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Brief overview
in 150 words

The present study is designed to enhance the thermal efficacy of the solar thermal collector (ST)
system by integrating it with the photovoltaic thermal (PVT) system. Furthermore, it entails the
demonstration of the integrated system's ability to heat a specific room and satisfy the demand for
hot water. Experimental and numerical simulation analyses of the integrated system are conducted
under four distinct days, months, and environmental conditions. Alongside the thermal energy

advantages of the utilized system, the system includes electricity generation from the PVT system.

The whole system has enough potential energy to sufficiently heat a sizable fraction of a single
room and also satisfy a major share of the small home hot water demand. For a small family, this
system offers a sustainable energy source that might account as a good share of the thermal and

electrical demand.

Breve resumen

en 150 palabras

Este estudio se enfoca en la integracion del recolector solar térmico (ST) con el sistema fotovoltaico
térmico (PVT), con el objetivo de optimizar la eficiencia térmica del sistema ST. Adicionalmente,
conlleva poner de manifiesto la habilidad del sistema integrado para cumplir con la demanda de
agua caliente y para calentar una tnica estancia. =~ El estudio abarca estudios de simulacion
numérica y experimental de la estructura del sistema durante un periodo de cuatro dias en meses
distintos y a través de diversas condiciones ambientales. El sistema de investigacion comprende la
produccion eléctrica a través del sistema PVT, junto con las ventajas térmicas intrinsecas al conjunto.
El sistema integral posee la capacidad energética necesaria para calentar de manera adecuada una
porcion considerable de una habitacion, Ademas de satisfacer una considerable proporcién de las
necesidades de agua caliente en un hogar de dimensiones limitadas. Este sistema constituye una
fuente de energia sostenible que podria proporcionar una porcion significativa de la energia termal

y eléctrica requerida para una familia de menor tamaro.
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Abstract

This study introduces an experimental method for integrating photovoltaic thermal (PVT) and

solar thermal (ST) collectors as a hybrid PVT-ST (PVTST) system, with the goal of improving both
thermal and electrical energy production. The performance of the system was evaluated over four
consecutive days in January, February, March, and April under different weather conditions. The
findings reveal that the combined PVTST system produced higher water temperatures than the
individual ST system, showing increases of about 6.15°C, 6.65°C, 7.51°C, and 5.48°C on the
respective days. Regarding thermal performance, the hybrid system demonstrated average
efficiency improvements of 24.8%, 18.2%, 22.3%, and 19.4% compared to the ST system. The
combined system's exergy efficiency increased with an average of (7.98, 7.45, 7.82, and 6.97) %,
respectively, compared to the same collector.
The PVT system resulted in a significant increase in electrical efficiency, with average
improvements of 31.04%, 41.16%, 47.34%, and 11.55% in comparison to a standard photovoltaic
(PV) panel on the four days that were observed. The combined system and standalone ST
system were both effective in sustaining comfortable indoor temperatures of a single room during
February, March, and April, as further confirmed by the simulation results. Nevertheless, the ST
system encountered a heating deficit of approximately 15.9% in January, while the PVTST system
experienced a lesser deficit of approximately 8.18%. Furthermore, the combined system was capable
of meeting approximately 61.4%, 79.4%, 77.3%, and 75% of the total hot water demand on the
respective test days, as indicated by the performance evaluations.



Resumen

La combinacion de un sistema fotovoltaico térmico (PVT) con un sistema solar térmico (ST)
permite simultdneamente lograr dos metas: la primera es la obtencion de energia térmica y la
optimizacion de su eficiencia, la segunda es la obtencidon de energia eléctrica y la optimizacion de
su eficiencia. Este estudio constituye una investigacion experimental que integra los sistemas PVT
y ST (PVTST) para evaluar su rendimiento bajo diversas condiciones climaticas en cuatro dias
separados en enero, febrero, marzo y abril. Los resultados revelaron que el sistema PVTST aument6
la temperatura del agua caliente de salida en mayor medida que el sistema ST por si solo. En los
cuatro dias de pruebas, la temperatura de salida del PVTST aumenté aproximadamente 6,15, 6,65,
7,51 y 5,48 °C, respectivamente, mds que la temperatura del sistema ST. Durante los cuatro dias de
prueba, la eficacia térmica del sistema PVTST mejord en promedio un 24,8%, 18,2%, 22,3% y 19,4%
en comparacion con el sistema ST. La eficiencia de la exergia del sistema combinado mejord en un
promedio de 7,98%, 7,45%, 7,82% y 6,97%, respectivamente.

Durante los cuatro dias seleccionados, la eficiencia eléctrica media mejoré un 31,04%, 41,16%,
47,34% y 11,55%, respectivamente, en comparacion con el panel fotovoltaico convencional cuando
se empled un sistema PVT. Los resultados de la simulacion del calentamiento de una sola habitacion
indican que tanto el PVTST como el ST pueden calentar eficazmente una sola habitacion durante el
periodo de prueba de febrero, marzo y abril. Por otra parte, en enero el déficit del sistema ST se
situaba en torno al 15,9%, y el déficit del sistema PVTST en torno al 8,18%. Los resultados
demuestran que el sistema PVTST actual tiene la capacidad de atender aproximadamente el 61,4%,
79,4%, 77,3% y 75% de la demanda necesaria de temperatura de agua caliente en los dias

considerados.
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Abbreviatilons
Dn

G

Ui, U
Xi, Xj

Po

Qc, Qrad

hydraulic diameter

solar radiation

average velocity

mass flow rate

thermal conductivity

convection heat transfer coefficient

turbulence kinetic energy (for the turbulent model)
heat source radiation
velocity vectors of i and j, respectively
position vectors of i and j, respectively

outlet pressure

temperature

collector surface area

constant pressure heat capacity

characteristic length

convection and radiation heat transfer rate, respectively
Reynolds number

ambient and average room temperatures, respectively
glass and sky temperatures, respectively

inlet and outlet temperatures, respectively

PV surface temperature and reference temperature, respectively

Grashof number
fluid velocity

Prandtl number
Vil



Go, Gk

Ym

Greek symbols:

€

Ak, A=

Skr SE

Hetf

p
Cls, CQS, Cs:

Subscriptions:
ST
PVT

PVTST

turbulence kinetic energy generation of buoyancy and velocity
gradient, respectively.

dilatation dissipation

turbulence dissipation rate

fluid density

inverse of Prandtl number for k and ¢, respectively
source terms
streamline curvature

exergy efficiency

thermal efficiency

solar cell temp. coefficient (for the electrical efficiency equation)
kinematic viscosity and viscosity, respectively

Steven Boltzmann and coefficient of scattering, respectively
solid angle

phase function

effective viscosity
thermal expansion coefficient

constants

flat plate solar collector
photovoltaic thermal collector

the combined system of PVT&ST

Vil
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Chapter 1

Introduction



1.0.1 Global warming

Global warming signifies a rise in global temperatures affecting the atmosphere’s
lower levels [3]. This phenomenon is also known as "climate change." The sun generally
warms our planet by its radiation, regarding some of it being reflected back into the
atmosphere. Nevertheless, carbon dioxide and other greenhouse gases absorb and then
reflect this energy toward the Earth’s surface, resulting in global warming. In this way, it
poses an imminent threat to our planet as we understand it. It is projected that the
economy, human health, and natural ecosystems will be significantly impacted by global
warming issues. It is anticipated that climate change will disrupt ecosystems and lead to
a reduction in species diversity, as numerous species will be unable to adjust to the fast-
shifting environmental circumstances. If we don’t tackle global warming with current
technology, we will ultimately be unable to sustain both the global population and our

quality of living [4].

1.0.2 Net zero emissions and Paris agreement

As mentioned, recently, climate change is an essential concern, prompting 195 nations
to endorse the Paris agreement and pledge to restrict global warming to below 2°C relative
to the beginning of industrialization [5]. The term “net zero” denotes the equilibrium
between the quantity of greenhouse gases (GHGs) that are generated and the quantity that
is eliminated from the atmosphere. The NZE procedure can be seen in figure 1.1, where
it’s predicted that NZE will be achieved by 2050. It can be accomplished by employing a
combination of emission reduction and emission removal. Selecting the most suitable
renewable energy sources can help one to get net emissions of zero greenhouse gas [6]. In
the NZE plan, wind and solar expansion are the primary factors times increase by 2050
in the NZE. The global contribution of clean energy sources in total power production
increased from 29% in 2020 to more than 60% in 2030 and to almost 90 percent in 2050
[7]. Available renewable energy sources are essential for ensuring electrical security,
alongside alternative low-carbon production sources, robust power storage, and
electricity supply networks. Renewable energy sources substantially reduce emissions
in buildings, industry, and transportation. contributing to the tripling of renewable

energy generation by 2030. Renewables can be utilized either indirectly, through the
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Figure 1.1: Net zero emission target [1]

utilization of electrical energy or thermal energy generated from renewable sources,
or directly, primarily for heat production. Figure 1.2 shows the energy sources share
from 2010 until 2050 in the mentioned sectors [7]. For electricity generation sector,
by 2030 its supposed as its programmed, the direct renewable energy will be 61%,
while other low-carbon sources and fossil sources are 14% and 25%, respectively. By
2050 these percents will be 88%, 12%, and 0%, for the renewable energy, low-carbon, and
fossil fuel sources, respectively. In transportation sector, renewable energy
significantly contributes to pollution reduction by generating electricity for electric
vehicles. They also facilitate direct reductions in emissions via the utilization of liquid
biofuels and biomethane. By 2030, its programmed that the direct and indirect
renewable energy will share 16%, and the other low-carbon sources and fossil sources
will be approximately, 3% and 81%, respectively. while these values by 2050 will be
61%, 30%, and 10% for the renewable energy, low-carbon, and fossil sources,
respectively. For the building sector, by 2030, it's programmed that the direct and
indirect renewable energy will share 37%, and the other low-carbon sources and
fossil sources will be 5% and 58%, respectively. While these values by 2050 will be
81%, 11%, and 9% for the renewable energy, low- carbon, and fossil sources,
respectively. Based to [7], the direct usage of renewable energy is predicted to rise to

