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Abstract

Modeling and Development of a Low-Cost Embedded System for MPPT of Hybrid

Photovoltaic Thermal System

Technological improvements and appropriate modeling of solar hybrid PVT systems continue to pose
significant challenges. This thesis introduces an improved modeling and implementation approach
aimed at improving the effective efficiency of hybrid PVT systems by increasing their overall energy
output. It also presents an innovative classification system developed through a comprehensive review
of recent literature as well as a parametric analysis model that includes various optimization and
performance-based parameters. Parameters characterization, identification and sensitivity analysis are
also conducted to assess the sensitivity and overall effect of the system. A mathematical model of both
electrical and thermal sections of the PVT system is obtained and incorporated in the simulation model.
The simulation model based on the proposed approach is developed using MATLAB environment. An
effective efficiency comparison analysis is performed using an appropriate cooling and heat transfer
mechanism with different heat exchanger pipes, and the results are discussed. A novel, non-iterative,
optimum MPPT technique based on an analytical solution is introduced and compared with the other
existing classical approaches. A set of simple low cost instruments and an embedded system is
developed for the real time measurement, simulation and optimization purpose. Additionally, a robust

monitoring and fault diagnosis system is also presented for the system reliability.

Keywords: PVT, Modeling, Sensitivity, Heat Transfer, MPPT.

il



v



Resumo

Modelacio e Desenvolvimento de um Sistema Embebido de Baixo Custo para Seguimento

do Ponto de Maxima Poténcia num Sistema Hibrido Fotovoltaico-Térmico

Os avangos tecnoldgicos e a modelacdo apropriada dos sistemas PVT hibridos solares continuam a
representar desafios significativos. Esta tese apresenta uma abordagem aperfeicoada de modelagado e
implementacao com o objetivo de melhorar a eficiéncia efetiva dos sistemas PVT hibridos, aumentando
aproducao global de energia. Apresenta também um sistema de classifica¢do inovador, partindo de uma
revisao aprofundada da literatura recente, bem como de um modelo de analise paramétrica que inclui
varios parametros de otimizagdo e desempenho. A caracterizacdo dos pardmetros, a identificacdo e a
analise de sensibilidade sdo também conduzidas para avaliar a sensibilidade ¢ o efeito global do sistema.
Um modelo matematico da sec¢do elétrica e térmica do sistema PVT € obtido e incorporado no modelo
de simulacdo. O modelo de simulagdo baseado na abordagem proposta ¢ desenvolvido utilizando o
ambiente MATLAB. E realizada uma anélise de comparagdo de eficiéncia eficaz utilizando um
mecanismo apropriado de arrefecimento e transferéncia de calor, com diferentes tubos de permutador
de calor, e os resultados sdo discutidos. Uma nova técnica MPPT 6tima, ndo iterativa e baseada em
solugdo analitica ¢ introduzida e comparada com outras abordagens cléssicas existentes. Um conjunto
de instrumentos simples e de baixo custo ¢ sistemas embebidos sdo desenvolvidos para fins de medigéo,
simulagdo e otimizagdo em tempo real. Além disso, é também apresentado um sistema robusto de

monitorizacdo e diagnostico de avarias para garantir a fiabilidade do sistema.

Palavras-chave: Fotovoltaico-Térmico, Modelagdo, Sensibilidade, Transferéncia de Calor, Seguimento

do Ponto de Maxima Poténcia.
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Chapter 1: Introduction

1.1 Background

Solar energy is the motivation of continuation and survival of humankind on this earth. Solar energy
helps to sustain fundamental processes for life on earth, for example photosynthesis, ecosystem and rain
cycle. The history of humankind indicates that solar energy is considered and being used for the
betterment of civilization. The use of solar energy implementing modern energy technology is not so

old which is exercising for the last 40 years, that is environmentally friendly and free source of energy

[].

The increase of population growth, technological advancement and economic improvement is
inherently related to the total global demand of energy. This ongoing demand is mostly covered by using
the fossil fuels resources such as oil, coal, gas and other sources. The main problem of using fossil fuels
is that they produce an increased amount of CO; which is very harmful for the environment. This is also
termed as greenhouse gas, and it is one of the main reasons for global warming [2]. In comparison to
these resources, it is found that CO, is mostly produced by the use of coal and low CO, is produced by
natural gas. Fossil fuels are non-renewable energy, and they can run out at any moment, besides fossil

fuels are also the reason of ozone layer’s greenhouse gas presence [3].

The main factor of economic development and industrialization is energy. Economic development and
the energy relationship are very strong, which is recognized by historical data also. The increasing
human activities have impact on the surroundings that also contributes to the serious environmental
problems. These activities are led by the increasing world’s population that triggers energy consumption
and increasing dependency on industrial products is also associated with environmental pollution.
Sustainable energy development and effective integration of renewable energy technology can help to
reduce environmental problems and solve energy crisis. In this regard, a long term and sustainable plan
is necessary to establish this system. The challenges and problems to achieve sustainable development
in the world are addressed by the conference UNCED in 1992 that was held in June 1992. The main

focus of this conference was to establish new policies for environmentally friendly energy resources

[1].

Mainly industries, thermal energy sectors, electrical power and transportation areas are the main
consumers of energy. From the data provided and studied by the International Energy Agency (IEA) it
is observed that from 1971 to 2002 the demand for electricity almost tripled. The main reason for
consuming more electricity is due to the increased use of modern technology and ongoing transportation
facilities. According to the significant growth in China and India, global energy consumption is

expected to rise by 3% to 5% annually for the next few years. It may not continue such an increase of



energy consumption for a longer period. If it maintains so for example if it continues 2% yearly increase,
then the energy demand will be doubled in the year 2037 and tripled in the year 2057. This prediction
of energy consumption is an alert to consider and set the strategies and take necessary steps for

technological advancements to accomplish the future energy demand [1].

The energy for transportation mostly comes from the oil which is around 95%. So, the future of
transportation is dependent on the availability of the oil reserve, rate of productions and prices. Other
sources of energy for transportation except oil can be methanol, biogases and ethanol. Another possible
alternative is hydrogen that is possible to be economically produced and can be another reliable source
of sustainable transportation of energy. Natural gas is used to compensate for the oil production shortage
but because it has a higher consumption rate it cannot last longer. The largest reserve available among
the fossil fuel is coal but burning of coal produces huge amount of carbon that pollutes the environment.
Day by day, the use of coal is increasing in many countries like Australia, China, India including many

other countries [1].

The use of fossil and other carbon generated energy resources are creating environmental pollution and
also the reason for ozone layer depletion, acid rain and climate change. Acid rain pollutes environment,
impact on ecosystems and creates vulnerable environment of excessive acidity which is produced by
fossil fuels combustion and the combination of produced SO, and NO,. Proper controlling of the
pollutants like SO, and NOx is the solution to stop acid rain issue. The ozone layer is depleting due to
the harmful gas emissions and causing environmental issues. It also stops and damages ultraviolet
radiation to reach the lower atmosphere level, additional problems to the human body also by the ozone

layer depletion like eye damage and skin cancer.

The greenhouse effect is used to describe the warming of the earth’s surface that includes clouds with
water vapor. Currently it is associated with mostly CO, and other gases like N,O, CFCs, CHa, ozone
and many other gases. It increases the earth’s surface’s temperature which is increased by the influence
of greenhouse gases. Over the last century, the temperature of our earth’s surface has increased about
0.6 °C and sea level also risen by nearly 20 cm due to this effect [4]. These changes will have a

significant impact on human life on the earth and will limit the activities and standard of living.

A recent reconstruction for the last 420,000 years of the Vostok ice core from Antarctica was conducted
and the obtained data is provided in figure 1.1 [1]. Ice core has the capability to store and trap air bubbles
of the previous years. The idea regarding the climatic situation of that time is extracted from the ice
core analysis. Mainly two parameters are considered in this case temperature and atmospheric carbon
dioxide concentration. It can be seen from figure 1.1 that both parameters have a similar pattern and

continue to about 100,000 years.
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Figure 1.1: Vostok ice core temperature and CO, scenario [1].

Renewable energy technology is the type of energy techniques that uses naturally replenished resources
to produce usable energy for the consumption. There are several types of renewable technologies like
solar, wind, hydro, biomass and many others new system are introducing. Despite having higher energy
potential there are challenges related to renewable energies like diffused and fully accessibility
restrictions including locations dependency. In recent days, significant development has been achieved
to reduce maintenance costs, improve efficiency and performance enhancing renewable energy
techniques. Renewable energy installations and operations are mainly benefited by providing pollution
decreased environment, energy saving system and provides job availability by creating new job

opportunities [1].

Integration of renewable energies will reduce environmental pollution and global warming on the earth
that will easier our life and enhance development of the industries and other sectors. Figure 1.2 provides
long term average of the global surface temperature, and the data is obtained from the NASA website
[5]. The analysis of the data shows that the year 2024 was the warmest year according to the recorded
surface temperature. Additionally, the average temperature also indicates that the last 10 years were the
warmest based on the temperature of our earth’s surface. It is not too late to be serious and focus on
reducing surface temperature by using sustainable and environmentally friendly energy resources

otherwise it will have an extremely negative impact on our human life.

Almost 80% of total global consumed energy is generated from fossil fuels and the depletion of these
resources is leading us to think seriously about the smarter integration of renewable energy production
[6]. Electricity is one of the fundamentals for human civilization development and according to a
statistic it is found that around 770 million people in the world are out of electricity access [7]. In [8],
it shows that global energy demand is projected to rise by one-third by 2035. Most of the energy demand
is covered by fossil fuels where renewable energy sources (RES) are also participating in global energy

demand.
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Figure 1.2: Average surface temperature comparison.

Among the renewable energy resources, load demand is increasingly met and adopted by solar and
wind. These resources availability and high potential make it more suitable for the energy generation
purpose [9]. Therefore, the use of photovoltaic (PV) technology increased recently and installed
capacity reached to 488 GW where for wind turbine the capacity of the installed system was achieved
to 564 GW [10]. Due to uncertainty and intermittent characteristics, wind and solar renewable energy
are considered as weather dependent or intermittent and variable energy sources [11]. The improvement
and technological development of these technologies are contributing to the research community and
development on a broader scale. Popularity of solar energy is increasing continuously due to its flexible
use for both commercial and residential applications, additionally it is also used in automotive

industries, airplanes and to power the small spacecrafts also.

Figure 1.3 provides the information regarding global horizontal irradiation overview of the year 2024.
It provides the long-term average of global horizontal irradiation of daily and yearly totals. It shows
that in some part of Africa, Australia, Middle East and Latina America has the maximum irradiance

value which varies from 2264 to 2702 kWh/m?.

The demand for electricity is growing with the increasing population. It is expected to contribute 27%
of total global electricity by 2050 with solar energy where 40% will be covered by solar concentration
power and 60% will be covered by the solar photovoltaic system [12]. Global photovoltaic electricity
potential by region is provided by the figure 1.4 [13]. It provides PV output power potential of long-
term average for daily and yearly totals in this figure. It also indicates that many parts of Africa and

middle east have higher PV power potential.
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Figure 1.3: Overview of global horizontal irradiation (GHI) of the year 2024 [13].

The installed capacity of the solar system has increased for the last few years. It is provided in the work
[14] that in between 2021 and 2022 the installed capacity of solar energy is increased approximately by
22%. The top three countries are in the race of solar installations are US, Japan and China, among these
countries China is the biggest installer which installed almost 37% of the total solar system in the year

2022. Figure 1.5 provides solar energy installed capacity by country of the year 2022 [14].

Long-term average of photovolaic power potential (PVOUT)
Daily totals: 2.0 2.4 2.8 32 36 4.0 44 4.8 5.2 5.6 6.0 6.4

L. S Vh/kWp

Yearly totals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

Figure 1.4: Overview of global PV electricity potential of the year 2024 [13].
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Figure 1.5: Top ten solar energy installers of the year 2022 [14].

Figure 1.5 shows that China is on the top among the installed solar facilities, then USA, Japan, Germany
and the other countries. More specifically, the countries that have higher installed capacity of

photovoltaic technology are provided by the figure 1.6 [14].
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Figure 1.6: Top ten PV installers of the year 2022 [14].
Figure 1.6 provides the list of top 10 countries that shows the highest PV installation for the year 2022.

It describes that China is on the top, then USA, Japan and other countries are on the list of installed PV

countries. The installation of PV and solar energy structures is increasing every year.



1.2 PV and PVT System Challenges

The use of renewable energy, more specifically PV technology, has become one of the leading global
issues as there is an increase in energy consumption where the majority of the energy is produced by
fossil fuels on one side and global warming impact in another side [15]. Photovoltaic technology
comprises of PV panel, storage, load, inverter and other related components. The energy conversion
efficiency of PV system is a major concern nowadays. Currently up to 20% efficiency is obtained by
the PV panel using the conventional energy conversion technology [16]. There are several factors, for
example availability of solar radiation and energy conversion efficiency and output are directly
dependent on each other. Classification of photovoltaic and photovoltaic thermal (PVT) system
provides an insight into the system and its operation [17-18]. At a first glance, an appropriate
classification is important to analyze the characteristics which can be based on different parameters.
Photovoltaic system has different kinds and types that depend on the type of panel, types of metal
structure and other phenomenon that is important to be classified before installing it. For PVT system
classification are dependent on heat transfer fluid is also important that characterize the type of fluid is
used for thermal energy extraction. In both PV and PVT systems, proper classification can help to
optimize energy output and overall system efficiency. Various parameters are related to classification
and optimization where it is significant to choose and implement appropriate values and parameters for

this purpose.

In the PV and PVT systems there are very important parameters that have significant impact on the
output and efficiency of these systems. Characterization and parameters sensitivity analysis are very
significant in order to enhance performance analysis of the PVT system. In both the PV and PVT
systems, there are some parameters that are significantly sensitive to the overall output and efficiency
where there are some parameters that are less sensitive to the output. Among the external parameters of
the PV and PVT system, irradiance and temperature are the most sensitive. Additionally, the internal
parameters, variation and changes also have an impact on the output of the system. Measurement and
characterization of various parameters based on their sensitivity are also necessary to be studied in an
appropriate manner. A slight alteration or changes can have a higher impact on the overall system output.
Due to the inability of full solar energy radiation absorption in the spectrum range the hybrid
photovoltaic thermal solar panel is introduced [19 - 22]. The hybrid coupled system is capable of
increasing panel efficiency with thermal and electrical energy output by reducing the panel temperature.
The extracted thermal energy in the form of hot fluid stream by any heat transfer fluid like phase change
material (PCM) or by water flow could be used for water or space heating. An efficient hybrid model
using PCM or water is still not developed at an advanced level. Mathematical and thermal modeling
with sensitivity analysis of hybrid PVT panel that could be used to estimate and observe parameters

simultaneously in real time are not yet developed nor described in literature.



Establishment of a hybrid PVT system model based on mathematical analysis is the first step into the
analysis phase. There are already a number of mathematical systems developed for the PV technology.
Besides, electrical modeling also takes part in the performance analysis of the PVT system. Excessive
temperature of the PV panel degrades the output and efficiency. Solar PVT system mitigates this issue
using thermal mechanism and extracting thermal energy. Thermal modeling and management of thermal
energy under varying conditions is an important issue to consider during modeling. It is also required
to assess the impact of environmental parameters. An innovative, developed and complete modeling for

hybrid PVT system is still a challenge due to the characteristics of the system.

