in
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recent publications, and it is the motivation for focusing on and analyzing optimization
parameters. This proposed classification will help in understanding and optimizing design
and technical parameters for maximizing the PVT system’s performance.

4. Discussion

This work studies, analyzes and proposes a review of hybrid PVT systems in the
context of classification, parameters, efficiency, and performance evaluation. Existing
research works related to photovoltaic, PVT, and thermal systems are also studied to have
a clear concept in the area of solar energy engineering. This paper focuses mainly on the
classification concept, methodologies for classifying PVT systems, and criteria considered
to obtain this type of classification. The importance of the classification part is to propose a
robust, efficient classification system so that it can mitigate the gap in the previous research.
Additionally, to enhance the capacity of the researchers in the point of classification analysis.
In another section, different internal and external parameters and optimization parameters
of the hybrid PVT system are studied. At the end, an important and effective parametric
model is proposed to enhance the efficiency and output of the solar hybrid PVT system.
We discussed and analyzed the parameters related to both internal and external. Heat
extraction medium is considered one of the most important elements of the hybrid PVT
system. In the scope of our future research, further broad analysis will be conducted on the
heat extraction medium.

5. Conclusions

An extensive literature review with deep analysis has been performed in this article,
which will be extremely helpful to the researchers developing work in this area of solar
energy engineering. Increased solar cell efficiency and recovering excessive heat are the
main purposes of the introduction of hybrid PVT systems. Firstly, this paper discusses
the types of PVT cells, their formation, and their efficiency with spectral analysis in the
PVT panel. Additionally, an absorption model for several solar cells is also studied, which
shows the better choice of the described cells. Then, the concept of a hybrid PVT system is
described, explaining its advantages and disadvantages. The mathematical modeling of the
PVT system is also discussed here. A brief review of the classifications of the PVT systems
from various research papers is performed here. It shows the necessity of classifying PVT
system based on the researchers focuses and needs, which implies a variety of options.
After analyzing these papers, a new classification is proposed. The research classifications
are divided into three main criteria. These criteria summarize the overall classifications
described in the literature. The proposed classification will provide new and innovative
information regarding the PVT system. We also studied and analyzed the impact and
optimization parameters described in many research papers. It shows that researchers
mentioned various internal and external parameters and optimization parameters in their
research work. After a deep analysis, we obtained a model for both optimization and
parametric analysis. This model shows a complete set of parameters involved in the
performance analysis of a hybrid PVT system.

Based on the analysis obtained, several major and minor problems and challenges
were also found. In the case of performance optimization and overall efficiency, the balance
between electrical and thermal output is a major challenge to this research study. Addi-
tionally, determining the best operational parameters to increase energy output without
compromising efficiency is also a challenge. In the course of this research, this problem
can be minimized by using the proposed classification and parametric analysis. By con-
sidering modeling and simulation systems, it is found that the development of an exact
mathematical model that can integrate with practical implementation is a big challenge,
and resolving any differences between performance in the practical and theoretical models
is also complicated. The mathematical model proposed in this work will provide the scope
to start the development of an efficient model. Integration and compatibility of hybrid
PVT systems are existing challenges. The integration of PVT systems with existing energy
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infrastructures is a major problem that also focuses on different types of solar cells and
solar PVT panel/collector. This research provides the initiative to understand this gap and
mitigates the challenges in terms of integration and compatibility.

In keeping with the objective of increasing solar cell efficiency and heat extraction,
with a strong focus on the solar PVT system’s enhanced efficiency analysis, this research is
important. It promotes industry-wide standards to help the wider use of this technology
by making it easier to integrate hybrid PVT systems into the current energy grids.

After analyzing this research, it is also possible to explore new research topics in this
field. To achieve the objective of increasing efficiency, new types of PVT with new materials
can be developed. For the purpose of smart grid integration, new technologies can be
introduced to integrate with smart grids that will also allow for the recovery of a higher
amount of excessive heat. Employing machine learning methods to optimize the PVT
performance and better handling using real-time data, parameter effects can be explored.

With new scopes come new challenges. The challenges include grid robustness, envi-
ronmental impact, storage methodologies, etc. In conclusion, the suggested research effort
offers a basis for comprehending and developing hybrid PVT systems, and it provides rec-
ommendations for further study that concentrate on efficiency integration, policy support,
and tackling newly identified issues in this sector. Finally, the proposed research work will
provide an overview of the hybrid PVT system in relation to classification, parameters,
optimization, and performance analysis.
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