40% by 2025, same figure shows. Whenever feasible, renewables are paired with deep
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Figure 1.2: Energy share prediction of different sectors from 2010 to 2050 [2]

retrofits and energy-related building codes. By 2050, solar thermal water heaters will
be installed in nearly all buildings through located roof area and suitable amount of
solar radiation. This is due to fact that heating energy in water tanks is usually more
affordable than electricity storage and they are less costly per square meter than solar
PV. It is anticipated that by 2030, there will be 100 million rooftops thermal water
collectors, and by 2050, there will be 240 million. Rooftop solar PV generates
renewable electricity on-site. In the industrial sector, by 2030, its programmed that
the direct and indirect renewable energy will share 22%, and the other low-carbon
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sources and fossil sources will be 8% and 71%, respectively. while these values by 2050
will be 52%, 38%, and 10% for the renewable energy, low-carbon, and fossil sources,
respectively. In the NZE plan, bioenergy is the main direct energy from renewable
sources for low- and medium-temperature requirements. Low-temperature heat
produced by solar thermal and geothermal sources has application in non-energy-
intensive sectors as well as in auxiliary activities in heavy industry. By 2030,
bioenergy, solar thermal, and geothermal sources are projected to fulfill
approximately 15% of industrial heat demand, approximately double their 2010
contribution, growing to 40% by 2050. The not direct use of renewable sources of
energy via electrical power will increase the share of renewables in total industrial

energy consumption by 15% by 2050.

1.1 Renewable energy
As global energy consumption escalates and the detrimental effects of fossil
fuels on the environment become more and more clear, the imperative for
sustainable and renewable energy sources has intensified. It is essential to
reduce the reliance on fossil fuels in the energy structure today's civilization,
as heat and electricity production predominantly relies on combustion
techniques that adversely impact the environment and contribute to global
warming. As depicted in Fig. 1.3 [2], global energy use is projected to continue

growing significantly by 2050.

1000 —————1— .
900 Global Energy & Forecasted >
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Global Energy Consumption
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[0 Asia @ Mddle East O Africa O America B Europe and Eurasia 0 O ECD)|

Figure 1.3: Energy consumption prediction from 2010 to 2050[2]



Renewable energy has been seen as an adequate answer to the emission issue and the
energy demand in recent years [14]. Renewable energy is a type of energy that uses natural
resources that are continually regenerated rather than diminished. Renewable energy is
predicted to make over 67% of world energy consumption by 2050. Wind energy and solar
energy will be the majority of the renewable energy sources, accounting for 24% and 19%

of total power generation by 2050, respectively [15].
Experts expect that energy usage would rise by 1.5 to 3 times by 2050 [16]. Solar energy

is the most accessible, cost-effective, and environmentally safe among the
others renewable energy sources. It has considerable potential to significantly
contribute to the change to sustainable and renewable sources of energy. In the building
field, solar energy is crucial for lowering carbon emissions and energy use. Almost all
of Earth’s energy comes from indirect solar energy [17]. The International Energy

Agency (IEA) report for 2023 (energy efficiency 2023) claims that building energy cons-

Solar Thermal Solar Photovoltaic

Collectors PV) Solar Thermal/ PV
Evacuated Tube Concentrating : o PVIT
FlatBlate Collcetor Collector Parabolic Collectors dad Lauia BV Concentrator
Parabolic Trough
Collector

Linear Fresnel Reflector

Parabolic Dish Reflector

Heliostat Ficld
Figure 1.4: solar energy in building classification

mption accounted for 30% of the global final energy demand in 2022 [18] and 26% of
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emissions. The applications of solar energy buildings can be categorized primarily as
photovoltaic, photovoltaic thermal systems, and solar thermal systems, as illustrated
in Figure 1.4 [19]. Solar photovoltaic systems are expected to account for
approximately 69.6% of the electricity output by 2030 [20]. PV systems directly
transform solar into electrical energy, exhibiting low efficiency as a substantial
fraction of sunlight is transformed into thermal energy. It can be said that about 80%
of the sun’s energy is either absorbed by PV cells or released into the environment.
Thus, determining the minimum working temperature of the PV energy is essential to
enhance its efficiency [21]. For this reason, the concept of photovoltaic thermal (PVT)
systems has been introduced. PVT systems can achieve two benefits at the same time:
the first is represented by PV cooling and limiting the excessive temperature of the
PV by converting it to heat energy, and this can be employed for a variety of
applications, and the second is producing electrical energy. Numerous works,
numerical and experimental, have been done in this field. PVT systems offer
enhanced energy production relative to traditional solar panels and can be financially
feasible if the additional expense of the thermal component is limited [22]. These
systems are generally categorized based on the working fluid as: water, air, and
bifluid PVT based. Figure 2 shows a summary of the standard PVT systems types and
the new or improved PVT systems beside the other types of solar energy [23].

Air based PVT == Space heating systems, Agricultural processes

_ Conventioanl PVT | | Water based PVT =i Space heating, Y(DOI]](.iSI.lC"llTldUSlrlal) water h;atmg systems,
systems Water distillation, Food processing systems

Bifluid based PVT ) ) )
— —_ Industrial processes, Space heating systems, Agricultural processes

2 (air and water)
g
'
> 7 — PVT nanofluid based — Water heating , PV thermal management systems
g
a
= PVT based on PCM weee Building integrated systems, PV thermal management systems
PVT refrigerent . ¢ .
L~ Novel PVT systems —~— baseg 4 — Drying systems, space heating systems, Space cooling systems
PVT o o
) — PV thermal management systems, Building applications
heat pipe based
— PVT with heat pump — Space cooling, space heating, PV thermal management

Figure 1.5: PVT systems classification
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This technology has the potential to be implemented in buildings, particularly where
its installation space is impacted [24]. Water heating, domestic or industrial space
heating, space cooling, water distillation, food processing, agricultural processes,
thermal management systems of PV panels, integrated building systems, and drying

systems are the most PVT applications [23].

The European PVT Roadmap (2005) found that the single-cover PVT collector
utilizing liquid as a heat transfer fluid is the primary market product for PVT
collectors, primarily used for water heating and space heating applications [25]. The
previous figure (1.4) illustrates that solar thermal collectors can be categorized into
flat plate solar thermal collectors, evacuated tube collectors, and concentrating
parabolic collectors. The main purposes of these devices involve converting solar
energy into thermal energy. They can perform a variety of functions, although they
are generally used to heat the space or make hot water [26]. With regard to the various
kinds of these collectors, the flat plate solar collector is the most cost-effective and
simple to operate. The assembly mainly involves the following materials: a

transparent cover, an absorber body, pipes, insulation, and a backplate.

A flat surface receives as much solar radiation as possible and then converts it into
heat energy. Thermal energy is captured by the heat transfer fluid that flows beneath
the absorber through convection and conduction and is subsequently stored for the
future use. The thermal effectiveness of this collector type is poor, especially in colder
seasons. During the winter season, the solar collector’s efficiency drops from 75%
during the summer season to as low as 40% [27]. Numerous studies have been focused
on the thermal efficiency of PVT and flat plate collectors. Researchers utilized passive
and active methods to enhance thermal performance. Passive methods don’t need
external forces, while active methods do. Ribs [28], baffles [29],grooves [30], extending
surfaces using fins [31], porous [32], twisted tape [33], phase change material (PCM)
[34], vortex generator [35], and nanofluid [36] represent cases of passive techniques

employed to optimize the energy efficiency of these collectors.

PVT systems combined to solar thermal (ST) systems have been the subject of a few
recent studies. This technique can be known as PVTST, and the main objectives of
these studies represent increasing the output temperature of the ST systems and
generate electricity while simultaneously resolving the PVT systems’ output
temperature shortfall. The current thesis investigates experimentally the thermal
performance of the PVT system combined to the ST system under various

environmental conditions; additionally, this thesis investigates numerically the
8



PVTST behavior by coupling it to the space heating system, as will be demonstrated

in the following sessions.

1.2 The study objectives

The current thesis, as clarified before, monitors in the thermal performance of a
PVT system coupled in series to a ST system under four different climatic conditions
covering four days during four months. The primary goals of the present
investigation can be summarized as follows:
1- Improving the ST system thermal performance.
2- Introducing a literature review of the recent studies that have been done in the area
of the PVTST systems.

3- Enhancing the total electrical efficiency of the photovoltaic system.
4- Modeling and simulation of specific space heating.
5- Showing the PVTST system capabilities, whether it can meet the room space heating.

6- Evaluating the inadequacy of hot water produced by the system.

1.3 Thesis structure

The thesis commences with an introductory chapter that outlines the research
framework, objectives, and the significance of the study. This is succeeded by a Literature
Review chapter, which examines prior research and theoretical foundations to establish
the context and rationale for the current investigation. The Methodology chapter details
the research design, experimental tools, data collection approaches, and analytical
methods employed to address the research questions. In the Results chapter, the key
findings are presented, which are then thoroughly analyzed and interpreted,
emphasizing their practical implications and relevance. The thesis concludes with a
Conclusion chapter that synthesizes the primary findings, assesses their importance, and

provides suggestions for further research directions.