In thermal modeling, the use of heat transfer fluid is important as it is the factor that participates in
removing excess heat from the panel and extracting the thermal energy. Choosing efficient and effective
fluid for heat transfer purpose is also significant for this system. In many cases water is used, phase
change material and other type of fluid as heat transfer fluid. It is also necessary to consider related
costs, design requirements and user comfort in this case. Heat exchanger pipe which is the most
important part of the PVT thermal section that participates in the thermal extraction of this system. The
amount of thermal energy also depends explicitly on the heat exchanger pipe. Because, the pipes internal
and external parameters, type of metals used, and other properties influence greatly the system’s thermal
output. Appropriate choice of the heat exchanger pipe is really significant in the context of improved

thermal energy extraction.

Efficiency is the main target of the modern energy management system. Photovoltaic technology is still
struggling with efficiency, and continuous effort is given to increase efficiency by improving
performance. For promoting an increasing efficiency of this system and including operating cost
reduction, maximum power point tracking (MPPT) is an important approach [23-24]. If a system can
always track the MPP position, then it will be able to provide the efficient output. Integration of an
MPPT method into hybrid PVT system is dependent on many parameters. The existing MPPT methods
[25-28] are mostly based on iteration, continuous increment and optimization techniques. In the
literature different aspects like instrumentation cost, required sensors, effective range and mainly
convergence speed are considered for the case of MPPT execution. The challenge is to execute an MPPT
method which is non-iterative [29-32], less complex, has high convergence speed and can be obtained
by simple analytical solution. The implementation of a non-iterative MPPT method will provide

durable, less complex and efficient photovoltaic energy management system.

Nowadays, aging issue is becoming a common phenomenon which is impacting negatively the output
of photovoltaic system. This effect of PV panel mainly signifies continuous deterioration and
degradation which results in overall energy production reduction and economic loss [33-34].
Additionally, hotspot in the PV module is also affecting the efficiency of the photovoltaic system which

is caused due to excessive temperature or weather related problems. Besides, PV system vulnerability



and proper maintenance with safe and efficient operation depends on its effective fault identification
and monitoring system [35]. Various fault detection techniques by measurement equipment, data-driven
[36] and model based are already implemented and presented in the literature that can detect and
monitor fault accurately and efficiently in real time [35]. Still there are some issues like specific problem

with identified panel’s fault detection using low-cost and simplified device is in the improvement stage.

A low-cost instrumentation of PV system for experimentation, monitoring and MPPT observation is an
ongoing study [33-36]. Real-time data measurement and characterization [37], modeling and
monitoring with low-cost embedded system for hybrid PVT technology is still under development. It
provides an efficient way to analyze, study and observe the hybrid PV panel’s characteristics with MPPT
control and implementation. The low-cost digital signal processing (DSP) units allows integration of
other environmental parameters into a mathematical model which allows creation of an automatic
instrumentation system. Development of this system for hybrid PVT system will provide an efficient

and intelligent energy management system [38-41].

1.3 Motivation and Objectives

The general objective and motivation of this work is to contribute to the development of renewable
energy technology “to ensure access to affordable, reliable, sustainable and modern energy for all” (UN
sustainable development goal no. 7). The main objective is to dedicate an effective contribution to the
solar hybrid photovoltaic thermal technology to increase efficiency by overcoming the limitations
identified in the state of the art. The proposed work is composed of classification, parameters
characterization, sensitivity analysis, modeling, simulation and both thermal and electrical efficiency
analysis, further development and implementation of hybrid PVT technology. The objectives are as

follows:

e C(lassification and parameters optimization provides an insight into the hybrid PVT system.
Classification based on several criteria such as designing of the system, heat extraction medium
and overall classification is essential for the performance improvement of the system.
Additionally, reviewing the recent literature study based on appropriate classification is
necessary to establish an updated model. A novel parametric and optimized model of hybrid
PVT technology is the key to successful implementation of that system. Providing an updated
classification and parametric model considering several factors of PVT system is the primary
objective of this work.

e Parameters characterization and identification with sensitivity analysis of hybrid PVT will
provide the knowledge to the users and industrial entities about primary conditions regarding
parameters of the panel. Characterization will also provide the opportunity to select and perform

the operation choosing the best fit parameters. Sensitivity analysis of various parameters



indicates how sensitive a factor to the system during operation and the outcome helps to identify
and set optimized value of the parameter for the best output. Variation of several parameters
also impact the MPP value which can be identified by sensitivity analysis also.

The improvement of mathematical model will contribute to predicting the panel’s electrical and
thermal performance. Electrical model with equivalent electrical circuit analyzes and
determines the electrical output of the system. The inclusion of thermal loss model in the form
of electrical model provides equivalent circuit of thermal output in the form of electrical energy.
Thermal modeling is intended to enhance energy conversion efficiency as it adds total output
of the system. Additionally, physical modeling dedicates designing of a solar PVT collector for
better irradiance absorption and thermal energy management.

Thermal regulations for energy balances and spectral analysis for the improvement of electrical
and thermal energy production is an important part of the hybrid PVT system. A suitable PCM/
HTF will reduce panel temperature in the acceptance range resulting in increased energy
production including addition of thermal energy for the users and storing purpose. A PVT water
based system will be able to provide hot water in both residential houses and commercial
buildings thus reducing overall electricity consumption.

Obtaining and tracking MPP of a PVT system is crucial for the efficiency and performance
analysis of this system. The main objective of including MPP analysis is to integrate a non-
iterative maximum power point tracking system in this work. Implemented MPPT method in
this study is based on non-iteration and less complexity which will require simple instruments
and fast tracking of maximum power point in the PVT system.

PV panel degrades with the passing of time and other issues like dust, high temperature and
irregular maintenance. The degradation of the module results in decreasing output and
efficiency of a system that also negatively impact the economical aspect. Besides, fault in a
PVT system may occur for various other reasons. If there is an issue with a single module it
impacts total output of the system. So, detection of exact fault in the exact module is necessary
for improved efficiency. Real time measurement and simulation using low-cost instruments
provide the scope to practical implementation of developed theoretical ideas. An effective
automatic low-cost virtual monitoring system with fault identification will increase the

proposed system reliability.

1.4 Thesis Organization

This thesis provides a complete overview of the management and performance improvement of hybrid

PVT system. It is mainly divided into five main chapters. The first chapter is the present chapter that

discusses the general overview of the energy management system, existing energy technologies, and

the current situation of renewable and solar energy system in the world. Challenges of developing and
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performance improvement of photovoltaic thermal system are also discussed and analyzed here. A brief

analysis on motivation and objectives of this thesis is also described at the end.

Chapter 2 provides a general overview of the photovoltaic and photovoltaic thermal system. Principles
of photovoltaic technology including design configuration, cell classification, PV system infrastructure
and classification are also discussed. Study of PV system modeling, temperature effect analysis and
existing cooling technologies are also discussed. Hybrid PVT system subsection includes classification
analysis based on several criteria and discussion of parametric optimization. Finally, obtained
classification of hybrid PVT system based on parametric analysis and optimization system is

significantly provided.

Chapter 3 discusses detailed modeling and development of hybrid PVT system. A brief introduction to
PVT system provides an enhanced idea regarding this technology. An extensive study and analysis
regarding classification of PVT system is also provided here. Discussion of its application in various
sectors provides its importance for developing this system. PVT systems modeling includes brief
overview of performance study, electrical modeling, thermal modeling, thermal loss modeling and
optical modeling of the hybrid PVT system. Modeling of parameters and sensitivity analysis are also
discussed in this section. MPPT modeling analysis includes discussion of existing iterative methods and
a developed non-iterative method. At the end, a subsection is dedicated to modeling PVT system

monitoring and Fault detection to obtain real-time observations.

Chapter 4 is dedicated to describe and present the results obtained using the developed PVT system.
Results obtained by the parameters and sensitivity analysis are also presented here. The results
developed by the effect of the most important parameters, namely irradiance, temperature, wind speed
and humidity are studied in this section. It also discusses and provides outputs of the developed
innovative thermal loss model. An extensive simulation model of hybrid PVT system is modeled and
provided in this section. A brief discussion on provided simulation model and related input parameters
are also discussed here. Simulation results analysis subsection provides obtained output and
performance analysis of the system. Input and output analysis including efficiency comparison of the
simulation model using three different types of heat exchanger pipes are discussed and analyzed in this
part. Results obtained using non-iterative MPPT model are provided and compared with the iterative
models. Finally, observation and results of real-time monitoring and fault detection system are

discussed.

Chapter 5 is reserved for the concluding remarks of the work developed in this thesis. It also discusses

ongoing development and future works which are the continuation of this doctoral thesis.
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Chapter 2: Photovoltaic and Photovoltaic Thermal System

2.1 Solar Energy and Photovoltaic System
Solar Energy

Solar energy is a form of electromagnetic radiation produced by the fusion processes occurring at the
core of the Sun. The value of intensity of solar radiation is obtained roughly equal to 1370 Wm™
considering the outside atmosphere of the Earth. But, in reality due to atmospheric friction, it does not
reach to that highest level to the Earth which ranges around 0 to 1100 Wm™. This incident of solar
energy even in a small portion is far greater than the total consumption. It is important to capture this
incident of energy on the Earth in order to reduce dependence on fossil fuel resources. Advanced solar
energy systems are becoming more affordable due to technological development, cost reduction and
environment friendliness. The fact is that the Earth’s atmosphere sends back by reflection about 25%
of this energy which is not received by the Earth in reality. The Earth’s surface receives just 47% of the
energy as it is the same amount that is able to pass through its atmosphere. This energy makes life on
earth possible and providing a source of energy for plants. Among this radiation 18% is held by
atmospheric particles. Eventually, all of the irradiance that is captured by the earth goes back to space
in the form of converted heat [42]. The percentage of the radiation that is absorbed/reflected depending

on several parameters are provided in the figure 2.1.

Radiation

Figure 2.1: Earth and atmospheric Solar energy flow percentage [42].

Figure 2.1 shows that the soil absorbs 27% of incoming energy, atmosphere absorbs 25% of the energy,

atmosphere reflects 5%, atmosphere diffuses 18%, ground reflects 5% of the energy.

13



The use of solar radiation into energy production technology is advantageous due to its limitless and
non-depletion characteristics despite the recycling issues and waste management. Additionally, this
technology is also a feasible choice for everyone as the sunlight reaches almost everywhere. Use of
solar energy technology is desirable because of their practicality for household installations and relative
light weight properties. There are two parts of solar energy, namely extraterrestrials which lie above
atmospheric level, and the other one is global that stays under the atmospheric level. Both diffuse and
direct radiation may be present in the global type of solar energy which falls on the horizontal surface.
The usual components to measure direct beam type of irradiance is by using pyrheliometer and diffuse
type by using solarimeters, actinography and mainly pyranometers. The development of solar energy
models to study and establish the mathematical relationships between energy and meteorological factors
like ratio of sunlight, outside temperature, humidity, wind speed is possible to determine using the
measured values. This type of established model can be utilized for diffuse and direct data prediction

analysis using provided meteorological data of the system [43].

In the past, linear models and nonlinear models were considered as the foundation for the mostly used
types of solar energy models [44]. The main purpose of these models is to provide a link between a few
climatic parameters and solar energy on the horizontal surface. In linear models, simplified linear
functions are used and in the nonlinear models third/fourth degree polynomial functions are considered.
It is possible to obtain global solar output by means of total sunny hours using either linear or nonlinear
models. From the perspective of extraterrestrial energy output, the well-known linear model to illustrate
global solar output is obtained by [45]

Er :a+b£, 2.1
E S

Extra 4

where S is day length and S is total sunny hours, a and b are model coefficients, E, is total solar

energy and £, is extraterrestrial energy from the sun. Instead of taking account of the sunshine hours

Xtra

and the solar radiation that first reaches the ground, the Angstrom model is considered using a modified
day-length applied to measure the solar radiation while considering atmospheric and cloud conditions
to create an improved model of global solar energy. The specific quadratic model [46], is obtained by

adding a nonlinear element to the Angstrom model

2
£y =a+b£+c S , (2.2)
S S

Extra o

o

where c is the coefficient. This model is obtained using the popular Angstrom model. There are some
other simple models like regression that can be provided for global solar energy based on diffuse indices
including clearness. Relative humidity, temperature of the ambient, daily sunny hours are the main

parameters of the global irradiance.
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Modeling of diffuse solar energy is also significant in relation to solar technology development. Direct
meteorological data or an empirical correlation can be used to determine the relationship between the
sky clearness index and the mean daily irradiation of diffuse and global incident with respect to a

horizontal surface [47]. The relationship of ( E,/ ET) where the clearness index is K, used in several

numerical models in order to obtain diffuse solar output is determined by

E
—L=a+bK, (2.3)

T

In the provided equation, global/total solar power is E, and diffuse solar power is E, where clearness
index K. This linear equation of diffuse solar output is developed based on clearness index of the

surroundings and total/global solar power. This type of equation is implemented to model diffuse
radiation in many works [43]. Nonetheless, the given non-linear model can provide the same link
between the parameters diffuse and global solar power and the clearness index. The described non-

linear model is obtained as

E
—4 = a+bK, +cK,’ +dK,’ . (2.4
E T
This model is related to the relative humidity, atmospheric temperature, irradiation, ratio of sunlight and
clearness index. But there are other models based on linear and non-linear system that did not consider

the parameters humidity and related temperature.

There are also challenges to be considered during the modelling of solar energy. The data precision of
predicted value is the most crucial factor in solar power modeling though heuristic optimization
techniques are employed to solve this issue nowadays as it shows appropriate result than other
optimization techniques based on linear and non-linear system. Model simplicity also needs to be
considered for solar modeling purpose that will enhance accuracy and non-complexity. There are other
challenges that appears in the modeling of solar energy for example data availability, complexity in

artificial intelligence-based modeling [41].

Photovoltaic Technology

It has been proved that the use of sunlight to generate electrical energy is one of the most potential ways
to address global energy challenges. Photovoltaic panel is the type of semiconductor device constructed

with several solar cells that are able to convert irradiance into electricity.

PV Cell

The key component of solar energy production unit that transforms sunlight into electrical energy is a

photovoltaic cell which is constructed based on p-n junction. Positively charged holes produced by
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acceptor impurity atoms are referred to as p-type, whereas negatively charged electrons provided by

donor impurity atoms are referred to as n-type. The operation principle of a solar cell based on incident

E-H Pair Front Contact
/ Photon /

N Region
Intrinsic Layer

photon is provided in figure 2.2.

t—— PRegion

X l—— Back Contact

E-H Recombination

Figure 2.2: PV cell operation [48].

Solar cell in a PV system operates based on the effect of photovoltaic conversion. Inside the solar cell,
in the semiconductor’s p-n junction photons are absorbed to produce charge carriers are also defined as
electron-hole pairs. From the valence band to the conduction band using the photon energy which
overcomes the bandgap energy of the doped semiconductor material that creates a void is named as hole
and it is obtained by exciting the electron. The extra photon energy provides the electron or hole with
additional kinetic energy and generates electron-hole pair [48]. In the semiconductor, the extra energy
is released as heat [49]. As a result, the charge carriers produced by the light are subsequently separated.
In an external solar circuit, electrons can go out over the n-region and travel the circuit before
recombining the holes, while the holes can move away using p-region from the junction. An electric
circuit can be powered by the split electrons, and it will recombine with the holes as soon as they travel
across the circuit. Most importantly, it is necessary to design the n-type finer in comparison to p-type.
As a result, the electrons can quickly move across the circuit and produce current before joining the
holes again. In addition, to improve light transmission to the semiconductor material and minimize

surface reflection, anti-reflective coating is also added in the n-layer of the PV cell.