1.4 working method

The present study is structured into two primary sections, each addressing distinct
yet interconnected aspects of the research. The first section provides a comprehensive

overview of the testing methodologies and the ambient conditions under which the
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experiments were conducted. This segment delves into the specifics of the equipment,
materials, experimental setup, time intervals, and all relevant tools utilized during the
investigation. Furthermore, the incorporation of a numerical model, along with its
verification and validation processes, is emphasized to ensure the accuracy and
reliability of the experimental outcomes. A key focus of this section is to highlight the
thermal and electrical performance of the system, alongside other critical parameters
that contribute to the overall findings of the study. The second section of the research
is dedicated to the modeling and simulation of a single room's heating process,
leveraging the results derived from the first section. The primary aim of this
simulation is to illustrate the system's capabilities and effectiveness in different
scenarios. To achieve this, a detailed model is constructed, which is subsequently
verified and validated by comparing its outputs with the available experimental data.
This step is crucial to confirm the model's accuracy and to ensure that it reliably
represents the real behavior of the system. Together, these two sections provide a
thorough and well-rounded exploration of the system's performance, combining
experimental rigor with computational analysis to deliver meaningful insights for the

current thesis objects.

Expected results

The combination of the solar thermal (ST) system with the photovoltaic-thermal
(PVT) system is projected to elevate the temperature of the water exiting the ST
system. This increase in temperature enhances both the thermal and exergy
efficiencies of the integrated system. Furthermore, the PVT system is engineered
to boost thermal efficiency by transferring excess heat from the photovoltaic (PV)
panels via a heat exchanger mounted on the back of the PV modules.
This mechanism is expected to reduce the surface temperature of the PV panels,
thereby improving their electrical efficiency. It's expected that, the integrated
system exhibits significant energy potential, enabling it to heat a substantial area
of a single room and provide adequate domestic hot water (DHW) for a small
household. It is important to note that domestic hot water consumption
represents about 25% of the total energy used in residential settings [37]. This
highlights the critical role of optimizing such hybrid systems to minimize energy

consumption and enhance overall efficiency in homes. By harnessing the
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combined benefits of the ST and PVT systems, this integrated approach presents
a viable solution for promoting sustainable energy practices in residential

environments.
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Chapter 2

Recent studies
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21  Introduction

A review of literature offers a comprehensive review of the current research and
different ideas relevant to the subject of this study. This section lays the framework for
the research concerns and objectives through a critical analysis of pertinent studies.
Moreover, it underscores the contributions of prior studies while recognizing
limitations and avenues for further inquiry, ensuring that this study is both informed
by and contributes to the continuing academic discourse. PVT and ST systems play a
significant role in cogeneration and polygeneration systems. The cogeneration system
is a method for simultaneously generating heat and electricity, resulting in significant
energy savings. It is often related to the combustion of fossil fuels but may also be
conducted utilizing some renewable energy sources and through waste burning.
Recently, the tendency has shifted towards utilizing cleaner fuels for cogeneration,
such as natural gas [38]. A polygeneration system is an enhanced form of a
cogeneration system that simultaneously achieves many objectives, such as the

generation of heat, electricity, cooling, and the production of energy or fuels [39].

In this context, the present literature review of the thesis is categorized into four

sections: the first belongs to the PVT integrated or cogeneration and polygeneration

Temperature

DHW E
. Tt

Buffer Storage © ISFH

Figure 2.1: PVT-HP system schematic

systems, while the second addresses the literature review of the ST integrated or
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cogeneration and polygeneration systems. The third segment presents a literature
review of the PVTST systems, while the fourth section entails the literature review of

the PVT and ST systems applications. They might be described as follows:

2.2 PVT integrated literature review

The idea of the PVT systems was first presented in 1976 [40]. This method has
grown and changed over the years and is still used presently. A lot of researchers and
investigators are engaged in standard PVT systems, while some are inventing
innovative methodologies [23]. Researchers have combined PVT systems with
supplementary appliances or technologies to enhance thermal performance and
facilitate heating, cooling, and residential hot water applications, in addition to
generating electricity. Chhugani et al. [41] conducted a comparative study utilizing
several types of heat source supply systems for a single-family residence. The primary
focus of their investigation was on the combination of heat pump (HP) system and
PVT system. In comparison to a heat pump with air source by itself, the results
showed that a PVT-HP system with a 30 m? PVT can achieve greater performance.
Furthermore, it was shown that a ground-source heat pump that is connected with a
PVT system can lower the size of the heat pump by around 30-35% without having
any negative effects on the efficiency of the system. Figure 2.1 illustrates the PVT-HP
system schematic of their study.

Tu=t | DHW, space heating
PVT collector Heatt :;irage
——
i @ T Return water
t,n=6

Collector pump

--------------------------- Electricity demand,
e T i >
Grid

A

Stirling
engine
Natural gas | CHP unit

Y
w
>
@
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Figure 2.2: Stirling-PVT system schematic

14



A PVT system couples with a water source heat pump (PVT-WSHP) was conducted
by Qu [42] to evaluate the impact of using this system. Their system was used as a
water heating device supplies the home with hot water. In comparison to a PV-ASHP
system, the results showed a 25.3% improvement in electrical performance and a
decrease in yearly exergy loss. A lot of studies have been done about integrating heat
and power systems by combining PVT systems and Stirling engines. Zhu [43]
performed an investigation to examine the integration of 29.5 m? of the PVT system
with a 1 KW. Stirling engine. The integrated system reportedly attains a yearly
electricity independence of 87% and fulfills 99% of the annual thermal energy
requirement. Furthermore, it can attain a yearly primary energy savings rate of 35%
and a carbon dioxide reduction rate of 37% relative to the reference system. See figure
2.2. Using a parabolic concentrator (CPC) and a PVT system, Tripathi and Tiwari [44]
carried out an analytical study on the integration of the two systems. Their study
involved a comparative analysis of the energy and exergy of four distinct systems:
PVT-CPC systems, PVT systems, CPC systems, and flat plate collector systems. Two
types of fluids were utilized throughout their study: water and molten salt. The
results indicated that, utilizing molten salt, the PVT-CPC system and the conventional
CPC system were the most appropriate for steam cooking. The PVT system can also
be integrated with thermoelectric generators (TEG) to improve thermal efficiency and
generate additional power simultaneously. The TEG is capable of generating
electricity from the temperature difference. The PVT-TEG systems have been the
subject of the labor of numerous researchers [45] [46] [47].Salariand his
team[48] proposed a three-

dimensional model to analyze the system efficacy utilizing PVT/thermoelectric (TE).
The performance of the PVT and PVT/TE systems was assessed by evaluating operat
ional parameters including solar radiation, cooling fluid flow rate, inlet, and ambien
t temperature. According to the results, the PVT/TE system's electrical performance
surpasses that of the PVT system by 6.23% and 10.41% at incident solar radiation
levels of 600 and 1000 W/m2, correspondingly. Additionally, the electrical efficacy of
the PVT/TE increases by 0.82% as the environmental temperature increases from (26
- to 34) °C, meanwhile the PVT system exhibits a 1.4% decline. The findings of the
simulation indicate that the overall electrical performance of the PVT/TE system is
much higher than that of the PVT system.
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2.3 ST integrated literature review

One of the most prominent examples of solar thermal energy conversion devices is
the solar thermal flat plate collector, referred to as the ST in the current thesis. Its
overall low efficiency results from the low thermal conductivity fluids” use [49].
However, researchers have obtained good results by integrating ST systems in
cogeneration or polygeneration systems. A hybrid system consisting of 5960 m? of ST
collector and 4039 m? of parabolic trough collectors was optimized by Tian et al. [50]
so that they could conduct optimization studies using TRNSYS-GenOpt. The actual
model has been constructed and served as a reference to validate the simulation study.
The results of their investigation revealed that the integration of solar
thermal collectors in the region network under investigation can reduce the
heating cost by (5-9) %. F. Rosales-Pérez [51] performed an analysis and economic
assessment on a hybrid system comprising a parabolic trough with flat plate collector,
and an auxiliary fossil fuel system for district heating applications. Their study
encompassed three distinct methods for integrating the system components. They
utilized TRNSYS to conduct the comprehensive numerical simulation of their
research. Using around half of the flat plate collectors, the hybrid system was able to
reach a monthly solar percentage up to 91% higher than that of the standalone flat
plate collector. Furthermore, the hybrid system has been attained the lowest cost
among stand-alone parabolic or flat plate collectors. Algarni et al. [52] evaluated
experimentally the thermal effectiveness of a hybrid system consisting of TEG and ST
collector system. The investigation was conducted for three months in a cold
environment. They stated that the TEG system effectively utilized the collector waste
heat and thereby increasing its thermal efficacy of the collector. The findings
indicated an enhancement in thermal and exergy productivity of 8.4% and 1.3%,
respectively. The use of flat plate collectors as auxiliary systems in polygeneration
systems has been examined in a variety of ways. These systems have been integrated
with other renewable energy sources such as wind turbines, geothermal, biomass, and
tuel cell energy systems as well as fossil energy sources [53] [54] [55], [56] [57] [58]. In
their study, Buonomano and his group [55] conducted an optimization study that
utilized  trigeneration @ of  Organic = Rankine  Cycle  machine, ST
collectors, geothermal energy and extra auxiliary devices. Their finding revealed that
the system can generate cooling and heating energy for the aforementioned
applications in their study. Their results stated that the collector's average yearly

efficiency was about 60%, while the ORC electric system's average yearly efficiency

16



was roughly 6%. Luis Cortes et al. [56] developed multigeneration systems for
building systems. They introduced techniques to decrease water usage by as much as
75% and emissions by 74%. Hands and his group [57] assessed the benefits in energy
and efficiency of a trigeneration system. They have used ST collectors to generate hot
water for their intended system. According to the data, the utilization of this collector
for the purpose of water heating resulted in a 21% reduction in the annual energy
consumption. They have reported that, solar energy was responsible for providing up
to fifty percent of the energy required for the heating of space, while the solar-driven
desiccant cooling system was responsible for thirty-five percent of the overall
space cooling. A numerical model was constructed by Soutullo [58] in order to
evaluate the energy performance of a polygeneration plant under a variety of different
scenarios. The thermal model in this simulation was developed with a combination of
St collectors and biomass boilers. Furthermore, solar panels and wind turbines were
operated autonomously alongside fuel cells. Their results indicated that optimal

performance might be attained through system combinations.