Photovoltaic System

Photovoltaic panel is a combination of series and parallel cells to produce power output considering
certain internal and external parameters. Many solar cells are coupled to one another in parallel or series
to boost the power output. This kind of design is referred to as a PV module or solar cell module.
Additionally, solar panels are produced with the appropriate voltage and current levels. The power
generated by the module connections ranges from a few watts to megawatts, depending on the demand.

An overview of the PV system design configuration is shown in figure 2.3.
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PV Module

PV Panel

PV Array
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Figure 2.3: Design configuration of photovoltaic system.

The physical configuration of photovoltaic system generally starts with PV cell which forms PV
module, adding modules form panels and finally it is transformed into array. With this described
technology, solar irradiance is directly converted into electricity without the need for a conversion
medium. Consequently, these devices are designed to be operated efficiently without complexity [50].
Use of this technology is an advantage because it produces higher outputs in less inputs. That is why
PV technology is becoming popular not only for clean energy production but also for its technological
simplicity. Nonetheless, this system needs to be improved in many contexts like efficiency and better

overall output for higher performance.

Silicon is a typical semiconductor material used in photovoltaic devices to generate power. The device
works on the principle of activating electrons by providing more energy. The way this device operates
is based on the idea that electrons are activated from lower energy levels to higher energy level by solar
energy input. Electricity is produced by the number of holes and free electrons created by this activation
mechanism in these semi-conductors [51]. The most frequently utilized semiconductors in photovoltaic
system includes monocrystalline, microcrystalline, polycrystalline silicon, along with cadmium
telluride, indium diselenide and copper. But a variety of factors influence the choice of these materials.
PV systems use a variety of components including arrays, modules, and cells for producing power. In
order to improve operational efficiency, a variety of methods are employed to regulate and control which

structures include electronic devices, electrical connections, and mechanical equipment [52].

PV technology has been the subject of many research efforts to enhance their efficiency for a long time,
and it’s crucial to remember that this is a rapidly expanding technology that doubles its output every
two years, with an average increase of 48% since 2002 [52]. A classification of PV system solar cell

based on various components is provided by the figure 2.4.
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Figure 2.4: Classification of solar cell [53].

Generally, solar cells of photovoltaic system are divided into two main parts silicon-based and non-
silicon based. In crystalline silicon there are several other subparts like mono-crystalline, poly-
crystalline and ribbon cast multi-crystalline. Among all of these, crystalline silicon is significantly more
commonly used than other solar cell technologies due to its excellent efficiency and lower cost [53].
Recent studies have shown that multi-crystalline technology may reach up to a bit higher efficiency
[54]. The research article [55] provides an explanation of the latest photovoltaic production technique
and its uses. Additionally, it assesses the most current research on photovoltaic power, its applications,
and building integration in the research work provided in [56]. Analysis of types and properties of cell

technologies is also very significant in terms of energy and efficiency study.

Among many of the semiconductor types, Gallium arsenide (GaAs) is a composite semiconductor
which is made of a combination of gallium and arsenide components. To increase efficiency, it may be
possible to combine with other elements like phosphorus, aluminum and antimony. The drawback of
using GaAs is that it is very costly and that is why it has less attraction to the industries. Dye-sensitized
solar cell (DSSC) technology was discovered in 1991 by Brian Oregano and Micael Gretel. A photo-
sensitized anode and an electrolyte are used to form this semiconductor. Recent photovoltaic
development technologies have attracted attention due to its lower production costs, increased
efficiency, and ability to interact with low radiation levels. It is also known that some dye-sensitized
materials, like those based on dyes containing polythiophene and porphyrins, that help to increase power

conversion efficiency and stability in commercial applications [57].

The purpose of developing perovskite solar cells (PSC) is to create efficient and less costly solar cells.
PSC can be produced with either thin-film architecture or mesoporous architecture. Despite being
produced using a straightforward chemical process, PSCs possess an impressive power conversion
efficiency of about 22.1% [58]. The newest and most popular technology is the Organic Solar Cell
(OSC), which has conversion efficiency about 9% and it is inexpensive also. However, further

efficiency improvement is required if it is to be used for commercial applications. A p-n junction is
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necessary for semiconductor production, whereas a donor electron with acceptor materials is required

for OSC [56].

Several investigations have shown that geographical differences, whether in urban or rural areas, are
related to the implementation of an effective photovoltaic system. In addition to changes in wind speed,
moisture content, dust, and the buildup of air pollutants on PV panel, variations in geographic location
also have a direct influence on the intensity of solar radiation. Because of each of these factors, PV can
face low productivity and performance fluctuations [59]. Numerous research studies examine and
evaluate how climate conditions affect PV. Continuous high temperatures and intense solar exposure
have been observed and results in significantly affecting PV output. Additionally, the panel temperature
effect was investigated and found to be unchanged by the wind impact in [60]. As the temperature of
the air rises, the voltage decreases significantly while current increases very little, which leads to a large

reduction in power output [53].

The solar cell market is dominated by crystalline silicon, however thin film or other technology such as
amorphous technologies are also widely integrated in the PV applications. Unlike silicon-based PV
cells, that are polycrystalline and mono-crystalline, it is inefficient and does not change much with
temperature. However, it has some disadvantages over crystalline silicon, such as decreased efficiency
and a shorter lifespan. However, generating electricity using PV technology is significantly more
expensive than generating heat energy. Therefore, the ability of photovoltaic applications to generate
heat energy is of great interest to academics. The fact that current PV technology does not have the
capability to collect energy from the whole spectrum is a limitation. In the PV panel, electrical efficiency

reduces due to the temperature induced on it which is because of absorbed sunlight [61].

Decentralized power is described by power generation that is closer to the centers of demand and
primarily focuses on supplying local energy demands. The extent of decentralization determines
whether decentralized energy systems are implemented. In villages, decentralization involves local
participation in system management and provides energy to fulfill local energy demands. The grid may
receive the excess power from this type of installments in some cases. Additionally, whether the system
functions in stand-alone (SA) or grid-connected (GC) mode depends on the degree of decentralization.

The photovoltaic system is divided mainly into two parts, name grid-connected and standalone system.

An autonomous decentralized power system coupled with an electrical transmission and distribution
network is known as a grid-connected energy system. This type of system is convenient to use near grid
facilities. The source of supply in this system determines the operational capacity and only in the
presence of the supply sources is the system able to operate. When supply sources are unavailable, the
system itself has to put aside local demand due to its supply-driven operation. Alternatively, the system
might just exist to supply the grid with extra energy, or it might be used to meet local demand. Grid

connectivity makes it possible to build up systems on a reasonably big scale, which increases the
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operation's economic sustainability by allowing them to run under high plant load factors. In this type
of PV system, the grid functions as a battery utilizing infinite reserve capacity and helps to load
variations due to several reasons. The produced electricity can continuously be captured and stored, and
surplus output does not get wasted as the storage is almost limitless. Consequently, a grid-connected
system's overall efficiency will be greater than that of a standalone system. Apart from the system's

initial cost, there are further expenses for the system's grid interface [62].

The term "stand-alone" refers to systems that generate electricity separately from the utility grid. These
are better suited for the most isolated areas without access to the grid and without any alternative energy
sources. Most photovoltaic installations in distant parts of the world are stand-alone systems since they
are frequently the most economical option for applications located beyond the utility grid. This type of
system experience issues of intrinsic drawbacks such as reduced capacity factor, high battery expenses
and limited ability to hold electricity necessitating the disposal of the additional energy produced. The
operational capacity of these energy systems corresponds to the demand. The demands of the local area
are given prior consideration. In remote areas where the system has to function at lower level of load
demand, these systems are suitable. Due to the fact that most stand-alone systems rely on renewable
energy technologies, such as solar PV which are not always accessible, and operation is generally
seasonal. It is mainly focused on small scale usage and does not require excessive demand from existing
renewable energy resources. Due to their lack of utility grid connectivity, these systems must store
electricity generated during off-peak demand hours using batteries, which adds the cost of batteries and
storage; otherwise, the excess power must be released [62]. An overview of a grid-connected system

with its related parameters is shown in the figure 2.5.

Grid Line

Consumer

Figure 2.5: Grid-connected photovoltaic system example.

Grid connected renewable energy system generates electricity and provides the surplus electricity to the
grid. For a PV grid-connected system, the generated DC power is converted to AC power by an inverter,
which then supplies energy to both the connected load and the grid. Among the various components,
photovoltaic module is inherent, and it can be based on monocrystalline, polycrystalline or any other
type. The junction boxes are utilized where all of the PV strings are connected to the power converter.

The device that transforms DC power into AC power is an on-grid inverter. One of the most necessary
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components of a PV system to connect to the modern electricity industry is this type of converter. There
are several different kinds of inverters on the market, ranging in rating from low kVA to higher kVA.

Currently, present inverters have a larger input Vdc range and MPPT enabled.

The electrical system cannot be interconnected with the electrical power grid until the main panel is in
place. In the purpose of disconnection of the solar power plant from the grid, electromechanical devices
are typically utilized. Monitoring the flow of electricity from the electrical power production facility to
the electric utility grid is accomplished with a device called a net meter. This allows excess energy
produced by solar systems to be supplied to the utility. The electric grid is a network of electrical power
sources that connects energy suppliers and load centers. It is a key component of the electrical power
system network, serving as a link connecting distribution lines, power transmission lines, and power
producing plants. Electric power generated from any source, renewable or non-renewable, is sent to
desired location and then distributed to customers based on their needs [63]. A classification of solar

PV system is provided in figure 2.6.
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Figure 2.6: Classification of solar PV system.

Photovoltaic System Modeling

PV energy harvesting and conversion to electricity for daily use and also to provide in the grid is not
only useful but also a substitute for burning fossils. Nevertheless, there are issues and limits with this
technology that need to be resolved before PV energy is expanded for extensive utilization. These issues
are mostly being faced by PV system modeling, and precise characterization which is necessary for
system design [64]. The significance of PV modeling in determining and calculating PV system
parameters for all weather circumstances has made it one of the most crucial steps in the PV power
combining process [65]. Parameters extraction and modeling accuracy are found to be the most
significant aspect in this case. Additionally, the accuracy of the PV model is strongly correlated with

the variety of PV parameters considered; the five-parameter model is perhaps the most precise of these
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models [66-67]. An equivalent ideal four parameter equivalent electric circuit model of a PV cell is

provided in the figure 2.7 [68].
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Figure 2.7: Electrical equivalent circuit (Four parameter Model).

Current-voltage (I-V) relationship obtained using this four parameter model is described as [68-69]

- _ qV +4qR[1
I_Iph _[D _]ph _I.v (CXP(WJ—IJ . (25)

where photo current symbol is 7, and it is irradiance proportional, reverse saturation current of the
diode is [, R, is series resistance, thermal voltage of the diode is V= NK% , ideality factor of the

diode is N, g is charge of electron value, K is Boltzmann’s constant, temperature of the cell is T

which is thought to be equivalent to the P-N junction’s temperature. Short circuit current, open circuit

voltage, and diode ideality factor all have a significant impact on the solar cell's characteristics.

An electrical equivalent circuit model based on single diode is illustrated in figure 2.8. A constant
current source and a diode connected in parallel from this type of equivalent circuit where in the space

charge area ideality factor is considered for recombination [70].
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Figure 2.8: Electrical equivalent circuit (Five Parameter Model).

This is also known as a full model using single diode, detailed model or single-exponential model. This

model is constructed with parallel resistance to increase its accuracy.
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Additionally, it considers the losses resulting from leakage current in and within its cell due to
impurities, including crystal deficiency. The current equation based on this model and relationship with

other parameters can be shown as [68]

V+qgR1 V+RI
I=1,-1|exp| LL2950 |- 22582 (2.6)
e NKT R,
The induced voltage equation at the load is [27]
qV +qR 1
V=I R, —IR +1 | exp| ———— |-1|-IR_, 2.7
ph* sh s K ( p[ NKT ] j s ( )

where the PV cell’s maximum current under particular temperature and irradiation conditions is defined

as short circuit current (/) of the circuit. It is equivalent to having zero output power and zero output
voltage. Shunt resistance is R, . The highest voltage potential that the PV cell produces under particular
temperature and irradiance condition is defined as open circuit voltage (7, ). It is also equivalent to

zero current output and zero output power. The maximum value obtained for current at specific

environmental conditions for this given model is the current at maximum power (7, ). This current

represents as a PV cells rated current. The obtained voltage under specific circumstances and

environmental conditions of maximum power is defined as the voltage at maximum power (V). This

value is considered as the rated voltage of the PV system [68].

It is assumed that there is less impact in depletion region due to recombination loss in the five parameter
or single diode model. However, an operational solar cell must account for such recombination loss and
the double diode model was introduced for this particular reason [71]. The single diode model provides
satisfactory accuracy level, but in real-world scenarios, PV cell saturation current arises due to the
combined effects of charge diffusion and recombination within the depletion region [72]. Despite being
rather complex and having a slow computing speed, this model can be recognized by its precise
accuracy. When compared to the single diode model, it has been demonstrated that this model shows
accurate behavior of a PV system at low irradiance values. The electrical equivalent circuit for a double

diode model is represented as [68]
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Figure 2.9: Electrical equivalent circuit (Double Diode Model).

This type of model is also referred to as double exponential model and it is constructed by adding an
additional diode with the single diode model. In this type of model, diffusion current is produced by the

first diode. The current-voltage (I-V) curve is determined by the following equation

Izlph —1p—1p 1,

(2.8)
The reverse saturation current for both of the diode is obtained as [68]

qV +qR 1
I, =1 |exp| ———— |1/, 2.9
D1 s1[ p( N.KT } j (2.9)

and,

qV +qR 1
1,,=1,|exp| —————|-1], 2.10
D2 sz( p( N,KT j J ( )

where load (/) current equation of this double diode model is described as [68]

V+qRI V+qRI V+RI
=L e LI0 | |— | exp| 28 |1 |- 2.11)
N,KT N,KT R,

where ideality factor for the first and second diode is N,and N, respectively, /  and [ , are the reverse

1=1

saturation current for both diodes. In comparison to a single diode model, it is obtained that the double
diode model is capable of attaining improved accuracy, especially while it receives low irradiance rates
and under partial shadowing scenarios. Although the number of calculated parameters is increased by
adding another diode, the double diode model has improved accuracy for overall parameters
characterization. This type of model was adopted to increase accuracy and improve shortcomings of
five parameter model. But the key concern is simulation time for double diode model which takes longer

during parameters estimation [68].
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Significant Parameters and Variation of PV System

It is fundamental to describe the important parameters related to PV system in order to understand the
behavior of the system. It is also essential to understand how the parameters vary depending on the

standard operating environmental parameters.

e Photo Current (1I,,)

There are two main processes of this current generation, and it is called as photo current or current from

light/light generated current. It is temperature and irradiance dependent; the equation is obtained as [68]

! :
1,= IW{I = }[1+0{T], (2.12)

Irr,ref

where the photocurrent under standard conditions is denoted by / with regards to temperature its

phiref >
short-circuit current relative temperature coefficient represents the rate at which the current changes.