2.4 PVTST literature review

In this part of the literature review, numerical and experimental PVTST system
studies are introduced and reported. A few researchers have focused on the PVTST
systems; for this reason, it seems that this field needs to be covered more. In this
context, a two-dimensional PVTST system was introduced by Ma [59]. This work
investigates the effects of using PVT systems, both with and without glass,
independently and connected in series with the ST system. PVTST had superior
thermal efficiency and energy conservation compared to the other collectors,

according to their findings.

Li et al. [60] investigated four cases of glazed and unglazed PVTS systems. According
to their results, among the several collectors, the PVTST with glazing shown the highest
performance in term of energy and exergy efficiency. While the exergy efficiency was
observed at 17.63%, the energy efficiency was recorded as 41.51%. Within the scope of
their research, Kazemian and his team [61] employed the Taguchi technique to carry out
a numerical analysis with the purpose of optimizing the PVTST system. Their
optimization increased the heating capability of the entire system by 35.78% and
electrical energy efficiency by 23.86%, respectively. Z. Han and colleagues [62]

conducted an evaluative study on the thermal and electrical behavior of the PVTST
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systems. As per their investigation, the PVTST system may generate hot water with a
higher temperature than the PVST system. According to them, in high-radiation
circumstances the PVTST system provides better advantages. These benefits will,
however, progressively drop as the inlet water's temperature goes up. Chandan and
his group carried out the first experimental and numerical study on PVTST [63]. The
experimental investigation examined glazed and unglazed PVT systems arranged in
series with the ST system. The study included energetic and exergetic efficiencies. The
glazed one showed a maximum temperature of 67 °C, whereas the other one had 63
°C. According to their analysis, the unglazed PVTST system’s thermal efficiency
increased by 55-60%. The effect of adding nanofluid or PCM into PVTST systems on
their thermal behavior has been studied several times. Kazemian and his team [64]
employed various combinations of nanofluids while working with a PVTST system
and conducted an analytical comparison of the outcomes. Comparatively to other
nanofluids, the computational investigation found that the multiwall carbon-silicon
carbide nanofluid had the highest thermal productivity at 56.55%.

Using a variety of PCM and a range of fluid flow rates, Alikhan [65] conducted an
investigation of the PVTST system effectiveness. The results indicated that across all
fluid flow rates, the incorporation of PCM elevated the outlet temperature of the
system while reducing the surface temperature of the PV, thus enhancing energy

production and exergy efficacy.

2.5 literature review of the PVT and ST systems applications

highlighting the employing of hot water output from the PVTST system as a
possible energy source, this part of the thesis explores the literature on the
applications of PVT and ST systems in residential purposes. The production of hot
water by ST or PVT collectors is vital, since it assists in alleviating the growing need
for fossil fuels. Consequently, professionals in this field have carried significant
computational and empirical investigations to assess and lower the energy

consumption for household hot water or heating space.

A computational model utilizing PVT systems was undertaken by Hamdoon et al.
[66]. Six PVT collectors have been utilized to supply hot water for a family of five

persons. The surface area of each was 1.5 m?

. The system has been reported to deliver
hot water at a range of 61.7% to 83% efficiency. Liang and his colleagues [67]

performed a computational investigation to explore the viability of using 32 m? of the
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PVT systems for heating a certain volume. The study indicates that, in the absence of
the supplementary heater, the system effectively managed the required load from
midnight to 6 p.m. Glembin [68] employed several thermal distribution systems. An
indirect, a combi, and a direct solar collector with heating components were included
in this category. According to their results, by utilizing the combisystem, they were

able to achieve significant reductions in energy consumed.

Herrando and his team [69] investigated hot water and electricity generation utilizing
PVT systems. They developed a mathematical model for nine forms of PVT systems,
each with a surface area of 1.62 m? per collector. According to the findings that they
obtained, this system is capable of satisfying 36% of the requirements for hot water.
Lu, together with his colleagues [70], proposed a space heating system by using

a solar seasonal storage as a thermal energy supplier.

The findings of their research revealed that a system with a 40 m? solar collector and
a 40 m? reservoir might fulfill the energy requirements for heating a 240 m? area.
Several studies within the same domain may be found in [71]. References [72] and [73]

provide more insights, while numerous real projects can be located in [74].
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Chapter 3
Operational Methods
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3.1 Overview

This part covers a comprehensive description of the experimental facilities of the
current thesis. This description encompasses the specific materials and apparatus that
were employed, as well as the procedures that were implemented to collect and assess
the necessary data for completing the main target of the experiment. Furthermore,
this section offers a model and simulation of the experimental work, as well as a

comparison of the results.

3.2 Physical setup

The testing facilities of the present study was established in Hindia, Babil, Iraq,
corresponding to the coordinates 32.32° North and 44.10°East. A pair of PV
solar panels are coupled with a heat exchanger to harness the additional heat
produced on their surfaces. The total power capacity of each panel is 160 W, and it
encompasses a surface area of 1 m2. The heat exchanger is made up of one sheet and
eight tubes, all of which are placed in a systematic manner and are mounted to the
back of each pv panel. In addition, glass wool insulator is utilized to insulate the
uncovered side of the heat exchanger so as to enhance the thermal insulation. For the
purpose of ensuring that the tubes are attached to the absorber plate in the
appropriate manner, mechanical tools are utilized. The PVT system is sequentially
connected to 2 m? of the ST collector, represented by the flat plate collector as
previously mentioned. In this way, the warm water exits the PVT collector and enters
the ST collector directly. The ST collector includes the essential elements observed in
a PVT collector, which involve a glass cover, an absorber plate, eight pipes spaced 10
cm apart, and an insulator. Both Table 3.1 and Table 3.2 provide comprehensive
information regarding the physical description and general specifications of the
materials utilized in the PVT and ST systems.

During the experiment, data was collected using TK7Y data acquisition device.
Temperature measurements were conducted utilizing PT 100 sensors, with an
accuracy of +1% over a broad spectrum of -30°C to 500°C. In order to monitor and
adjust the flow of water, a K-100 flow meter was utilized. This meter ranged from 0.2
to 2 Liters per minute, and it had an accuracy of precisely +2.5%. Figures 3.1 and 3.2
represent schematic representation of the experimental procedure alongside the real

arrangement.

21



3.3 Operating conditions

Both collectors, PVT and ST were oriented southward at an angle of 35° and 45°,
correspondingly. To cover a broad spectrum of weather over the test area, the test days
were scheduled for first of January, February, March, and April. Every day of the
experiment was absolutely clear. During each day of the test, the average wind speed was
measured. The collection of data was scheduled to take place between the intervals of 10
a.m. to 4 p.m. The database of the website www.tutiempo.net was utilized in order to

collect information regarding wind speed and the solar radiation.

Table 3.1: PVT materials properties

materials description thermal density specific heat
conductivity kg/m3 capacity
W/m.k J/kg.k
rv poly-crystalline (160 w) 148 2330 700
Absorber copper (1.48X0.68X0.0007) m 400 8940 385
Plate
Pipes (8) copper( D=0.001, L=1.4) m 400 8940 385
Insulation glass wool( 1.48X0.7X0.3) m 100 0.035 1800

Table 3.2: ST materials properties

materials description thermal density specific heat
conductivity kg/m3 capacity
W/m.k J/kg.k
Glass low-iron glass 1 2450 500
(2X1X0.0035) m
Absorber plate copper
( 1.95X0.95X0.0004)m 400 8940 385
Pipes (8) copper 400 8940 385
( D=0.001, L=1.88)m
Insulation glass wool 100 0.035 1800

( 2X1X0.03) m
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Figure 3.1: Experimental work schematic

3.4 Numerical solution

Simulations can facilitate a more profound understanding of the investigation
and support the experimental work methodology. The computer fluid dynamic
principles (CFD) were employed to conduct the current simulation. CFD is a
computer simulation of fluid flow to forecast the behavior of fluids under different
conditions. It solves the governing equations of fluid dynamics using an algorithm
and numerical approach, thereby obtaining comprehensive knowledge about the
flow field [75]. Generally, CFD procedures consist of geometry designing, meshing
generation, boundary conditions, system equation solving, postprocessing, or
results visualization. The SolidWorks program was used to develop the geometrical

structure of the PVT and ST collector systems.