Solar irradiance is /,, and irradiance at reference is /,,, ,,, . The short circuit current relative temperature

is «’, . The relationship can be established by using the following formula

ol =a' 1 (2.13)

ph.ref *

o Temperature of PV Cell (T )

The efficiency of a PV cell is largely dependent on the temperature of that PV cell including panel. The
fluctuation of temperature is triggered by solar irradiance variation and related temperature of the
outside environment. The produced temperature of the cell is determined by [73]

T=T

amb

(2.14)

[ NOCT -20° cj
I]r)
0.8

where solar irradiance and ambient temperature are represented by 7, and 7|

amb

respectively. NOCT

represents Nominal Operating Cell Temperature which is defined by the manufacturers.

e Ideality Factor (N)

It is found that there are various moving carriers that are present across the diode junction. These moving
carrier’s operations are run by the diode ideality factor. Depending on its properties, the diode ideality
factor’s value changes. The value of ideality factor is considered as 1 if its movement process is mainly
diffusion, and the value is close to two when there is primary recombination in the depletion region.
Operating parameters have no influence on diode ideality factor value, it is always the same value

defined at standard conditions.
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e Diode Saturation Current (I )

The following formula can be used to define how there is variation of cell temperature with diode

saturation current

T E ref E
[szlsref — |€Xp e € 9 (215)
N, kT, kT

where 7 is reference cell temperature current for the diode, 7, is reference current, T, is reference

temperature, the band gap energy is £, , reference band gap isE,, .

e Series Resistance (R ) and Shunt Resistance (R, )

The two important parameters that take parts in the output analysis are series resistance and shunt
resistance. Shunt Resistance is commonly referred to as parallel leakage resistance. The shunt resistance

is provided by [74]

Rsh > 1 OI/OC
1

sc

. (2.16)

The correlation between shunt resistance and irradiation under typical operating conditions is
established by [75]

Rh [1
—h = i 2.17
2 (2.17)

sh,ref I Irr,ref
And series resistance is obtained by [75]

0.17,,
< —.
I

sc

R (2.18)
It is described in [75] that, under all circumstances, series resistance is independent of temperature and

irradiation

R =R

s s ref *

(2.19)

According to the equation above, it is clear that the series resistance in the reference conditions is

equivalent to series resistance of the system.

A typical solar cell’s current -voltage curve (I-V) is provided in the figure 2.10 below. It is generated
using the values given by the manufacturers and the parameters considered as ambient temperature,

irradiance and other related parameters.
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Figure 2.10: PV module’s current-voltage (I-V) curve [68].

Figure 2.10 illustrates how the current behaves in relation to its voltage. The analysis of this given result
is obtained by simulation, and it shows that at lower voltage PV cell behaves as a constant current source
which is nearly equal to the short circuit current of the system. The value of current is maximum at short
circuit current and minimum at open circuit voltage, on the other hand, the value of voltage is maximum
at open circuit voltage and minimum at short circuit current. Obtained power-voltage (P-V) curve of a

PV cell is provided in figure 2.11.
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Figure 2.11: PV module’s power-voltage (P-V) curve [68].

The power of a PV cell is obtained using the current value and voltage value in a PV system. The main
purpose carries by a P-V curve are to illustrate the output behavior of a PV system. Additionally, the I-

V and P-V curve also can be used to illustrate the electrical properties of solar cells.
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Maximum power point (MPP) for a PV module is the point at which the module’s power is at its highest
point obtained by power-voltage characteristics. Tracking and capturing MPP is in reality one of the
most important and difficult tasks in a PV system. There are several ways and methods to fulfill MPP
tracking that exist in many studies. However, the MPP value fluctuates when a PV systems internal and
external factors vary in relation to ambient conditions. The MPP curve that was generated using standard

values is provided in the figure 2.12.
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Figure 2.12: Maximum power point of a PV system [68].

The amount of sunlight varies during the daytime and is not a continuous source of energy. The photo-
current of the PV cell is dependent on temperature and irradiance characteristics. Photo current of a PV

cell is determined by [68]

Ly=[1, +k(T- 298)]%, (2.20)

According to the equation described, it is observed that the photocurrent is primarily dependent on
temperature and irradiance. Additionally, it is also dependent on the temperature coefficient and short
circuit current of the system. As it was already mentioned that due to non-uniformity of irradiance there

is variation in the output also.

Obtained current-voltage (I-V) curve due to irradiance variation [76] is provided in the figure 2.13. It
is evident from the figure 2.13 that both the open circuit voltage and short circuit current increases with
the increasing irradiance value. However, compared to the voltage value at open circuit, the current
value at short circuit increase is significantly higher as there is slight increase of the voltage. Output

obtained due to irradiance variation is provided in table 2.1.
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Table 2.1: Output I-V values comparison due to irradiance variation [68].

Irradiance [Wm™]

(£,.)[A]

(V,.) [mV]

Difference [A]

Difference [mV]

500

2.05

720

n/a

n/a

750

3.07

735

1.02

15

950

3.88

740

0.81
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Figure 2.13: Current-Voltage curve variation for various irradiance [68].

The results obtained due

to irradiance variation of a PV cell shows that increasing irradiance value has

positive impact on the PV system as it increases overall output. Due to the variation in irradiance, there

is an impact in the power-voltage (P-V) characteristics is demonstrated in the figure 2.14.
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Figure 2.14: Power-Voltage curve variation for various irradiance [68].
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With the rising value of irradiance there is increasing tendency in the P-V curve of this system which
results in overall output also. The results variation due to these parameter changes and impact is
provided in table 2.2. With the increasing irradiance, the value of short circuit current and open circuit

voltage increases, which returns positive impact in the maximum power point.

Table 2.2: Output P-V comparison due to irradiance variation [68].

Irradiance [Wm™] (1,)[A] (V,,) [mV] MPP [W] MPP Difference [mW]
500 1.94 630 1.22 n/a
750 4.83 387 1.87 647
950 3.68 650 2.39 527

Solar PV system still faces the problem of low efficiency, despite the fact that it may be a possible and
sustainable substitute for fossil fuels. The maximum efficiency is about 29% in the industrial PV
module, which is theoretically achievable, but in reality, this number only rises to a maximum of 26%
[77]. A number of internal and external factors, including PV construction, PV operation, system
maintenance, and the environment, are the reason for an overall decrease in the panel efficiency. Even
though the PV designing and installation procedures are being improved progressively, dealing with

environmental variables represents barrier in improved efficiency [78].

PV modules are capable of efficiently receiving the spectrum and intensity of sunlight. Nevertheless,
any form of shadowing by natural or human made such as snowfall, dust, shadow by any obstacle may
restrict the module’s exposure to sunlight. Furthermore, humid air absorbs dust and other air pollutants,
which leads to module soiling and decreased irradiance, which provides a decrease of PV power output.
The internal and external parameters that are interrelated with the PV systems operation are provided

by the figure 2.15.
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Figure 2.15: Factors that impact the PV panel efficiency [78].
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It is considered several parameters in the figure 2.15 which are based on environmental characteristics,
design parameters, implementation of PV and the systems management [78]. It is also studied and
analyzed irradiance, wind speed, temperature of the environment, shading by obstacles, humidity
impact on PV, dust issues regarding the environmental impact on PV in [78]. Design parameters of the
photovoltaic systems are also considered in terms of used components for PV, storage or battery design,
inverter used, charge controller of the system, structure of that system and current-voltage
characteristics. In the implementation part maximum power point tracking, optimization of the system,
orientation of the module and other related incompatibility is discussed. They also consider operational
management as an important part of the system like cleaning of PV panels, cooling of the system due

to heat issues, maintenance and upgrading of used storage, and other reasons of PV deterioration.

Temperature Effect Analysis

Power generation efficiency is highly dependent on a photovoltaic panel module temperature. Because
the PV modules effectively convert 20% of sunlight into electrical energy while 80% to heat, as a result
electrical efficiency drops while temperature increases in the module [79]. The PV cell material's
bandgap energy and module temperature are closely related to each other. In general, bandgap energy
decreases under high operating temperature circumstances. It allows the cell to absorb photons with
greater wavelengths and usually extends the minority carriers' lifespan. Despite this there is an increase
in photo current and decrease in open-circuit voltage which results in fill factor value reduction. In
general, the number of series and shunt resistance in the system is measured by the fill factor. Maximum
power of a PV system depends on its open circuit voltage and short circuit current, and it is determined

as [80]
P=V,x1,=(FF)xV, xI_, (2.20)

where fill factor is FF (maximum obtainable power), voltage at maximum power is V, and current at
maximum power is /, . In many of the research it is described that module temperature is determined

by external parameters like ambient temperature, irradiance [81], wind speed [82] and other material of
PV such as glass transmittance [83]. In this regard, the temperature of the PV module is described as

[84]

Irradiance
1000

T,

panet = Ly + ]rradiancexexp(—a—bxWS)+AT>< , (2.21)

where the constants are A7, a and b, wind speed is represented by WS. It is also obtained that the

operating temperature of the single crystal silicon solar cell has a significant impact on its efficiency.

A comprehensive review of temperature effect on a PV cell based on microscopic and macroscopic is

extensively discussed in [85]. It is already established that PV modules are normally prepared under
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standard test conditions even so there is deviation in the actual operating conditions like the temperature
of the module [86]. The temperature of the solar panel is considered one of the key elements and has a
significant impact on their performance. Additionally, different cell types respond to temperature in
different ways. Additionally, a variety of elements influence these cells' temperature coefficient. For
example, thin film type cells have lower sensitivity to temperature than crystalline silicon [87]. The
active layer with aging will have an impact on the polymer cells' temperature coefficient [88]. Other

type of temperature like annealing, substrate and processing also show impact on the solar cell.

Micro level temperature effect

A solar cell of a PV module is a component that uses the PV effect principle to directly transform
incidence photon to DC electrical energy. Current and voltage are generated when photons with energy
above the cell material’s band gap are absorbed and excite charge carriers. Solar cells microscopic

parameters and temperature effects on PV cell are interconnected and related in many aspects.

o Temperature Effect on Band Gap of Solar Cells

One of the key variables that influences loss and cell conversion efficiency is the band gap, also referred
to as energy gap or energy band gap. The PV effect can only be produced by photons with energy greater
than the forbidden band width, which also establishes the upper limit of the wavelength that cells may
absorb in order to generate electricity [88]. Additionally, the temperature dependency of the cell
parameter decreases with increasing material energy gap [89]. There are fluctuations in bandgap energy
of cell when external energy sources like photons, temperature, electro-magnetic field, pressure interact
with it. The atom’s bond energy within the cell is reflected by the band gap. The electron moves to the
conduction level from the valence level when the temperature increases, and it occurs modifying the
chemical bond [90]. The dependency on the band gap temperature and the impact by incident spectrum
over the short-circuit current's temperature sensitivity is demonstrated in [91]. Additionally, they also

illustrate the cells' conversion loss mechanism which is depicted in the following figure 2.16.
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Figure 2.16: Solar cell conversion loss process [91].
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It is discovered that the unique temperature sensitivity of cells at the radiation limit occurred by the
band gap anomalous behavior of perovskite semiconductor substances. The cell's band gap decreases
with increasing temperature, resulting in a longer cut-off wavelength and an expanded spectral spectrum
of absorption [91-92]. Nonetheless, a smaller band gap results in better visible light absorption, which
enhances photons and, consequently, photocurrents. Keeping in consideration about light, an elevation
in temperature which is advantageous for PV power generation since it will, to a certain level, enhance
the free electron—hole pairs produced by the PV effect in the cell. Nevertheless, the overall output of a
PV system is not improved by an excessive amount of temperature rise. At the same time, the increased

temperature has an impact on the movement of carriers within the cell [93].

o Temperature Effect Analysis on Carrier Mobility

Carrier mobility is regarded as an essential feature of organic solar cell components since it influences
kinetics recombination and energy extraction. Increased mobility reduces the duration that the charge
carriers are inside the device and lowers the chance of recombination [94]. Carrier mobility is often
calculated by the constrained current of the steady state space. The study and findings in [95]
demonstrated that altering the temperature to modify mobility is a useful technique for figuring out the
material's loss and optimization potential. The ZnTTBPc-RGO heterojunction's carrier mobility was
experimentally investigated in [96] at various temperature level. With the increasing temperature there
is an increase in the PV cell’s mobility carriers, which is illustrated in the figure 2.17. A (black) is

considered as 0.25 RGO fraction, B is 0.33 RGO fraction and C is 0.50 RGO fraction.
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Figure 2.17: Error bars and carrier mobility for various temperatures value of ZnTTBPc-RGO [95].

It is also obtained that with the increasing temperature value there is a decrease in the mobility carriers.
It results in a reduction in conversion efficiency which means that the output also decreases with overall
performance degradation. Additionally, lowering carrier mobility also lowers its diffusion radius,

making it more difficult for free carriers to move to an external circuit and create current. It can be

33



concluded after the analysis that there is a negative impact on carrier’s drift effect of solar cells while

there is temperature increase inside of it [95].

o Temperature Effect on Carrier Lifetime in Solar Cell

It is already established that carrier lifetime is affected by the temperature, not only that but also
influences the carrier’s longevity. In a PV system, the lifetime of the carrier is significant. It is the
average amount of time it takes for various recombination to bring excess minority carriers back to
equilibrium [97]. Within the cell, the recombination center created by flaws or impurities will
continually capture free carriers when the cell is exposed to irradiance to produce photo-generated
carriers. Due to this issue a long-term impact and reduction in numerous carriers resulted in [98]. The
diffusion length and carrier lifetime of solar cells are proportional to each other. The diffusion length

increases proportionally with the lifetime of the minority carrier [99].

Microscopic studies have demonstrated the interdependence of temperature's impacts on solar cells
microscopic characteristics. Additionally, the temperature dependency of the cell parameter decreases
with increasing material band gap. Furthermore, inside the cell there is an indirect impact of the
restricted band width in the carrier’s transportation while it affects carriers’ diffusion radius and mobility
also. Additionally, the diffusion radius and carrier lifetime are exactly proportionate. So, it can be
concluded after microscopic analysis that the increase of high level of temperature in a PV cell has

negative impact in its output.

Macro level temperature effect

In the perspective of macro level analysis, it is important to receive continuous irradiance from the sun
in order to produce electricity. Additionally, the PV panel should be able to handle high temperature
also [100]. Induced high temperatures in a PV panel has negative impact on the PV modules
performance is obtained in many studies [101]. Additionally, other environmental factors like climatic
parameters [102], dust accumulation [103] have impact on PV panels. Aging of the PV panels occurs
when its productive life shortens, which also significantly affects the panels temperature effect [104].
Solar cells temperature coefficient is described by using its efficiency, fill factor, current density, short
circuit current, open circuit voltage [105]. The effect of temperature and other parameters in

macroscopic level is shown in table 2.3.

This table provides macro level impact of temperature and related efficiency analysis. They considered
analyzing temperature effects based on two grounds are external environment and nonuniform
temperature of the system. In the external environment light intensity, accumulation of dust, outside
wind and location are studied. It is obtained that with the increase of temperature, open circuit voltage
decreases and short circuit current increases slightly, as a result power in total the efficiency decreases.
It is also found that with the increasing dust accumulation and temperature overall efficiency decreases.

For the case of outside environment, while wind speed increases then temperature decreases resulting
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efficiency of the system increases. Other parameters like uneven irradiance, wind direction, inclination,
wind azimuth has also great influence in the output. The study reveals that temperature and azimuth

increase decreases efficiency [85].

Table 2.3: Macro level temperature effect analysis [85].

Macroscopic Level Parameters Parameters Observation
Description Increase Decrease
Environment  ypengity of Light, Temperature 4 Irradiance 4 | Voltage Current,
(External) Power
Efficiency
Dust Accumulation Accumulation 4 Efficiency
Temperature
Outside Wind, Location Temperature*Wind Speed4 | Efficiency
Temperature Uneven irradiance, wind
(non-uniform) direction, inclination,
installation, wind azimuth Greater Impact
Azimuth, Temperature Efficiency
(Increase)

e  Qutside Environment

One of the main elements that influences solar cell performance is the light intensity. Continuous
exposure to sunlight will cause solar cells temperature to elevate notably. PV cells may experience
varying effects from different radiation bands. The impact of various spectra and irradiance level on PV
cell has been investigated in many research work. Operating temperature and irradiance impact on PV
cell is studied and described in [106]. According to the results it is obtained that with the light intensity
increase, open circuit voltage increases, and there is decreasing tendency in short circuit current
resulting overall maximum power decrease. There is an increase in output current with the irradiance

increase before the temperature disruption that drops it again.

Solar cell efficiency is measured by the proportion of total irradiance and output power of the system.
Environmental circumstances and cell characteristics combinedly responsible for power output in which
the system’s total performance is dependent [107]. While there is continuous increase in the intensity
of light then the surroundings temperature including PV cell inside temperature will also rise
continuously. The cell performance and eventually its efficiency will be significantly impacted by this
phenomenon. The output power of specific system has dependency on incident light and its operating
temperature [108]. PV system efficiency will differ in real-world operating conditions and in the
experimental setup conditions. It is because solar cell has sensitivity to its surrounding environment
conditions. Most PV systems are significantly impacted by climate factors that reduce performance and
initiate aging process. Lime soil deposition also increases panel temperature which decreases efficiency
of the system. It is also obtained in [109] that with the increasing wind speed the panel temperature

decreases.
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A model that is capable of measuring the temperature impact of PV panels mounted on automobiles in
actual weather circumstances was developed in [110]. It is obtained in [111] that with the increasing
wind speed from 0.5 ms™! to 6 ms”! the temperature of the panel reduced, and its overall efficiency
improved. It is also observed that efficiency improved with the temperature drop due to the change of
inclination value from 0° to 90°. Additionally, changes of irradiance from 200 Wm™ to 1000 Wm, there
was an increase in cell temperature, but efficiency also increased due to an increase in irradiance value.
The impact of partial shadowing on the properties of Dye-sensitized solar cells was investigated in
[112]. The study reveals that DSC module’s partial shading induced temperature was significantly

smaller in comparison to silicon solar cell.

o [rregular Temperature Allocation

In the applications of solar cells temperature is distributed ununiformly due to the influence of internal
parameters like produced heat in the system, solar cell’s material, as well external influences like
incident sunlight and wind parameters. Hot spots appear in the cell due to non-uniform temperatures
management where current also mismatches that results decrease in overall efficiency and in the long
run it damages the module structural formation [113]. The PV system would be further impacted by the
damage to solar cells. The PV system’s performance will be impacted by this non-uniform temperature.
The system’s efficiency drops as a result of output power loss. Thermal fatigue in a PV system is also
caused by temperature variation that damages the system permanently and the system’s reliability is

also lost due to excessive heat generated in the system [114].

Temperature issue and its impact on the output, longevity of the PV system is studied and many research
works are conducted by the academics and in many industrial sectors. The influence of environmental
temperature and solar cell temperature difference in the back side and front side with its output analysis
is studied using 2D finite difference approach in [115]. In this study they considered the usual
crystalline-silicon cell for commercial purpose. They considered three types of thermal mechanisms to
study the temperature behavior of the panel that deviates from the ideal thermal properties. Considered
thermal processes are Peltier and Thomson heat generation effect, heat produced or absorbed during
recombination and carrier generation operation and joule heat mechanism. The behavior of temperature
increase throughout the process of photoelectric conversion and internal temperature variation is
discussed in [116]. Furthermore, it was noted that an uneven distribution of temperature is responsible
for panel deterioration that results in performance reduction and loss of ideal working conditions.
Optical illumination in PV system is also a cause of non-uniform temperature distribution and efficiency

reduction [117].
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Temperature Loss Modeling of PV Cell

In the process of photovoltaic energy conversion, temperature is considered as one of the most important
factors. PV module’s efficiency is negatively impacted by an operating temperature increase of more
than 25° C. In the literatures there are several correlations provided that may be used to describe the
impact of changes of temperature in the system [118]. Monitoring the temperature is also crucial for
calculating the PV materials' thermal stress and, consequently, evaluating the PV modules' deterioration
[119]. It is also required for projecting the longevity of the PV module in a system. Since it is impossible
to measure temperature losses directly, models that show how the module’s efficiency changes with
temperature and the value of which must be known beforehand are used to compute the loss [120]. After
determining losses of temperature, miscellaneous losses can be obtained by the difference between

global losses and obtained temperature losses. It is shown in the equation as:
L,=L.—L, (2.22)

Here, L,,.is miscellaneous capture loss, L . is capture loss, L, temperature loss.

o PV System Energy Balance

In steady-state conditions, energy balance is considered by the equality of the energy balance occurs
between outside area and the system itself. It means that the balance will be calculated using the
comparison between the total absorbed energy and the total electrical power output including dissipated
thermal energy by the system. The three main heat transport mechanisms that take part in the energy
balance of a PV system are namely conduction, convection and radiation [121-122]. The conventional
solar energy conversion process using photoelectric effect is not being so efficient and effective because
a large portion of the energy from photons is instead transformed into heat and by this reason the module

temperature elevates from its operating temperature.

After heat is generated then it is carried out to various layers of PV cell using heat conduction method.
It reaches the exterior surfaces located in the back side and front side of the module. With respect to the
smaller surfaces and the flow via the mounting frames, the lateral sides effect often gets neglected. Heat
is transferred to the environment through radiation and convection on the module's two larger exterior
surfaces; the latter can be categorized as forced or free or natural [123]. After analyzing literatures based
on PV systems thermal models, it is obtained that it may be used to represent heat transfer by conduction
as thermal capacity and thermal resistance [ 124]. Thermal resistance is counted as heat flow resistance
of the material and thermal capacity signifies the absorption and heat storage capacity. Coefficients for
conduction heat transfer of a material are the values that consist of thermal capacities and resistances.
These values of a material actually depend on the characteristics, sizes and type of PV panel layers

[120].
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The involvement of long wave radiation is found in the heat exchange by radiation in a PV system. It
considers emissivity or radiative conductance value to determine the heat balance contribution in this
type of system. It is also necessary to consider emissivity specifically both sides of the surfaces of the
PV panel with sky face part and back part. It usually involves an observation of the sky’s corresponding
temperature and the soil temperature. In that context, the ambient temperature and the soil temperature
can be regarded as being the same value [122]. Still, observations of sky temperature are more difficult
and often unavailable due to its dependence on the composition of surrounding atmosphere. However,
there are a number of expressions that are available in many works [122, 125]. In PV system, heat
exchanges via conduction, convection and radiation may be represented using electrical equivalent
values based on their heat transfer coefficients properties [125]. The analysis of heat transfer results
shows that determination of coefficients of heat transfer for conduction, convection and radiation seems
to be complicated and ineffective to be used of these PV systems in commercial purpose.
Implementation and analysis of heat transfer mechanisms required modules design parameters and
specific thermal properties of the system that are not always provided by the manufacturer. Obtaining
PV operating temperature using parameters correlations from mathematical perspective is normally

implicit and to calculate the relevant parameters it requires iteration procedure [121, 126].

o PV Cell Temperature Models

Ther are many existing models discussed in the literatures. PV power generation in the real system can

be demonstrated using the most commonly utilized method [120]

Py = Pyc (1= B(T. - T, ¢ ) (2.23)

where, cell temperature is 7., nominal power at STC is P,,., £ is PV module temperature coefficient

for power. This formula is derived from Evans and Florschuetz basic statement for calculating PV
module efficiency. Power generation variation due to temperature value changes is also required to be
kept into consideration while the panel does not follow the standard conditions, this behavior is

determined by parameter f. The value of this coefficient for power temperature is normally

characterized by the manufacturer in the data sheets. It is required to know the operating temperature

of'a PV module in order to calculate the temperature losses in the system.

e First Model

In general, the operating PV cell temperature is obtained by the measured temperature from the back

side of a PV panel using a temperature sensor which is the module temperature of the system 7 . In

this model, it works based on assumption that the panel temperature is homogeneous, and module
temperature is equivalent to cells operating temperature while it ignores cells and modules temperature

difference [127-128].
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e Second Model

One of the models commonly used in the research to calculate PV cell temperature value is this model

[129-130]. The expression for this model is shown by the following equation [121]

= h L — __n
TL}—TC,{ o j{l j(Tm Ta,m){l (WJ (2.24)

Irr,NTE

In this equation, ambient temperature is 7,, NTE stands for nominal terrestrial environmental

conditions, total coefficients for heat transfer is /, solar irradiance is 7, , T, y,; is ambient temperature

Irr> ~a
at NTE, panel efficiency is 77, both diffuse and beam radiation (T) and absorption coefficient (a)

product is used to obtain module cover’s transmittance is z« . In NTE conditions, considered parameters

for NOCT are T, ,,is 20° C, speed of wind ¥, is 1 m/s for both back and front side of the panel,

irradiance value 7 is 800 W/m?. The simplistic form of the equation 2.24 is obtained as [131]

Irr,NTE

I,
T =T, +( 1%00).(%” -20). (2.25)

In this equation, the solar radiation and environmental temperature value is used directly to calculate
the cell temperature, and it does not require accumulation and calculation of the temperature of the
module using temperature sensor in the back side of the system. The literature discussed that this simple
form of temperature shows better output if it is installed in the roof or any open space where there is
natural flow of wind or ventilation, but it malfunctions in the context of overall output gain while it is

integrated with roof or walls as there is no space for ventilation [127, 132].

e Third Model

In this model, the temperature of the PV cell is obtained as [120]
I,
I, =T, +( " 800)'(TWOCT _20)- (2.27)

The expressed equation 2.27 is the solution derived from the previous second model of cell temperature.
In the second model, temperature for NOCT was considered but in here it is replaced by adding INOCT
(Installed Nominal Operating Cell Temperature) [120]. It is considered mainly cell temperature based
on nominal operating conditions. It is not provided by the manufacturer but rather it counts the position

and location where it is mounted and oriented. The PV panel installation and mounting configuration

and NOCT temperature are applied to avail the value of 7),,,., [121]. For the installation of an open
rack mounting case the expression for 7,,,,., is found as
Tvocr = Tvoer =3°C. (2.28)
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and T

There is higher temperature difference between both the temperature NoCT

while PV panels

7wlNOCT
are directly integrated into building roofs or fagades where they might have up to 18 °C of temperature

difference [133-134].

e Fourth Model

In this model, it is considered the cell temperature is directly proportional to the irradiance value which
is a simplified expression. The value of irradiance proportional factor £ depends on PV installation

assembly and PV modules type. The equation is expressed as

T=T, +kI,

rr

(2.29)

In 1976, R.G. Ross first proposed this linear expression that has no load and wind parameters and later
on many authors adopted it [121] [135-136]. Based on the type of assembly of PV system, the authors
consider the value of &, and it is also known as Ross parameter. In many research studies it is found that

it ranges from 0.02 — 0.06 km?/W [121].

e Fifth Model

The empirical model of thermal analysis established in Sandra National Laboratories is used to describe

this model. The equation for thermal analysis of a PV cell is obtained as follows [137]

T=T,+AT-("7 ) (2.30)

where [, ¢ 1s the irradiance at standard condition. It is projected that the operating temperature (TL)

of PV cell is greater than the external temperature of the module (Tm ) which is generally measured on

the back of the panel. This temperature is calculated using the ratios between the normal irradiance and
STC irradiance value.

e Sixth Model

In this model, using environmental temperature and irradiance incident on the PV surface the operating

temperature is obtained and can be expressed as

T, =30.006+0.0175(7,, —300)+1.14(7, - 25) (2.31)

This equation is mainly targeted and based on the crystalline silicon system, and it is established in
Lasnier and Ang [138]. Additionally, this model does not consider wind speed value and any other

cooling methods for PV system. Also, there is no need to measure the module temperature in the plant.

PV System Cooling Technologies

Dropping the operating temperature increases electrical power produced by the solar cells [139].

Furthermore, extending the longevity of PV will increase the overall electricity generation as the output.
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The efficiency of PV panel varies substantially based on the solar radiation wavelength and material’s
bandgap. It could be improved using novel material to produce solar cells. The electrical power output
of'a PV cell significantly decreases while the system temperature has a higher increased tendency. Only
about 5-20% of solar radiation that hits the solar panel surface’s is converted to electrical power [140].
The remainder of the radiation, however, is either absorbed by the cell as heat or sent backwards. Due
to this heat absorption the temperature of the panel rises close to 70°C. To increase the efficiency of PV

panels numerous studies have been conducted on various PV system cooling techniques [141].

The optimal operating temperature of PV is one of the main barriers to its usage expansion in both
residential and industrial sectors. There is a deep relation between the performance and temperature of
a PV panel which is determined by stability of induced heat due to incident irradiation. Though PV
cooling is one of the simplest ways to increase performance but in practical application and development
it is very challenging [142]. The impact of high temperature could lead to negative performance on PV
cell’s current-voltage characteristics. PV system performs best at lower temperatures and declines with
the temperature rise. Due to the increases temperature circuit voltage decreases and that is why the
output of the system also decreases. PV system’s performance and efficiency are also impacted by this
power loss [143]. Further research on cooling technology is required to enhance the performance of
existing panels. In the purpose of PV module’s increased efficiency and cost effectiveness researchers
are looking for more effective cooling techniques. The process of general cooling mechanism is

provided by the following figure 2.18.
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Figure 2.18: Cooling process of a PV module.
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Researchers are developing both active and passive cooling technologies to lower the operating
temperature of existing solar cells. PV system’s proper cooling helps to enhance its reliability and
decreases output loss. Both passive and active cooling techniques are utilized to enhance the PV
modules’ performance. A coolant such as air or water is necessary for active cooling, and a fan or any
pump is required in this type of cooling system. On the other hand, passive cooling cools PV cells
without the need for additional electricity consumption [144]. Significant research has been done about
the use of air, liquid coolant, other types of liquid like glycols and water to maintain the module

temperature at an optimum level.

In the paper [141], the authors mentioned three types of passive cooling techniques are water passive
cooling, air passive cooling and cooling by conduction. Additional parts of passive cooling, such as a
heat pipe, natural cooling exchanger, heat sink may be used also [145]. Actually, the material used in
the heat sinks has high thermal conductivity. They are designed to be positioned at the solar panel’s
back side so that heat can be transferred easily from the module to the surrounding area [146]. One of
the main advantages of passive cooling is that it is easy to install and cost-effective in comparison to
the active type of cooling. There are other existing complex cooling methods like thermoelectric
generators, nano fluids, heat exchangers, microchannels, phase change materials (PCMs), heat sinks
and other hybrid system also. Beam splitting technology is also referred to as spectrum filter technology
is considered as a novel invention that uses specific wavelengths to convert both electrical and thermal

energy using photovoltaic thermal system [141].