23



Storage tank

PYT cghllector

{ Ti-ST
Flat plate collector

Figure 3.2: Actual experimental work

¥ %
(radiation + convection) ‘/»// (radiation + convection) ’/”//

glass

Data logger

olass

air gap air gap conductio
v absorber
absorber pipes
pipes insulator
Insulator /
Water (conduction + convection) Water (conduction + convection)
@ (b)

Figure 3.3: General design of the geometry for: a. PVT system, b. ST system

It is recommended that any design approach be prepared in a manner that minimizes
the overall number of grid elements to simplify the problems and reduce their solution
time. In this context, the computational domain was limited by the utilization of a
numerical 3-D model that featured a single pipe or riser from each collector. Regarding

the layers of the geometry employed, it was presumed that the back sheet and tedlar
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were combined with the PV cells and viewed as a single layer [76]. The construction
of the overall PVT and ST systems modelling is depicted in a detailed way in Figure
3.3. Ansys 21 package, a sophisticated software that was developed to deal with
engineering problems via the integration of computational fluid dynamics (CFD)
methodology, was used to carry out each and every computer simulation of the PVT
and ST systems in an independent manner. When dealing with problems involving
fluid dynamics, it is vital to determine whether the flow is laminar or turbulent in
order to select the appropriate model and the method for solving the problem. By
calculating the Reynolds number (Re), which is an illustration of the relationship
between the viscous and inertia forces, it is possible to demonstrate the
flow behaviour. The flow is considered to be laminar when Re is less than 2300, and it
is considered to be turbulent when it is larger than 4000 [77]. Given that the Re value
in the current work was below 2300, the flow was considered laminar. Each system's
presuppositions and boundary conditions are defined as the following ways:

e V = V:is what the pipe inlet velocity is when using a constant fluid velocity of
0.106 m/s.

e In relation to the fluid inlet temperature, T = Ti, under variable temperature
conditions, as it varies depending on the temperature of the source's tank in each
instance.

e Both incompressible and steady state conditions were considered for the fluid

flow within the pipes.
e A condition of no slip or zero wall velocity was assumed.
e A pressure outlet condition was implemented for the pipe outlet: P=Po.

e Every interval of the current study, the top layer of the glass was subjected to a
consistent heat flow flux and free convection, depending on the outside

temperature and irradiation levels.
e Solid layers heat generation is neglected.

Heat transmission mechanisms encompass conduction among the solid layers (glass,
photovoltaic cells, absorber plate, pipe) and convection between the internal
pipe surface and the fluid that flows [78]. It is worth noting that through modeling,
the ST and PVT systems have the same boundaries; hence, the difference between
them is just in PV cells and their layers (tedlar and back sheet), which were
considered as one layer, as mentioned recently. Both the absorber plate's outside and

the pipe's bottom half are heat-insulated.
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3.4.1 Equations and Computational Techniques

The characteristics of the flow of fluid are described by the governing equations of

momentum, energy, and continuity, which are defined in the following [76]:

%}:]’) =0 (3.1
S =g+ 50)
apu;u; 0 oT
ot o) =
The solid domain equation can be stated as follows: [63]:
ksV?(Tyotia ) = 0 (3.4)

where K;: represents the thermal transfer property, T : is the solid temperature. The
equations that describe convective heat transfer as well as the radiation can be expressed
as follows [63]:

Q. =hA(T,—T,) (3.5)
Qraa = €Ao(T} —Ta,,) (3.6)

where: T, refer to the ambient temperature, T is the glass temperature, and Ty, is the sky
temperature, o : denote to the Stefan Boltzman constant; and € : represent the emissivity.

The convective heat transfer coefficient h. can be stated by the following equation [63]:
h. =38+ 5.7v (3.7)

where v : represent the speed of the wind, The following equation express the sky

temperature [63]:
Tsky = 0.0552 % T (3.8)
It is possible to express the energy or thermal efficiency in the following way [79]:

ch _ m- Cp(To - Ti)
GA GA

n = (3.9)

m. : describe the fluid flow rate, C, : denote to the heat capacity, G : represent the solar

irradiance, T; and T, : are denote to the inlet and outlet water temperatures, respectively.
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The electrical efficiency of the PV solar panel can be expressed as the following equation
[80]:
Net = Nrefr — H(Tpv - Tref) (3.10)

In the given equation, 7, : represents the baseline or standard efficiency with respect to
the standard conditions ( G = 1000w/m?,Tp, = 25 °C). Additionally, T,ef : Tepresents
the reference temperature, while u represents efficiency temperature coefficient. The
term "exergy efficiency" refers to the ratio of the system's useable exergy, also known as
thermal exergy, to the exergy generated by solar radiation. This ratio can be expressed
as [81]:

. mCy |To = T; — Tuln (%)]

— [1 _%] (3.11)

where T, represents the sun temperature and it’s approximately to 75% of the perfect
black surface temperature. The value of this parameter, which is an essential component
for solar radiation exergy, can be approximated to be 4350 K [82][83]. The model solver
commences by initializing the input values for the following parameters: inlet and
ambient temperatures, solar radiation intensities, wind speed, and electrical efficiency.
After that, it solves the governing equations using the boundary conditions in order to
determine the temperature of the solar cell as well as the solar cell temperature. Utilizing
the second-order upwind method, the solver discretized the equations involving
momentum, energy, and pressure. The residual is a metric that quantifies the degree of
similarity between the numerical solution and the actual physics model. Figure 3.4
depicts the flowchart illustrating the procedures for determining the outlet water
temperature.

The residuals of the utilized equations were 107° for momentum and mass equations

and 10~* for the continuity equation.

3.4.2 Grid independent

A standard verification method for CFD entails making multiple adjustments to the
number of mesh elements and evaluating the effect of these changes on the solution. To
attain solution verification, it is advisable and commonly accepted to finalize the solution

with particular grid elements and thereafter raise them multiple times while checking
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out the results. If results remain unchanged with grid modifications, then the grid is
deemed enough for the solution processes. Conversely, if the solution varies, it indicates
that the grid requires refinement until solution stability is achieved. Re-meshing is
necessary for achieving solution stability. In order to generate the necessary mesh, the
present investigation implemented Ansys Fluent Meshing software. Mesh refinement
was performed on the interfaces that are in contact or immediately subjected to solar
radiation. As a result of the current mesh operations, the final and dependent meshes
have orthogonality assessed at 0.2, indicating high mesh quality. The mesh procedure
involved creating many meshes until stability was attained at three distinct grids, where
the solutions began to exhibit steadiness and remained unchanged with a growth of
the mesh elements. In other words, the water outlet temperature of both collector
systems ST and PVT was computed until the answer was independent of the grid. The
grid cellsthat were wutilized for the ST and PVT systems, were composed

of 1,015,108 and 750,000, respectively. A sectional front view of the used mesh is shown

Input inlet water temp., ambient temp., solar
irradiance, wind speed and initial electrical efficiency

Solve mass, momentum and energy balance equation

|

Check for
convergence

Yes
Calculate the solar cell temperature

|

Update the electrical efficiency and heat
generation by the solar cell

|
v

Obtain the final outlet water temperature

Figure 3.4: Numerical solution flow chart
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in Figure 3.5, which also includes solution verification for the both PVT and ST systems.
For the purpose of ensuring that the outcomes of the computer simulation are accurate
and valid, they were compared to experimental data that was collected throughout this
specific study. For the particular day of January , the outlet temperature data that was
acquired from the computer simulations for the both PVIST and ST systems, were
computed, and then compared with the experimental values. The results of the current
investigation shown a good match between experimental and simulation results as

illustrated in Figure 3.6, where the maximum error was 6.74 %.
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Following what has been reported in the literature, the present work uses both
experimental and numerical approaches to assess the thermal performance of the
combined or hybrid system throughout several days in different months during the
prescribed year. In this context, the fundamental performance indicators that are being
considered during this study are exergetic and energetic efficiency. In addition, this
investigation encompasses the simulation of heating a single room by employing the
PVTST or ST systems as a hot water provider, along with the determination of the
temperature deficiency of the hot water demand by concurrently employing the same

systems.

4.1 Solar radiation

There are two forms of solar radiation that can reach any particular location on the
earth: direct radiation and diffuse radiation. These two types of radiation are added
together to form what is also referred to as global solar radiation [84]. The term "global
solar radiation" refers to the entire amount of solar radiation that is received by the
surface of the Earth and serves as the primary source of energy for all forms of life that
exist on Earth [85]. A representation of the solar radiation amounts from 10 a.m. to 4
p-m. for experimental days is depicted in Figure 4.1. Additionally, the second segment
of this graph depicts the monthly global radiation levels for the years 2022 and 2023.
The data regarding monthly global radiation and average temperature for the specified
location over the indicated years is thoughtfully collected in Table 4.1 [86]. Given the
observations in this table, the magnitudes of solar radiation can be considered to be at
acceptable levels in the study’s location, which is characterized by favorable solar
conditions. There is a potential for effective solar energy generation, particularly during
the summer months when radiation is at its maximum, as indicated by the global
radiation values. For the years given, the temperature data indicates that the
temperature ranged from 11.9°C in January to 39.6°C in August. These temperatures
are common in multiple fields, especially the solar energy field, and besides that, they
may have a detrimental impact on PV systems. For the given particular days
respectively, the solar radiation’s total energy was ( 3513, 4234, 4467, and 5000 )
W/m?/day.
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Figure 4.1: Solar radiation for: a. (10 am-4 pm.) of the experimental days,

b. monthly average magnitudes of the years 2022 and 2033

Table 4.1: monthly global horizontal irradiation (G) and average temperature data

Month 2022 G (kWh/m?2) 2023 G (kWh/m2) 2022 Temp (°C) 2023Temp (°C)
January 98.35 94.12 11.9 12.0
February 124.98 127.74 16.5 13.8
March 170.89 169.07 18.0 19.5
April 185.86 198.72 26.9 24.6
May 224.54 221.57 30.5 30.9
June 237.45 236.38 37.3 35.9
July 247.19 250.99 38.1 38.8
August 219.88 225.30 39.1 39.6
September 188.39 190.35 35.2 35.5
October 147.72 134.56 30.1 28.8
November 103.80 103.73 20.4 20.1
December 88.28 92.60 14.9 15.5
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4.2 Fluid outlet temperature

The solar collector output temperature is an essential factor influencing its
thermal efficiency, hence affecting its appropriateness for various thermal
applications. Solar collector system design, solar irradiance, initial fluid temperature,
and flow rate all have an impact onits output temperature.The factors' effects could
be precisely described as follows:

Solar radiation: under constant fluid flow rate and inlet temperature, the peak outlet
temperature is reached when solar radiation incident on the solar collector is at its

highest level.