Active Cooling Techniques

Active cooling methods use a cooling medium such as water or any other liquids. It requires external
energy to run fans, pumps that move the cooling medium. These methods are more efficient in the

context of processing heat transfer from the panel, and it needs extra devices and energy supply.

e Active Air Cooling

It is one of the most common methods to be used in a variety of devices to reduce temperature and
management of thermal energy. Air cooling is not so effective as liquid cooling, but it has benefits like
cost effective material and low operating cost. For this type of cooling, a mechanical component, for
example a pump is used for air circulation to lower temperature. An active air-cooling system for
performance improvement in a PV system is provided in [147]. It is compared the PV system without
cooling in normal conditions and PV panel employing active air cooling which results in power ratio

increase of 6 % and electric efficiency increase of 7.2%.

In addition, the PV system’s performance may be impacted by the air-cooling system’s geometrical

characteristics. In [148], a total of four electric fans were employed for cool air circulation inside the
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PV panel through a specific designed channel inside it. They also verified the impact of channels
characteristics and size on efficiency. The results showed that channel depth decreased, increased
thermal efficiency, and it has no considerable impact on electrical efficiency. Also, the total number of
fans for cooling the system is a significant element to be considered that takes part in the efficiency and
performance of the PV system. The number of fans and increased efficiency relation is discussed in

[149].

e Cooling using Liquids
PV modules can also be effectively cooled by forced convection generated by inside channels liquid
flow while it is placed at the backside of the panel [150]. A comparative analysis of different cooling
methods employing reflectors in the Egyptian regions is provided in [151]. It is studied mainly three
distinct cooling methods in their work are air cooling, water cooling and combination of both air and
water. According to the experimental analysis it is found that in the Egypt’s environment condition
water cooling was the most efficient among all the three methods. By comparing PV panel without
using any cooling mechanism and with employing water cooling, it is obtained in [152] that module

temperature was reduced to 20% and therefore overall efficiency was increased around 9%.

At the back side of the PV module, the use of heat pipes can be integrated simultaneously while cooling
of PV panel using water circulation. The heat extracted by the working fluid can also be used for any
other uses and thus how extra energy will be added to the overall output. In this process of heat transfer
mechanism using pipe has impact on the systems overall efficiency [141]. There is also another method
that discusses the possibility of using water for cooling purpose is known as liquid immersion. It results

in temperature reduction of a larger amount and exhibits lesser impact in the environment.

The main advantage of cooling PV panel using forced water flow is that it is very efficient, and the
water can be reused in this system. The temperature is reduced by approximately around 20-30 °C by
integrating this method. The main drawback of this method is that it requires high investment, and it
assists the degradation of the system. The principal advantage of liquid immersion cooling method is
that it is highly efficient and eco-friendly. It can reduce the panel temperature by around 40 °C. The
issue is that in cloudy weather situation it performs very low, and it has water impact due to ionized

situation [141].

e  Water Spraying Cooling

The performance and electricity generation of a PV system can eventually be improved by cleaning PV
panels’ surface [153]. Liquid spraying can be used to lower modules temperature and clean its surface
at the same time. This system uses a pump and associated pipes to spray water through sprinklers over
the front side of the PV panel. In adverse weather conditions the efficiency may rise by 15% due to the

use of water spraying which is obtained from previous research. This technology can be a good
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affordable option for floating PV plants as it consumes and wastes a lot of water when it is mounted on
the overland PV plant. It is investigated both the front and back side liquid spraying effect and efficiency
is analyzed in [154]. According to the findings, cooling in the front side of the panel provided better
outcomes than cooling in the back side of the panel. About 14.6% improvement in electrical power

because of using water spraying was obtained by this analysis.

For cooling PV panels, a water spray method was developed in [155]. The components used in this
cooling system are a pump, water tank, recycle module, nozzles spray and the PV panel. The
temperature of the PV panel was reduced to around 35 °C by using this water spray cooling system. In
the investigations it is mentioned that the advantage of water spraying cooling is that it is a very efficient
and simple process and temperature can be reduced up to maximum temperature. The main drawback
of these types of cooling is that it is just cool only partial section of the panel and there is a lot of water

wastage issue [141].

e Evaporative Cooling

Evaporative Cooling is one of the best options to cool the PV panel by the use of water evaporation and
it works on the same behavior how the human body gets cooled down after sweating in summer. It uses
surrounding air for evaporating water and reaches in an equilibrium stage. The most efficient, practical
and promising way to control PV panels temperature through evaporative cooling. Not so much research
works have been investigated based on evaporative cooling though it has high advantages in cooling
system panels. The main benefits of evaporative cooling are implementation simplicity, and it is less
costly in comparison to other methods. But this type of methods works better and shows effectiveness

mostly in dry and hot climatic conditions [141].

e Cooling based on nano-fluid

For the PV panel cooling purpose and system performance improvement, different nanoparticles and
water combination are used to create nano-fluids. To improve heat transfer, different percentages of
nanoparticles are used [156]. The commonly used nanoparticles are copper oxide, magnetite, boehmite

and titanium oxide.

e Microchannel Heat Exchanger

The method of cooling using heat exchanger is one of the several popular cooling techniques. In this
kind of method, heat is transferred from one fluid to another fluid and from a single medium to another
type of medium. It may obtain maximize efficiency at high temperatures. In order to gain maximize
efficiency CFD analysis is studied with an optimum flow rate for a cooling medium. To fulfill that
purpose and cool PV panel the use of microchannel could be a better solution. Additionally, it is also
feasible to use hybrid PVT systems. The main challenge of employing this method is to efficiently

manufacturing and experimental setup of microchannels [141].
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e  Thermoelectric Cooling Method

This type of cooling method is also defined as Peltier cooling. Another efficient approach to lower PV
panel temperature is thermoelectric cooling. Excess induced heat from PV module is captured and
converted to electrical power by employing thermoelectric module. The Peltier effect is the basis of the
technology which uses electrical energy for PV panels cooling. The Peltier effect and the Seebeck effect
are the basic fundamentals of this type of cooling. In here, heat flows inside of an electric junction in a
certain direction using Peltier effect. In one part of the junction, it experiences heating while the other
part experiences cooling impact. For both heating and cooling method, flow rate is solely dependent on
temperature differences and its voltage and current characteristics [141]. Cooling of a PV panel using
Peltier effect is described in [157]. It has been demonstrated that this thermoelectric cooling can be

successfully included into high concentration PV cells.

The following figure 2.19 provides the summarize type of methods of active cooling methods for PV
system.
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Figure 2.19: Active cooling techniques.

Passive Cooling Techniques

Passive Cooling techniques are also as important and effective as active cooling techniques. The main
difference between active and passive cooling mechanisms is that the passive cooling technique does
not use any other extra mechanical devices for functioning. To be more specific, the passive cooling
system does not use external power system to run its operation. That is why passive cooling techniques

require less cost for maintenance, and it has a simpler structure than the active cooling.
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e Phase Change Material (PCM)

This type of cooling is a passive distinct cooling by conduction. The capability of PCM is to retain
thermal energy facilitates and maintain the stabilization of temperature. The absorption and release of
latent heat while melting phase and freezing cycle is the key principle of PCM cooling. There exist
several types of PCM, for example eutectics, inorganic salt hydrates and organic oil. The operation of
PCM and cooling system is dependent on the melting point and latent heat of the elements. Although
this isn’t a straightway passive cooling technique, it does not require additional work. Heat conduction
occurs here, and it has the ability to maintain and persevere the actual temperature. Most importantly
the PCM integration in a PV system is an alternative better option due to its heat absorption capacity
during hot weather conditions during day and quicker releasing tendency during low temperature time
and thus how it balances thermal energy. The significant properties of PCM are that it maintains
unchanged temperature level during its phase change moment, latent heat is generally higher, high

potential for absorption before it reaches to melting point or start solidification process [141].

PV cooling system based on PCM material, and its related characteristics is discussed in [158]. They
considered a setup based on paraffin wax positioned at the back of the panel and its normal melting
point range is 38 °C to 43 °C. The results demonstrated that the cooling system increased around 5.9%
electrical energy production yearly in the hot regions. An economic analysis is also completed to

demonstrate the benefit of using this PCM based cooling technology.

e Heat Pipes cooling

Heat pipe cooling uses condensation and evaporation of fluid to cool and source to sink thermal energy
transformation in the PV system. Among the traditional heat pipes, the most common type of pipes are
aluminum and copper that has thermal conductivity in higher range also and it is kept sealed during
cooling activities. The use of heat pipe helps to lower panel temperature and increase its efficiency
through the conversion of heat to water or air from the panel. In some cases, performance of heat transfer
gets lower due to the thermal resistance in between the used heat pipe and the PV panel. Using a solid
PV panel and new micro heat pipe of flat design is developed for a heat pipe cooling system in [159].
An experimental investigation of PV panel cooling of heat pipe using water and air as transfer fluid is
described in [160]. The result shows that the use of air in the cooling system resulted in 4.7 °C of
temperature reduction and an increase in output of 8.4%. Besides, in water cooling case the temperature

was reduced to 8 °C and systems efficiency was increased by around 14%.

e Wick Structure Cooling

Lower cell temperature in a PV system is possibly obtained by the use of fluid flow like water and other
liquids. A capillary structure can be used to continuously provide this fluid for cooling panels. For
cooling a system cotton wick is used in the PV panel back side that delivers capillary fluids to the fluids

which is represented in [161]. They utilized three main types of cooling fluids are CuO/water, water
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and AlLOs/water. In the obtained results it is described that using water in this structure reduces 30%
temperature, use of CuO/water reduces 11% of temperature and use of Al,Os/water reduces 17%

temperature in comparison to the panel while there no cooling technique was used.

e Radiative Sky Cooling

It is also another type of passive cooling mechanism. This type of cooling provides another innovative
cooling mechanism by combining visible wavelengths of 8-13 um and outer space’s ability to act as a
heat sink. The temperature difference between earth items along with outer space are used to apply the
radiative cooling. Cooling of an earth object when it is sun facing accomplish by using radiative
function. An experimental investigation of radiative cooling techniques using solar absorbers is
examined in [ 162]. This experimental result shows that the temperature was reduced to 13 °C due to the

use of radiative cooling [162].

Though cooling PV panel is very efficient and it increases efficiency but still it is a challenge to provide
cost effective cooling systems. Among the various cooling systems, water based, and air-based cooling
systems are found very acceptable, and it has wider acceptance. The other type of cooling like heat
pipes cooling, refrigerant based cooling is also developed but due to cost and other technical issues it is
not still used in the larger scale. Heat sinks offer great potential as cooling devices for PV systems and
their development should be given more attention. Summarized existing passive cooling techniques are

provided in the following figure 2.20.
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Figure 2.20: Passive cooling techniques.

Evaporative cooling is also interesting but research and development work on this cooling system is not
so extensive. Thermoelectric generators also can contribute extensively to PV cooling in future, but
proper development is required to be used commercially. According to the economic and technical point

of view, a fin-equipped passive air cooling might be a better solution. The use of PCM is a bit costly
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and it can be feasible to use and commercialize if the cost can be reduced [141]. Other type of cooling

mechanisms can also be used but the constraints and economical aspects should be analyzed.

Cooling in a PV system enhances the energy output and performance in all aspects. The cooling system
described either requires extra force or it can be passive. Though the study reveals that active cooling
is more efficient than passive cooling techniques. The question that arises here is that the cooling
techniques are capable of just cooling the PV panel and improving performance, but it requires in
general extra energy to run it and to establish an effective cooling mechanism is energy consuming as
well. By considering all of these facts, the idea of photovoltaic thermal (PVT) system is proposed as a
solution that also provides useful energy using thermal extraction mechanism. It simultaneously

improves performance, and it is also energy efficient in comparison to cooling systems.

2.2 Photovoltaic Thermal System (PVT) Study

One of the most significant technological issues arising regarding integration of PV plants with the
existing electrical grid is ensuring the supplied power stability either directly or indirectly. The issues
arise from variations in solar radiation intensity and temperature over time, which compromise the
reliability of the electrical network. In certain situations, environmental and seasonal factors could lead
to disruptions in its productivity. The unpredictability of PV energy generation systems is increased by
the significant weather variability. Therefore, energy storage devices are essential for PV in order to

reduce irregularities in electricity generation [163-164].

A brief description of the advancement in photovoltaic technology over the past two decades are
addressed in [165]. The installation and prices of PV module ended up more affordable and that is why
PV technology is widely accepted and being used in many locations. All entities related to PV
technology and the manufacturing process are in competition and focus on more cost reduction. There
are a lot of manufacturing entities producing a variety of products related to PV technology to enhance
the ability of accessing and developing PV system in order to produce electricity from renewable energy.
That is why the selection of materials for PV components construction is absolutely essential as the
manufacturers have to keep in consideration the lower cost and higher efficiency. A quick overview of
a variety of PV components based on silicon and other non-silicon materials are discussed in [166].
Crystalline silicon manufacturing and processing technology is comparatively cheaper, and it provides

higher performance. For that reason, this technology is very popular and widely accepted [53].

Solar radiation strength and intensity depends on various geographical location and additionally other
related parameters like dust, wind velocity, moisture content, air particles also. Each of these factors are
responsible for PV system’s performance variation and low production as the variation also impact on

its total output [59, 167].
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Several research studies analyze and assess the climatic conditions’ impact on the output and PV
system’s performance. PV has been shown to be significantly impacted by the continuous high
temperatures and higher level of incident sunlight. Additionally, it was found that wind had no

noticeable effect during test period on the temperature of the PV panel [60].

Many research studies have indicated that the development of solar technology is limited due to higher
costs for installation and maintenance and inadequate performance when compared to existing energy
production using fossil fuels. The main reasons for these limitations are that the elevated temperature
of the PV cells during operation is mainly impacted by the ambient temperature, the incident irradiances
intensity and other optical properties such as reflection, refraction of sunlight properties. Eventually,
these negative impacts can be significantly reduced by conducting enhanced research and laboratorial
experiment. This perception of increasing efficiency has led us to the development of several techniques
of cooling panels that help to increase overall output and efficiency of a Photovoltaic/Thermal (PV/T)

system [53].

Thermal collectors of PVT systems are integrated in the PV panels rear portion in order to facilitate the
processes of heating for thermal energy and cooling for electrical efficiency. In order to maintain an
adequate temperature at the users end this process should be able to absorb excess heat from the system.
Thermal energy is collected by the used fluid which is also called base fluid that is used inside the
proposed system and then extracted thermal portion are transferred to a reservoir. Along with the heat
extraction fluid/material and reservoir for thermal storage, it also consists of a heat exchanger that
exchanges heat from the fluid inside an insulated system. The thermal energy or specifically hot water

or the heat is exchanged and separated using this heat exchanger and later on stored on the reservoirs.

Efforts to enhance the performance of the PV/T system and actively implement the system started in
the beginning of 1970s when it was in the early development stage. PV systems efficiency increases
with the temperature reduction from this system which is demonstrated in many works. By maintaining
a single structure both electrical and thermal energy is produced at the same time in the PVT systems
that serves the idea of hybrid of PVT system. Though there are potential complexity and challenges in
PVT system development, it could possibly be considered as a direct process by incorporating thermal
collectors and PV panels. The emerging idea of the development of PVT system was introduced to

improve PV systems efficiency and performance improvement to meet the energy demand [168].

Research and investigation on PVT system are still going on in many places by focusing on its operation
and design analysis to optimize the performance. Such expanding and motivated research studies
demonstrate people’s growing interest regarding the beneficial use of renewable energy sources.
Consequently, there is increased focus on discussing and studying this system’s electrical and thermal
efficiency and that should be the primary concern in the development of PVT system. As far as it is

already mentioned that all portion of the solar spectrum do not convert to electrical power rather than

49



converted to heat. This produced heat is either needed to be removed by cooling or thermal extraction
to maintain the optimum temperature of the panel. Silicon solar cell response with regard to spectrum

of sunlight is provided in the figure 2.21 below.
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Figure 2.21: Silicon cell response with solar irradiance [53].

This figure provides solar cell response with different wavelengths of irradiance in different portion. It
has almost negligible response in the ultraviolet region where it has greater response in visible and
infrared region. In a PV system, visible regions’ wavelength ranges from 400-700 nm and near-infrared
regions wavelengths are converted to electricity and the rest of them are almost converted to heat. In
the purpose of revering that excess heat and making it to useful energy hybrid PVT system is introduced

and developed.

Hybrid PVT System

Utilizing solar PV and thermal panels, solar radiation can be utilized in renewable energy systems to
generate thermal and electrical energy [169-170]. Solar photovoltaic technology typically captures solar
radiation and creates it into electrical power [171-172]. At the same time, the purpose of employing
solar collector is to absorb solar radiation and convert it to thermal energy to fulfil the other purposes
of thermal energy demand including in the residential and industrial sector. After several phases of
research and investigations, the PVT system was introduced and discovered in the mid of 1970s [173].
A yearly performance and output analysis of a hybrid PVT solar collector based on liquid type for an
individual residential family is investigated and studied in 1976 [174]. For thermal modeling of a flat
plate collector the “Hottel Whillier model” and its main parameters are considered in [175], and a study
of thermal and electrical performance of hybrid PVT system including the “Hottel Whillier model”

parameters modifications are described in [176]. The concept of PVT solar collectors has existed for
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over 40 years, although adequate commercialization of this system is not completely established. With
the objective of PVT collector’s performance improvement and cost reduction research studies
considering several aspects of this system are conducting recently [177-179]. PVT systems currently
emerged to be a better solution because these are environmentally friendly and minimize dependency

on conventional energy resources.

A PVT collector, which is developed and paired with PV panel and a thermal collector that is designed
to produce electric and thermal energy at the same time. It helps and compensates for energy loss in
traditional PV systems and is also referred to as hybrid PVT module [17, 180]. The energy captured
from sunlight is converted into heat by the thermal collector and electrical energy by PV module. A
PVT system is also possible to develop within the same given area even smaller than separate PV
module and PVT collector that can use the maximum solar energy to produce efficient and effective
electrical and thermal energy. The figure 2.22 below provides an illustration that allows one to

understand about the development of PVT system.
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Figure 2.22: Concept of Hybrid PVT system [53].
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Maximizing solar thermal and electrical energy and building an efficient system are the primary goals
of utilizing hybrid PVT technology. The comparison analysis shows that PVT system requires less space
than conventional PV or thermal collector technology. Furthermore, PVT has the ability to generate
more electric and thermal energy occupying the same area than a typical thermal collector and PV
module produces separately. It provides a clear and straight solution and that PVT technology performs
efficiently than using two systems PV and thermal separately. Additionally, it works perfectly even with

a limited installation area [53]. Furthermore, both existing technologies for electricity and thermal
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energy production technologies are integrated into one system is the PVT that reduces not only

installation costs but also has a quicker payback period [17].

There are various types of system architecture in the PV modules namely hybrid, standalone, grid-tied,
tracking systems and so on. The traditional components of the PV system consist of PV panel for
generation, battery for storage, MPPT tracker, inverter and charge controller. The PV system is already
very popular in both urban and rural areas, and it is also integrated into various types of applications.
Not every energy plant based on PV system is very energy efficient and cost effective and still it is
expected to become a dependable and widespread source of energy in the coming years. It has resulted
in many research studies that high temperatures have a direct impact on the open circuit voltage and
reduces its value hence electrical efficiency is also decreased finally [181-182]. One of the solutions to
this problem is to reduce temperature by cooling techniques and thus it increases the overall
performance of the systems also. Besides, the systems lost energy can be recovered using this strategy
in the PVT system. For PVT systems cooling and heat extraction purpose the water and air both or air

combinedly and water or air separately employed in the system [53].

The low-cost properties of a PV system are possible to identify by analyzing the main system’s
parameters and its related costs. The efficiency value of a PVT system is utilized to calculate and
estimate the total electricity produced in terms of the incident irradiance. The overall efficiency of a
hybrid PVT system is far higher than the overall efficiency of a single PV system because of its capacity
of transforming waste heat into useful energy [183]. The introduction of PVT systems started in many
years, but it is still in the early phase of development and did not expand as it was expected. As the
systems have experienced in many cases higher output and greater efficiency with low-cost devices, it
is expected to be a popular and possible substitute for a single PV system. Innovative research based on
new developments and integration of PVT into buildings is also studying as there are available spaces
in the rooftops of the buildings. The objectives of the research are to establish a system for producing
thermal power in a less costly manner. It shows the probability of achieving a low-cost PVT system for
future energy technology. An optimal system is required to reach this goal, and this system should be
constructed with an optimum energy efficient design with cost effective materials. In addition,
considering the space and effective design, it should occupy less space and should be designed

according to the building shape while it is planning to be set up in a building [184].

There are significant advantages to using and implementation of PVT system. Typically, a higher part
of the incidence radiation is collected and used by the collector to produce thermal and electrical energy
in this type of system. Usually, PV cells absorb the wavelength of visible light and thermal collectors
section receive the infrared wavelength from the spectrum. If tandem solar cells are taken into
consideration and combine both PV and collector technology in the same device then it will be able to

absorb most of the spectrum and will be more efficient. In cost perspective, PVT system is economical

52



as it is less costly than the installation of separate PV and thermal system is a significant advantage of
PVT system that motivates to invest in it. Besides, PVT system does not occupy bigger space in
comparison to PV and thermal system together. An additional advantage of PVT system is that in
summer season it helps to reduce temperature in the residential buildings, surface shading is also
improved using this technology. The integration of PVT systems in residential buildings will enhance
the beauty and structure of these buildings rather than installing PV and thermal system separately.
Besides these advantages, PVT systems are also efficient as they produce and have potential to produce
higher range of electrical energy and help to compensate for the thermal losses occurred in the existing

typical thermal technologies.

The total efficiency of a PVT system determines the overall performance and improvement of energy

production in it. Total efficiency is determined by [53, 185]

2.31)
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where thermal efficiency is 7,,,,.,and electrical efficiency is 7,,.,...- Considering PVT panel as a

thermal collector thermal efficiency is obtained by [53]
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The useful heat of the system is evaluated as [53]

= mC AT, (2.33)
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where mass flow rate of the given fluid is 71, specific heat of the fluid is C,, temperature difference

between inlet and outlet fluid is AT . Electrical output of the thermal flat plate collector by conventional

way is obtained as [53]
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Produced thermal energy by using this system is possible to transform into usable energy. Panel

temperature dependent on the varying electrical efficiency of a PV system is provided as [53]

Meteerrical = Mrer (1 -p (T pr — Ly )) > (2.35)

where system’s reference efficiency is 77,,, panel temperature is 7, , reference temperature of the

PV

system is T, , temperature coefficientis £ .
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Using these equations, electrical efficiency, including thermal efficiency of the system can be obtained.
Inclusion of other related parameters and consideration of the mathematical model with numerical
modeling of this system provides more advanced and complex model in the sense of parametric

analysis.

Classification Analysis of PVT

Classification of PVT system provides insights into the types, kinds and different types of working
methodologies used. For PVT classifications various methods exist in literature. In this study, works on
several research publications are analyzed in the range of 2010-2023 years. An overview of the selected

articles for this study and its related year of publication is shown in the figure 2.23 below.
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Figure 2.23: Total selected papers by years [53].

Figure 2.23 describes the papers studied by years for this work and it also shows that maximum papers
were selected from the year 2019 and 2020. In this study, the maximum seven papers are considered
from the very recent time such as from 2021, 2022 and 2023. The main reasons for selecting these
papers are to gather information regarding recent updates, modification of the PVT system and its
classifications. Some paper shows innovative classifications of the improvement of PVT systems.

Others selected papers are also from recent years like 2018, 2019 and 2020.

The following table 2.4 is structured and established based on the extensive literature review from the

selected publications of recent years about hybrid PVT system.

Table 2.4: Classification analysis of hybrid PVT system [53].

Reference Year Classification Types

Water-based
Air-based

Bi fluid based.
PCM based.
Heat-pipe based
Heat-pipe collectors

[186] 2023 PVT Systems
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[187]

2023

PVT Collectors

Concentrated collectors
Air-based collectors
Building-integrated collectors
Dual air-water collectors
Liquid-based collectors

[188]

2023

PVT System

Absorber Configuration
Absorber material

[189]

2022

PVT Collector

Type of glazing

PV cell

Working fluid

Solar thermal collectors

[190]

2022

PVT Collector

Glazing

PV Cell Type

Absorber

Collector

Heat Extraction Medium

[191]

2021

PVT Collector

Liquid-based PVT
Air-based PVT
Concentrated PVT
PCM-based PVT

Air & Liquid based PVT

[192]

2021

PVT Systems

Novel PVT system
Flat-plate PVT system
Concentrator type PVT system

[17]

2020

PVT Collectors

Working Fluid

PV Cell

Glazing

Thermal Absorber

Solar Thermal Collector

[193]

2020

BIPVT

Hybrid BIPVT
Water Based BIPVT
Air based BIPVT

[194]

2020

PVT System

Concentrated PVT
Nanofluid based PVT
Air and Water based PVT
Water based PVT

Air based PVT

[195]

2020

PVT System

Conventional Systems
. Water
il. Concentrator
iii.  Air
iv. Bi-fluid
Novel-based Systems
i. PCM
il. Nanofluid
iil. Refrigerant
Heat Pump

[196]

2019

PVT System

Material type
Coolant type
Collector type

[197]

2019

PVT System

PV material type
Module type
Coolant type

[198]

2019

PVT Collector

Novel PVT
Concentrator type PVT
Flat-plate PVT
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[199]

2019

PVT System

PCM/PVT

Air PVT
Refrigerant PVT
Water PVT

Heat pipe PVT

Air and Water PVT
Nanofluid PVT

[200]

2018

PVT Systems

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

[201]

2018

PVT System

Type of PV

Working Fluid Type
Collector design type
Panel covered type
Fluid flow type

[18]

2018

PVT System

Flat plate air
Concentrator
Flat plate liquid
Vacuum tube

[202]

2017

PVT Collectors

Coolant type
PV material type
Collector type

[203]

2017

PVT System

Novel PVT Systems
Conventional PVT systems

[204]

2017

PVT Collector

Air Collector
Combination of water and air
PVT Water Collector

[205]

2016

PVT System

Water based PVT

Thermoelectric based — PVT

Air based PVT

Refrigerant based PVT

Air & Water based PVT
Concentrated PVT PCM based PVT
Heat pipe Based PVT

[206]

2012

PVT Collectors

PVT concentrator
Air PVT collector
Liquid PVT collector

[207]

2011

PVT Collector

Air Collectors
i Unglazed
il. Double pass
1i. Glazed
iv. Channel flow
v. Single pass
Water Collectors
1. Unglazed
i. tube absorber
1ii. Sheet and tube
iv. Glazed
V. Round tube absorber
Vi. Square/rectangular
Channel flow

[208]

2010

PVT Products

PVT concentrator

Liquid PVT collector

Ventilated PV with heat recovery
Air PVT collector
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The provided table above shows the analysis of hybrid PVT system’s classification. It demonstrates
various types of classification mentioned and discussed in a number of research papers. Discussed
classification is analyzed based on several parametric evaluations of PVT systems and collectors. Such
as heat extraction medium based classification is provided in [186-188, 193-195, 199, 18, 205-207,
209], design of PVT system is considered for classification in [192, 196, 198, 208], overall system’s
configuration-based classification is provided in [17, 189, 190, 197, 200, 201, 202, 203]. A summary of

the various classification criteria and related configuration is discussed in the following figure 2.24.
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Figure 2.24: Considered selection criteria for PVT classification [53].

The considered and employed classification criteria of this work are displayed in the given figure 2.24.
Three major criteria are obtained after studying and analyzing the research summary, and research
works of the existing literature are PVT System’s Design, Heat Extraction Medium and System’s
Overall Classification. After analyzing it is found that heat extraction medium based classification is
used in thirteen papers from the total twenty-five papers, PVT system’s design-based classification was
considered in four papers. Additionally, classification considering system’s overall parameters are
demonstrated in the total eight research works. After analyzing and assessing the literatures it is found
that no comprehensive classification of PVT system is provided in any of the paper. Additionally, there
is no such classification that is completed with detailed analysis that may provide clear and
comprehensive idea about the PVT system. A proposed classification of hybrid PVT system based on

the studied research works and published literature on PVT system is provided in figure 2.25.
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Figure 2.25: Hybrid PVT classification [53].

The parameters considered for this classification are based on its application, heat extraction method,
design configuration, energy storage and integration system. In design configuration, it has two subparts
that are integrated PVT systems and split PVT systems. The integration system consists of either a fully
integrated or partially integrated system. Due to simplicity and use in the remote area the application
section is divided into only standalone part. In the extraction method, two types of prioritized system
are active and cooling method. In consideration of storage, this system can be developed with thermal
storage or without thermal storage, and electrical energy storage exists by default setup. Mainly, by
using this classification method it is possible to gain knowledge on complete overview of the existing

and improved PVT system.

To use most of the incident radiation of a PVT system, it is necessary to develop an improved heat
extraction method to extract the maximum thermal energy. The following figure 2.26 provides a
classification of heat extraction method of PVT system after analyzing existing methods in recent
literature. In this classification, two types of possible heat extraction are studied namely active heat
extraction and passive heat extraction. Active heat extraction requires extra energy to run the process
but in passive heat extraction it does not require an extra source of energy to function. The main types
in the active heat extraction methods are active air heating, heat exchangers method, active PCM,
selective active coatings, direct fluid flow control, heat pump, desiccant-based extraction, thermal
energy storage-based extraction, nanostructured materials based extraction, thermoelectric generator

extraction and combined heat and power system.

Passive heat extraction methods can be employed in the PVT system also. The methods that can be
considered for heat extraction that also provide significant impact on the output thermal are natural
ventilation, radiative cooling based heat extraction, natural convection, thermal find and heat sinks,

PCM based heat extraction, thermal mass and natural evaporative cooling based heat extraction.

58



Heat
Extraction

Method

Parametric Optimization of PVT System

* Active
* Heat Exchangers
* Heat Pump
* Active PCM
* Thermal Energy Storage
* Thermoelectric Generator
* Active Air Heating
 Direct Fluid Flow Control
* Desiccant-Based System
* Combined Heat and Power System
* Selective Active Coatings
* Nanostructured Materials
* Passive
» Natural Convection
* Natural Ventilation
* Radiative Cooling
* PCM Cooling
* Thermal Mass
* Natural Evaporative Cooling
» Thermal Fins and Heat Sinks

Figure 2.26: Heat Extraction Methods of PVT system [53].