Flow rate: The flow rate of the used fluid can influence the quantity of heat that can
be absorbed and then transmitted. Increasing mass flow rates often result in
decreased outlet temperatures owing to enhanced heat capacity and accelerated fluid

motion, which shortens the duration for heat absorption.

Inlet temperature: Outlet temperature depends on the fluid inlet temperature. The
maximum possible outlet temperature can be considerably raised by raising the

input temperature.

The design of the solar collectors profoundly influences their outlet temperature,
which is essential for optimal thermal energy applications. Elements, such as
collector type, surface area, flow configuration, and material qualities. They are
absolutely important in determining how well a solar collector transforms solar
energy into thermal energy. According to the current experimental configuration, the
PVT output water temperature serves as inlet water temperature of the ST collector.
The source water initially enters the PVT collector, acquiring thermal energy that
elevates its temperature by several degrees before being delivered to the ST collector
and gaining a new heating energy magnitude. The aforementioned approach
enhances the heating efficiency of the entire system and raises the outlet temperature.
Figure 4.2 illustrates the inlet, outlet, and ambient temperatures of the PVT, ST, and
PVTST systems. This figure illustrates that the thermal energy introduced via the
PVT collector and subsequently transferred to the ST collector as an inlet water
temperature leads to in the highest output temperature for the PVIST system when
compared to the standalone ST system. Throughout the duration of the four testing
days, the outlet temperature of the PVTST system exhibited an increase of (6.15, 6.65,
7.51, and 5.48) °C when compared to the ST collector.
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4.3 Energy efficiency

The energy output of the system was thoroughly collected and analyzed in
accordance with the designated experimental days. For the purpose of projecting the
total output energy of the PVTST system, the output energy of each collector was
estimated independently. Compared to the ST collector, the output energy of the
PVTST system raised by a mean values of (213.71, 231.07, 265.78, and 190.41) W
throughout the course of the four days, as indicated by the findings. Table 4.2
illustrates the output energy results for all collectors during the test. This table
provides a comprehensive analysis of the energy output from three types of solar
energy collector systems: PVT, ST, and a combined system (PVTST), over the initial
four months of the year. The data is presented in terms of global solar irradiance and
energy outputs. In January, the global solar irradiance fluctuated between 230 and
629 W/m2. The PVT system produced energy outputs ranging from (116.28 to 272.47)
W, while the ST system delivered outputs between (190.9 and 513.71) W. The
combined PVTST system consistently outperformed the individual systems, with
energy outputs spanning from (295.04 to 739.33) W.
February saw an increase in solar irradiance, with values ranging from (428 to 713)
W/m2. The PVT system achieved energy outputs between (253.38 and 339.32) W,
while the ST system ranged from (329.75 to 558.84) W. The PVTST system
demonstrated its superior efficiency, delivering outputs between (572.72 and 857.35)
W. In March, irradiance values rose further, ranging from (392 to 760) W/m2. The
PVT system produced energy outputs between (166.61 and 295.04) W, while the ST
system ranged from (312.39 to 586.6) W. The PVTST system maintained its
dominance, with energy outputs spanning from (465.12 to a peak of 839.99) W. April
exhibited the highest levels of solar irradiance, ranging from (714 to 841) W. The PVT
system's energy output varied between (111.07 and 277.68) W, while the ST system
ranged from (354.04 to a maximum of 638.67) W. Once again, the PVTST system
delivered the highest performance, with energy outputs between (458.17 and an
outstanding maximum of 895.83) W. In summary, it can be said that the energy
output across all systems increased with higher solar irradiance, peaking in March
and April and the combined PVTST system consistently outperformed both PVT and
ST systems individually, showcasing its ability to harness solar energy more
effectively.
While all systems exhibited variability based on irradiance levels, the PVTST system

demonstrated robust performance across all months. A solar collector’s thermal
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efficiency measures how much energy is converted within the collector. It is
presented as the effective heat generation to accessible irradiation ratio.
Consequently, improving thermal efficiency means increasing the amount of the
collector useable energy generated.

It was assessed beneath a variety of operational conditions throughout the duration
of the study. The ST and PVTST systems’ thermal efficiencies are illustrated in Figure
4.3. There is an expectation that the thermal efficiency of the PVTST system becomes
greater than that of the ST collector. This follows from a significant change in the
temperature difference part in equation 7, which raises both thermal efficiency and

usable energy.
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Figure 4.2: Inlet, outlet, and ambient temperatures of the PVT, ST, and PVTST systems
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Thermal efficiency

When compared to the ST collector, the PVTST system demonstrated an average
boost in the thermal efficiency estimated by (24.8, 18.2, 22.3, and 19.4) %, respectively,
throughout each of the selected four days.

The PVTST system’s thermal efficiency demonstrates substantial and obvious
variations over the course of the specified days, primarily as a result of its elevated
potential energy in comparison to the ST collector. Figures 4.4 and 4.5illustrate the
thermal efficiency behavior relative to the inlet-ambient temperature difference (Ti -
Ta)/(G) for the both collectors used, ST and PVTST within the study periods.
According to the data, it is possible to improve thermal efficiency and, as a result,
reduce heat losses by lowering the temperature gap between the input and the
ambient temperature. Additionally, attention to fluctuations in radiation levels is

crucial, as these may exacerbate heat losses and diminish thermal efficiency.
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Figure 4.3: ST and PVTST thermal efficiency

4.4 Exergy efficiency

A system’s exergy efficiency is a metric that quantifies the degree to which it
converts the accessible energy or energy on hand into beneficial work. Beyond the
context of the energy efficiency, it offers a comprehensive insight of how the
entire system works. Within the scope of this study, the exergy efficiency of both
ST and PVTST systems were assessed during the length of the investigation. As
the results of the tests demonstrate, the exergy efficiency of the PVTST system rose
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Table 4.2: Harvested collectors’ energy( W)

G PVT ST PVTST G PVT ST PVTST
W/m ? energy energy energy W/m? energy energy energy
January March
474 17147 364.46 517.18 621 260.32 482.47 721.98
587 22041 465.12  662.97 717 295.04 562.31 829.58
639  255.12 513.71 739.33 760 270.74 593.55 839.99
625 27247 499.83  739.33 746 277.68  586.6  839.99
547 2447 437.35 652.55 676 284.62 5033  770.57
411 22041 333.22  531.07 555 208.26 440.82 631.73
230 116.28  190.9 295.04 392 166.61 312.39 465.12
February April
428  281.15 329.75 572.72 714 24297 541.48 763.63
572 277.68 458.17  708.09 805 24297 607.43 829.58
669  347.1 538.01 853.88 841 256.85 638.67 899.00
713 319.33 569.25 857.35 821 24991 624.79 853.88
701 3228 558.84  843.46 746 277.68 579.66 833.05
634  336.69 538.01 784.45 620 222.14 479.00 683.79
517  253.38 419.99  652.55 453 111.07 354.04 458.17

by an average of (7.98, 7.45, 7.82, and 6.97) % in comparison to the ST collector

throughout the course of the four test days, respectively. Boosting the energy

efficiency directly relates to the general quality of the system since it means increasing

the quantity of the produced useable energy. Equation 9 demonstrates that multiple

parameters, mainly solar radiation, inlet & outlet fluid temperatures, and ambient

temperature, affect the exergy equation. As such, knowing the particular exergy

approach is challenging since it varies depending on the environment and operational

settings. The current investigation demonstrates, as depicted in Figure 4.6, that an

increase in the temperature of the surrounding environment typically results in a

decrease in the exergy efficiency in all of the scenarios that were evaluated.
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Figure 4.4: Thermal efficiency behaviour relative to the inlet-ambient temperature

difference for January and February
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4.5 Electrical efficiency

The capacity of a solar panel to convert solar radiation into electrical power that can

be utilized is referred to as its photovoltaic (PV) electrical efficiency. This efficiency

depends on various factors, including the type of photovoltaic material, operating
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Exergy efficiency

temperature, irradiance levels, and system losses. Typically, monocrystalline panels
achieve efficiencies between 18-22%, polycrystalline panels range from 15-18%, while
thin-film technologies have lower values around 10-14%. External influences such as
dust accumulation, shading, and aging of the panels also affect performance. According
to the research studies, increasing the temperature of the PV panels results in a decrease
in both their electrical efficiency and their energy output. As temperature rises,
efficiency tends to decrease due to the negative temperature coefficient of PV cells. In
another word, PV panels are generally produced with a temperature coefficient,
indicating the rate of decline in their electrical efficiency for each one-degree rise in
temperature. A one-degree rise over the average standard temperature decreases
electrical efficiency by 0.35%/°C, according to the panel's temperature coefficient.
Higher-efficiency modules are advantageous in space-constrained applications, though

they may come with higher costs [87].
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Figure 4.6: Exergy efficiency during the experimental days for: a. PVIST system, b.
ST system

In this context, maintaining the temperature of the PV panel as near to the norm as

practically possible can help to reduce energy losses.

Both collectors’ electrical efficiency through the study period can be shown in figure

4.7. The PVT system achieves a decrease in the average temperature ranging from 6 to
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11 °C. In comparison to traditional PV panels, this reduction enhances electrical
efficiency, yielding average improvements of (31.04, 41.16, 47.34, and 11.55) % within

the four experimental days, respectively.

4.6 Heating system for individual rooms

solar energy presents a sustainable and eco-friendly alternative to conventional
fossil-fuel-based systems. By capturing and utilizing the sun’s thermal energy, solar
space heating systems can significantly reduce fuel consumption, lower greenhouse
gas emissions, and contribute to energy independence. The concept involves
collecting solar radiation through solar thermal collectors, which transfer the
absorbed heat to a working fluid —typically air or water. This heat can then be
distributed through radiators, underfloor systems, or air ducts to maintain indoor
comfort levels. Solar heating systems may operate independently or be integrated
with auxiliary heating units to ensure continuous operation during periods of low
solar availability. There are several types of solar space heating systems, such as
passive solar heating, which relies on building orientation and materials to store and
distribute heat naturally, and active systems, which employ pumps, fans, and

controls to manage heat transfer more efficiently. Given the growing interest in
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Figure 4.7: Electrical efficiency during the experimental days for: a. PV system, b. PVT

system
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sustainable energy solutions, solar space heating is becoming an increasingly viable
option for both new constructions and retrofitted buildings. Its application not only
helps reduce operational energy costs but also aligns with global efforts toward
cleaner energy utilization [87][88][89]. In this framework, CFD methods were used to
construct and simulate the heating of a specific space represented by a small room,
thereby illustrating the impact of the current research systems on heating this space.
Various programs from the Ansys package were utilized in order to create the model,
perform meshing operations, simulate, acquire results, and perform post-processing

processes.

4.6.1 Physical description

In this study, the designated area for heating consists of a single room measuring 4.8
m in length, 2.7 m in height, and 2.4 m in width. It comprises insulated walls,
excluding the window wall, a glazed window of (2.4 X 1.2)m, a radiator with
dimensions of (1.4 m X 0.84 x0.05)m, an intake orifice for fresh air of (0.5x0.02)m, and
an exhaust orifice of (0.8x0.05) m. The physical description of the specific room is

depicted in figure 4.8. It's worth nothing that Olesen and his colleagues [90]

Figure 4.8: Room's physical description
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previously performed experimental work research under identical room conditions;

also, numerous researchers have compared their findings with his results [91][92].
4.6.2 Solver and boundary setup

Continuity, momentum, and energy equations are applied as the fundamental
governing equations in this domain. These equations are utilized alongside with
turbulent model k — € which is considered a good model for turbulent flow prediction
at low Reynolds. This model also involves the k — € transport equations which
consider very important equations for describing turbulent viscosity (u.). These

equations can be described as follows [93]:
0 —
a(ﬁk) + V- (pkv) =V - (agtertVk) + Gy + Gy — pe — Yy + Si (4.1)

a 4 J—
57 (PE) V- (pev) =

€
V- (acpesrVeE) + Cic E (G + C3.Gp)

62
_CZEPI - Re + Se

The discrete ordinates (DO) model can be employed to incorporate radiation from the

heat source, and it is formulated as follows [93]:

oT* o, (*"

VU@, ) + (a+ a))I(#,§) = an? —+ i HGED) (4.2)

d(5,5)dQ’

In this equation, the amount of radiation emitted, referred to as radiation intensity (I),
is affected by several variables, including the position # and direction 5. Both g5 and a
denote the scattering and absorption coefficients, respectively; n represents the
refractive index; The parameter o denotes the Stefan-Boltzmann constant, ¢ represents
the phase function, and €)' is the solid angle. The thermal balance associated with the

radiator can be formulated as follows:[94]
- c, AT = k- A- AT, (4.3)

Hence, AT represents the inlet-outlet temperature differences and AT,, denotes the
difference between the radiator's mean temperature and that of the ambient

surroundings. The room's thermal comfort was depicted using a thermal indicator
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known as the comfort temperature, Teomsort - Previously, Myhren have addressed the
plus sides of employing comfort temperature as compared to operative temperature
[95]. Comfort temperature is a variable that is employed to determine the presumed
thermal climate, similar to the more often employed operative temperature. It accounts
for the balance between radiative heat transfer effects and the surrounding air

temperature. It can be described as below [96]:

_ Tsurface + (Tair X uair)

Tcomfort -
1+ /(10 X uy, )

In this equation, Tgyface T€presents the surface temperature of the radiator and (T, u) ;.

(4.4)

indicate the temperature and velocity of the air, respectively. Various values for the
supply and return water temperatures can be implemented to accommodate different
system requirements, allowing for more precise control over thermal performance. By
adjusting these temperatures, the system can optimize energy efficiency and ensure
effective heat transfer between the water and the surrounding environment [96]. The
European standard for radiators, EN 442, suggests maintaining a temperature
difference of 10 K between the supply and return water temperatures to ensure optimal
performance and efficiency in heating systems. This number is what the current study
depended on. The following dimensionless numbers are commonly employed to
describe and analyze the flow characteristics, helping to provide a clearer

understanding of the fluid behavior within the system [93][94]:

1. The Prandtl number:

Pr =2 45
r=- (45)

This parameter indicates the relative importance of convection and conduction on a
fluid and represents the kinematic viscosity to the thermal diffusivity.

2. Reynolds number:
Re = — (4.6)

Which was defined recently.

3. Grashof number:
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gBATL?
Yy = ——m—
VZ

It represents the ratio of buoyant forces to viscous forces within the fluid, providing
valuable insight into the dominant physical effects influencing the flow. This ratio is
essential for predicting the flow behavior, as it helps determine whether the flow is
more likely to be governed by buoyancy (natural convection) or by viscous forces
(forced convection), which in turn influences the system’s thermal and fluid
dynamics. Given that the Gr/Re?® exceeds 1, the flow was presumed to represent
natural convection. To solve the complex coupling between pressure and velocity, as
well as the interrelationship between the flow and energy equations, an iterative
approach using the coupled scheme method was chosen. This method is well-suited
for handling the simultaneous solution of the pressure and velocity fields, ensuring
that the flow dynamics are accurately captured. For the discretization of the
momentum and energy equations, a second-order upwind scheme was employed,
which provides a more precise representation of convective terms and improves the
overall accuracy of the numerical solution. In contrast, a first-order upwind scheme
was used for the discretization of the turbulent kinetic energy and dissipation rate
equations, balancing computational efficiency with the necessary accuracy for
modeling turbulence behavior. To ensure that the numerical solution converged
properly, the residuals were set within a specified range of 10*{-3} to 10"{-4} for the
parameters of the equations. These residuals represent the difference between
successive iterations and serve as a measure of convergence, ensuring the solution is
sufficiently accurate for further analysis. The boundary conditions were defined as

follows:
At the inlet:
T=T,u=u;=07m/s,v=w=0

Where T; represents the air temperature, and u; is the air velocity in the x-direction.
The velocity components in the y and z directions are denoted by v, and w
respectively.

At the outlet: the pressure outlet condition was applied; in this way the velocity and

temperature gradients at the outlet are defined as follows:

6u_6v_6w_6T_
ax odx oJx ox

45

(4.7)



For the insulated walls, adiabatic thermal conditions were applied, meaning that no
heat exchange occurs through these surfaces. the heat transfer coefficient of the
window wall was 0.3w/m? °C, , which defines the rate of heat transfer across the wall
per unit area and temperature difference. In the current study, the radiator is modeled
as having a constant source temperature, ensuring that the thermal output remains

steady throughout the simulation.

4.6.3 Grid Independence and Model Verification

The grid independence of the model was evaluated by testing four different
mesh configurations, consisting of 150,000, 385,000, 622,543, and 804,506 elements.
The room temperature was calculated for each configuration to assess the impact of
the mesh resolution on the solution's stability. The two highest mesh configurations
exhibited strong stability and were deemed reliable for use in the model
computations. Additionally, the model’s validity was confirmed by comparing the
simulation results with the experimental data from reference [90]. The comparison, as
shown in Figure 4.9, demonstrated a good agreement between the simulated results
and the referenced experimental findings, with the maximum error observed being a

variation of 7.94%.
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Figure 4.9: a. a 3-D Mesh of the used geometry, b. Solution validation
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4.6.4 Results

As previously mentioned, the main goal of the room heating simulation is to
evaluate whether the ST (Solar Thermal) or PVTST (Photovoltaic Thermal Solar
Thermal) system, with areas of 2 m? and 4 m?, respectively, can achieve the required
temperature for effectively heating a room using a water radiator. The simulation
focused on analyzing the temperature distribution within a single room, where these
systems were used as the primary sources of hot water to assess their performance in
reaching the desired heating conditions. Figures 4.10 and 4.11 illustrate the simulation
findings of the room under investigation. This figure depicts the temperature
distribution in both longitudinal and cross sections. The cold airflow from the intake
orifice increases progressively throughout the whole room space while
simultaneously combining with the warm air emitted from the hot water radiator until
it reaches the steady-state temperature. Controlling the desirable or required comfort
temperature can be accomplished by installing a thermostat on the delivery side of
the radiator. Figure 4.12 shows the mean room temperature data acquired throughout

the course of four days during the study period using the ST and PVTST system:s.
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Figure 4.10: Room simulation results: a.longitudinal sections, b. cross sections
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This figure clearly illustrates that, over the testing period of February, March, and
April, both the ST and PVTST systems are capable of providing an adequate amount
of heat to effectively warm a single room, demonstrating their ability to meet the
heating requirements during these months. During these three days, the room
temperature exceeded the required temperature, which is defined as 22 °C [97][98].
During January, there were several instances throughout the day when the intended
temperature could not be reached. The shortfall in the ST system was approximately
15.9%, while the PVTST system experienced a shortfall of 8.18%. On the four days
under investigation, the average increase in room temperature when using PVTST as
a hot water provider was 7.94%, 4.86%, 4.80%, and 5.05%, respectively, more than
when using the ST system. In order to prevent the consumption of additional energy,
a control system might control the rate of increase; however, the current study does

not include an energy control system.
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Figure 4.11: Front view of the room’s simulation for: a. maximum radiator surface

temperature, b. minimum radiator surface temperature

4.7 Analysis of the shortfall in Water supply temperature

This section is dedicated to assessing the capability of the PVTST system in meeting
the required hot water demand at the appropriate temperature during the designated
test hours across the selected days. To perform this evaluation, an analytical calculation

was conducted to determine the average shortfall between the output temperature of
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the hot water produced by the PVTST system and the target temperature necessary for
domestic hot water use. Based on previous studies, it has been established that
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Figure 4.12: Average room temperature during the test days of the study
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Figure 4.13: Shortfall of the supplied hot water through the study period
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household hot water temperatures of 50°C [99], 55°C [100], or 60°C [101] are typically
sufficient to meet the daily domestic hot water requirements. The results from the
analysis show that the PVTST system can fulfill an average of 61.4% of the daily
domestic hot water demand on the first test day, 79.4% on the second day, 77.3% on the
third day, and 75% on the fourth day, assuming the target temperature for the hot water
is set at 55°C. These percentages represent the portion of hot water demand met by the
system throughout the test period, offering a glimpse into the system's efficiency and

reliability.

Figure 4.13 provides a visual representation of the temperature shortfall relative to the
provided hot water temperature from the PVTST system during the period from 10
a.m. to 4 p.m. across the months of January, February, March, and April. This figure
clearly highlights the fluctuations in temperature shortfall during these months,
showing how the system's performance varies across the test period and allowing for
a better understanding of its ability to meet domestic hot water needs under different

environmental conditions
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Chapter 5

Conclusions & suggestions
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4.1 Conclusions

The rising worldwide need for renewable energy sources has resulted in
heightened interest in hybrid solar energy systems that effectively harness both
electrical and thermal energy. PVT systemshave evolved as an innovative
technology that concurrently generates energy and recovers waste heat from
PV modules. The efficiency of PVT systems can be significantly improved by
integrating them with traditional solar thermal (ST) collectors, such as flat plate
collectors or any other types. This integration enhances the overall thermal
performance of the system, as it combines the benefits of both technologies. While
the PVT system captures both heat and electricity, the addition of ST collectors
allows for optimized heat absorption, thereby increasing the thermal output and
efficiency of the system, particularly in situations where higher thermal energy is
required.
A PVTST hybrid system combines a solar thermal collector in series with a PVT to
first catch solar radiation, therefore converting some of it into electricity, and then
transmits the residual heat to a working fluid. The preheated fluid then passes
through the flat plate solar collector (ST) to raise its temperature even more,
therefore maximizing the overall efficiency of the system. By reducing the running
temperature of the PV module, this design improves thermal energy capture and
simultaneously enhances its electrical efficiency.
This study experimentally assessed the performance of a PVT system integrated in
series with a ST system. This study examines the heating of an individual room and
demonstrates if the primary research system can generate sufficient heat. The study
additionally aims to predict potential deficiencies in hot water delivery. The
evaluation of the utilized systems primarily concentrated on their energy, exergy,
and electrical performance metrics. The collected data was accurately calculated,
analyzed, and thereafter discussed. The outcomes can be articulated as follows:
o Energy and Temperature Boost: The PVTST system offers an effective solution
for simultaneously generating both electrical energy and increasing the temperature
of the hot water produced by the traditional solar thermal (ST) system, thereby
optimizing overall system performance.
o Increase in Hot Water Temperature: A significant increase in hot water
temperature was observed when utilizing the PVTST system. Compared to the ST
system, the PVTST system showed an average increase in outlet temperature of
(6.15°C, 6.65°C, 7.51°C, and 5.48°C) on the four test days, respectively.
o Energy Yield Enhancement: The results highlighted that the energy output of the
PVTST system was higher by an average of (213.71 W, 231.07 W, 265.78 W, and
190.41 W) when compared to the energy yield from the ST system on the selected
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test days.

o Thermal Efficiency Improvement: The thermal efficiency of the PVTST system
showed an average increase of 24.8%, 18.2%, 22.3%, and 19.4% on the four test days,
respectively, when compared to the thermal efficiency of the ST collector.

o Exergy Efficiency Increase: The exergy efficiency of the PVTST system showed
average increases of 7.98%, 7.45%, 7.82%, and 6.97% relative to the ST system on the
four test days, respectively, indicating a more efficient conversion of thermal energy
into useful work.

o Electrical Efficiency Comparison: When compared to traditional PV panels, the
PVT system demonstrated significant improvements in electrical efficiency, with
estimated increases of 31.04%, 41.16%, 47.34%, and 11.55% on the four test days.

o Heating Sufficiency: The ST and PVTST systems were sufficient to heat a single
room on the test days of February, March, and April. However, in January, these
systems were unable to meet the required heating demands, resulting in a shortfall
of 15.9% for the ST system and 8.18% for the PVTST system.

o Hot Water Temperature Coverage: Throughout the test days, the PVTST system
successfully met an average of 61.4%, 79.4%, 77.3%, and 75% of the required hot
water temperature on the respective days, demonstrating its efficiency in fulfilling

domestic hot water needs.
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5.2 Suggestions and future works

The current investigation lays a strong foundation for the advancement of
hybrid PVT-ST systems; however, several aspects remain open for further
exploration. Future research should focus on improving the economic
feasibility, system sustainability, and overall efficiency of these systems. For
widespread deployment of PVT-ST technology, it is crucial to pursue
advancements in system design, explore the use of novel materials, integrate
intelligent control mechanisms, and evaluate real-world operational
performance.
The performance of PVT-ST systems is influenced by numerous variables such
as solar irradiation levels, ambient environmental conditions, flow rates,
material properties, and system configurations. While earlier studies have
highlighted the potential of these hybrid systems, further investigation is
necessary to refine their architecture, enhance material performance, and
develop smart control algorithms, as well as assess their cost-effectiveness for
broader implementation.

The following future research directions are recommended:

1. System Design Optimization
Fluid Dynamics and Energy Yield: Study the impact of different configurations
on fluid flow behavior, pressure drops, and energy output.
Advanced Heat Exchanger Configurations: Investigate the effectiveness of
alternative designs, such as vortex generators, microchannels, plate-fin
exchangers, and double-tube systems, to improve heat transfer from the PV
surface to the working fluid.
Surface Area Modification: Explore the effect of varying the surface areas of the
PVT and ST components to maximize energy and power efficiency.
Spatial Arrangement Optimization: Analyze the optimal distance between PVT

and ST modules to reduce thermal losses and improve system integration.

2. Performance Analysis under Varying Conditions

Geographical and Climatic Assessment: Evaluate system performance across a
range of climatic zones, including arid, cold, and humid regions, to assess
adaptability.

Environmental Influences: Study the effects of wind speed, ambient
temperature, humidity, and dust accumulation on the system’s performance.
Low Solar Irradiance Scenarios: Assess system effectiveness during early

morning, late evening, or cloudy conditions.
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Radiation Type Analysis: Examine the influence of direct vs. diffuse solar

radiation on overall energy generation.

3. Optimization of Tilt Angle and Orientation

Inclination and Azimuth Analysis: Identify the optimal tilt angle and azimuth
orientation to enhance solar energy capture.

Static vs. Dynamic Tracking Systems: Evaluate the feasibility and energy gains

of incorporating solar tracking systems for real-world applications.

4. Integration of Energy Storage Systems

Thermal Storage Options: Incorporate water-based or phase-change material
(PCM)-based thermal storage tanks to ensure a steady supply of hot water
during low solar periods.

Insulation Techniques: Analyze different tank insulation methods to minimize
heat losses.

Electrical Storage Solutions: Consider the integration of battery systems (e.g., Li-
ion, flow batteries) to support the electrical component of hybrid systems.
Energy Management Strategies: Develop algorithms for coordinated thermal

and electrical load management to enhance overall efficiency and reliability.

5. Economic and Environmental Impact Assessment

Life Cycle Cost Analysis: Evaluate the long-term operational costs and economic
return of the systems.

Scale-Based Cost-Benefit Analysis: Compare performance and costs for small-
scale versus large-scale implementations.

Carbon Footprint Estimation: Assess the environmental benefits in terms of
greenhouse gas reduction and energy savings compared to conventional
systems.

Sustainable Materials: Investigate the use of recyclable and eco-friendly
materials to improve the system’s sustainability.

Policy and Incentive Evaluation: Analyze how the integration of hybrid systems
aligns with renewable energy regulations, government incentives, and subsidies

across different countries.

6. Artificial Intelligence (Al) Integration
Smart Monitoring and Control: Integrate Al-based control systems to facilitate
automated operation, real-time performance monitoring, fault detection, and

dynamic optimization of hybrid systems.
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