Performance evaluation and efficiency analysis of hybrid PV T systems inevitably involves its parameter

study and optimization. For performance evaluation and increase of its properties, researchers focused

on mainly discussion and finding optimization of different related parameters of hybrid PVT system. A

comprehensive understanding of the several parameters associated with hybrid PVT performance can

be established through a parametric analysis [206]. The paper [207] established research and parametric

analysis based on channel air flow and ambient flow. For this analysis, the parameters studied are mass

flow rate, channel shape and heat exchanger resistance. Performance of a PVT system significantly

related to different flow regimes that is discussed in [208]. In this work a number of research work from

reputed publishers is considered and studied for performance analysis purpose. The following figure

2.27 provides an overview of the papers analyzed for this work [53].
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Figure 2.27: Articles publication years.
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Figure 2.27 provides an overview of the publication years of the selected articles for parametric analysis
purpose. It also describes that the year 2023 has the most selected publication year for this analysis has
total of eight papers, and from the year 2019 few papers also included in this study. The summary of
the review papers and articles that are obtained by using an extensive and comprehensive study is

provided by the table 2.5.

Table 2.5: Hybrid PVT system parametric properties analysis [53].

Reference Year Analysis Topic Parameters
Air velocity

Mass flow

Wind speed

Channel thickness
Operating conditions
Geometric parameters
Wind speed

Solar insolation

Mass flow rate

Air temperature
Glazing cover
Micro-channel heat pipes
Packing factor
Different flow regimes
Design parameters
Temperature evolution
Meteorological parameters
Thermal conductivity
Fluid and air velocities
Receiver side length
Fluid channel diameter
Different fins shapes
Temperature
Geometric parameters
Climatic parameters
Ambient temperature
Solar irradiance

Dust

Humidity

Wind speed

Nanofluid type
Volume concentration
Flow rate

Geometric parameter
Irradiance

Ambient temperature
Position

Dust

Humidity
Environmental conditions
System design
Boundary conditions
Design parameters
Weather conditions

[206] 2023 Parametric

[186] 2023 Optimization

[207] 2023 Parametric

[208] 2023 Parametric

[209] 2023 Parametric

[210] 2023 Parametric

[211] 2023 Parametric

[212] 2023 Parametric

[213] 2022 Parametric

[214] 2022 Optimization

[215] 2021 Optimization

[193] 2021 Optimization

[216] 2021 Parametric
[193] 2021 Parametric
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Design parameters

[119]

2021

Parametric

Electrical losses
Solar irradiation
Cell temperature
Incidence angle

[218]

2020

Parametric

Air temperature
System voltage/current
Different parameters

[219]

2020

Parametric

Cooling type and efficiencies
Thermal collector
PV cells

[61]

2020

Optimization

Wind velocity
Coolant temperature
Packing factor
Glazing

[141]

2020

Parametric

Irradiance

Ambient and module temperature
Wind speed

Humidity

Shading, dust

Design parameters

[220]

2020

Parametric

System parameters

[221]

2020

Parametric

Electrical parameters
Thermal parameters
Design parameters

[197]

2019

Optimization

Design parameters

[198]

2019

Optimization

Design parameters

[196]

2019

Optimization

Design parameters

[222]

2019

Parametric

Thermal parameters
Meteorological parameters
Geometric parameters

[223]

2019

Optimization

Incident parameters
Meteorological parameters
Design parameters

[224]

2019

Parametric

Electrical parameters
Design parameters

[198]

2018

Optimization

Design parameters

[180]

2018

Optimization

Design parameters

[225]

2018

Optimization

Electrical parameters
Meteorological data

[226]

2018

Parametric

Thermal capacity
Heat transfer

[201]

2017

Optimization

Design parameters
Meteorological parameters

[200]

2017

Optimization

Design parameters
Natural parameters

[227]

2017

Optimization

Thermal parameters
Weather parameters
System configuration
Technological parameters
Location

[228]

2016

Parametric

Irradiance

Heat capacity
Density

Velocity

Thermal conductivity

[229]

2016

Parametric

Thermal parameters
Electrical parameters
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Phase change material
Solar irradiance
Ambient temperature
Heat transfer coefficient
Temperature

Solar radiation
Meteorological parameters
Wind speed

Global radiation
Temperature

Mass flow rate
Design parameters
Mass flow rate
Packing factor

PVT Materials
Efficiency

Design parameters
Operating temperature
Mas flow rate

PV/T dimensions

Air channel geometry
Design parameters
Design parameters

[230] 2016 Parametric

[231] 2015 Optimization

[178] 2015 Parametric

[232] 2014 Parametric

[233] 2013 Parametric

[132] 2013 Parametric

[205] 2010 Parametric

[234] 2010 Optimization
[235] 2010 Parametric

Different parameters and optimization properties analysis from various recent research papers are
discussed in this given table 2.5. After comprehensive analysis of this review study is summarized and

classified in the following figure 2.28.

30
25
20
15

10

No. of Analysed Papers

(&}

Parametric Optimization
Analysis Analysis

Figure 2.28: Classification based on analysis [53].

A classification based on summary of the research study is provided in the figure 2.28. After analyzing
the figure, the information obtained from there is that many of the authors described and choose
parametric evaluation for PVT systems efficiency study. Besides, some of the authors show
optimization method depending parametric analysis for efficiency study. The way of parametric
evaluation for performance analysis varies from work to work and authors to authors. For instance,

climatic parameters where the main concern in various research works, design parameters [208] are

62



considered in some works, meteorological properties [209] are also considered in many works,
geometric and climatic properties are studied in few of the works. It is studied and discussed flow of
fluid including velocity of air and design with shape analysis in [210]. Systems various fin shapes and

temperature evolution are discussed by [211].

To analyze the system’s performance evaluation related parameters are focused on [213]. The properties
of geometric parameters and their optimization are discussed in [214]. Performance analysis of a PVT
system is obtained considering geographical position and climatic parameters in [215]. Weather
situation including design parameters based parametric study is provided in [193]. Climatic parameters,
loss of electrical portion and incidence angle value are analyzed in [217]. One of the significant
parameters to obtain better efficiency and performance improvement is temperature of the outside air
is studied in [218]. It is proposed the use of passive and active cooling for efficiency increase and to
cool the panel by several authors [33]. For evaluating the performance of the system, optimization of

design parameters is given preference in [195-197].

It is expected that PVT system delivers both thermal and electrical energy where heat transfer
technologies are required to extract thermal energy. In the purpose of parametric evaluation of PVT
system its capacity related to thermal and electrical output is established in [226]. The simple parameters
of electrical and thermal that has impact on the PVT output is described in [224]. The implication of
PCM and its use for thermal energy extraction process is provided in [230]. Heat extraction fluid is one
of the most crucial factors in PVT system, the properties of this fluid such as mass flow rate, packing
factor that has important contribution in the efficiency of PVT is derived in [231]. There is a relationship
between Hybrid PVT systems and their design parameters [151, 234, 235] which is considered for its

performance analysis.

Efficiency of a PVT system depends how the system is performing based on its given and ambient
parameters. Parameters and optimization based on these parameters are studied, analyzed and briefly
discussed in many literatures study to improve the performance, output and effectiveness of the PVT
system. Several authors focused on ambient parameters, many of them focused on characteristics-based
parameters, others focused on design parameters, some of them also considered heat extraction
parameters. After analyzing these literatures, it is found that a complete, clear, energy effective
parametric model or parametric classification is significant to provide and establish an energy efficient
model. For that purpose, a classification model for parametric and optimization analysis is proposed in

this work is provided in the figure 2.29.
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Figure 2.29: Classification for parametric analysis and optimization [53].

The considered parametric classification is mainly divided into two main parts: parametric analysis and
optimization analysis. The parametric analysis of this model is based on all related internal and external
parameters of the system that have direct or indirect impact on the output and efficiency. The considered
parameters in parametric analysis are internal parameters, external parameters or climatic parameters,
geometric parameters, meteorological parameters, geographical parameters. The optimization

parameters are technological parameter and design parameters.

For PVT system construction, geometric parameters are the basics parts and significant properties which
take part in the output and performance improvement. The related parameters for geometric analysis

are provided in the following figure 2.30.

Geometric
Parameters
——
| | | [ ] ]
Heat .
PVT panel Storage tank Channel . Air channel
: exchanger ; Fins shapes
shape size T thickness geometry

Figure 2.30: Factors of geometric parameters [53].

The parameters related to geometric classification are air channel geometry, PVT panel shape, heat
exchanger shape, fins shapes, storage tank size and channel thickness. These parameters are selected

based on consumer demand, available space and required output from the system.

In many locations like deserts, forests, highlands the installation and the position of the system has a

great impact on the output and performance. The main properties of geographical parameters are
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considered and discussed here. In the classification of geographical parameters location, incidence angle

and latitude and longitude are provided in the figure 2.31.

Geographical
Parameters

Latitude and Longitude ‘ Incidence angle ‘ Location

Figure 2.31: Factors of geographical parameters [53].

The most significant parameters of hybrid PVT system that have direct impact on the performance and

efficiency are climatic parameters also identified by external variables.

Climatic Parameters

Solar Irradiance Air temperature Air Velocity Wind speed

Figure 2.32: Factors of climatic parameters [53].

An illustration of this classification of climatic parameters is provided in figure 2.32. Solar irradiance
is the type of parameter that has a direct impact on output and efficiency as it is the main source of

energy in the PVT system.

Depending on the location, the impact of meteorological parameters also varies and in accordance with
this parameter the performance of the system also changes. A summary of these parameters related to

meteorological factors are provided in the figure 2.33 below.

Meteorological
Parameters
[
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Air Mass R a_nd Humidity Rain Snow Cloud Cover Albedo
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Figure 2.33: Factors of meteorological parameters [53].
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The impact and characteristics of these parameters of hybrid PVT systems are analyzed in many
research works. It also provides information from these literatures about how significantly it changes

or increases the performance of the system due to these parameters variation.

The above-mentioned classification and consideration of PVT systems parameters are mostly external
or outside parameters. Along with outside parameters, the inside or internal parameters have significant
contribution to the output and performance improvement analysis. The classification of internal

parameters factors is provided in the figure 2.34 below.

Internal
Parameters

|
[ [ [ I 1 |

Electrical Thermal Mass flow Fluid tvpoes Packing System Thermal
Characteristics/losses characteristics rate P factor voltage/current| |conductivity

Figure 2.34 Internal parameters elements [53].

In the internal parameters the most dependent and reliable source of parameters are electrical
characteristics that are related to gain or losses. Thermal characteristics of PVT systems are solely
responsible for the thermal output and efficiency. Besides, there are other parameters that also influence
and related to PVT systems are thermal conductivity, packing factor, voltage and current of the system,

mas flow rate and types of used fluid.

This discussion is related to the classification of the parameters of PVT based on parametric analysis
obtained from several research studies. It reveals a complete form of understanding and realizing the
important parameter of the system. It classifies the parameters based on its classes and subclasses. It is
already mentioned that for parametric analysis the study is divided into two main parts are parametric
study or classification based on internal and external parameters and another part is optimization based

parametric analysis classification.

The classification of optimization parameters and its related other factors are discussed in the following
figure 2.35. In the figure it is provided that the classification based on optimization parameters are

divided into design parameters and technological parameters.
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Figure 2.35: Elements of optimization parameters [53].

Based on optimization, a section is divided named design parameters that are regarded as one of the
primary concerns in the construction of PVT systems. There are four factors or elements considered for
this part namely component positioning, components design, PVT system design and operating

conditions.

Important optimization parameters that affect the PVT system’s performance are covered in this section.
It mainly demonstrates the dependency of PVT parameters for optimization and analysis purpose. The
latest literature review explains that optimization study and parametric analysis are required for PVT
performance improvement. The researchers and its community will have an excellent overview of PVT
parametric optimization and performance study by gathering the knowledge and information proposed
and discussed in this work. Besides, the appropriate parameters selection and design construction idea

can be chosen from this analysis that will help to establish an appropriate PVT system [53].

A parameter model and related classification is proposed in this work after an enhance review from the
literature. This study also includes the described analysis of several variables, including meteorological,
geometric, external/climatic, geographical and other internal variables. By this study, it reveals an
improved understanding and road map to develop an efficient parameter based PVT system.
Additionally, it will show a pathway for establishing PVT systems in practical case that are capable of

running efficiently with improved performance even in adverse environmental conditions [53].

Design parameters including technological factors are considered for performance optimization of PVT
is discussed in optimization section analysis of this work. Recent published works emphasized
addressing and focusing on parameters optimization classifications that contribute to the performance

analysis of the system and that serves the motivation of investigating parametric analysis and
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consideration of optimization parameters. The proposed analysis will also help to choose the appropriate

technical and design parameters that will enhance the performance of PVT system [53].

This section is mainly composed of analysis, proposal and study of hybrid PVT system review that
summarizes performance and efficiency dependent parameters and classifications of these parameters.
It also studies and shows existing research profiles related to parametric and optimization analysis.
Classifications are provided based on existing methodologies and concepts explained in other related
works. In order to overcome the gap found in previous research works based on parametric and
optimization analysis the provided classification is introduced in here. Additionally, it will help to
enhance the capability of classification-based analysis that will contribute to the performance
development of the system. The other subsection described and studied various parameters from both
internal and external context including optimization parameters that proposes a parametric model for

effective and energy efficient PVT system [53].

This chapter discusses the introduction of solar energy, photovoltaic and photovoltaic thermal
technology. The earth, atmosphere and sun relation with the existing ecology and its importance in solar
energy technology is also discussed. It also provides insights about solar system, PV technology, PV
cell working process and other significant process in solar energy technology. In the photovoltaic part
it describes design configuration of PV system, solar cell classification the type of photovoltaic system
like on grid and stand alone. Classification of PV system is also discussed and provide a glance about

the existing PV technology.

Modeling of PV system is necessary to understand the behavior and characteristics of the existing
techniques. The conversion to electrical equivalent circuit from the ordinary solar cell and its
mathematical model provides the insight of the parameters. Parameters evaluation of this model based
on internal and external case is also shown. Significant parameters mathematical model and its
development are also provided here. Modeling and information regarding [-V and P-V curve with
maximum power point shows the real characteristics of the system. Parameters of different types like

environmental, design based, implementation based, and management related are also described here.

Temperature related issues are the main concern of a PV system among all other parameters.
Temperature evolution in a PV module is discussed. The effect of temperature in micro level and macro
level is analyzed. Several PV cell temperature models from the literatures are discussed and related
mathematical model are also established here. It is found that every model is dependent on specific
parameters related to the PV system. Cooling technologies are the solution that can easily and constantly
cool the PV system. Various cooling technologies mentioned in the literature are described and provided
here. The type of cooling systems and its properties and materials are also summarized in this chapter

just to provide a short idea regarding temperature issue and its cooling effect.
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Photovoltaic thermal system, that is the main theme of this work is introduced here. The concept and a
summary of working methodology are also discussed. Efficiency of a PVT system is mainly evaluated
based on its thermal and electrical output. The summary model related to efficiency and performance
improvement is also studied. To develop an efficient PVT system, it is necessary to analyze the existing
types, kinds and methods employing the performance of this system. A brief literature review based on
this concept is done and existing classifications of several types are discussed. Most of the papers are
considered from the very recent updates and inclusions in the field of hybrid PVT systems. After this
analysis, a classification of hybrid PVT system is also developed and provided here in this chapter. The
summary of existing heat extraction method and an analyzed model is provided based on the

observations.

Parameters of the PVT system that are the key concern of the development and efficiency analysis are
also summarized here. The developed and discussed work in this chapter is going to provide an insight
into solar energy development and existing methods and parameters. This chapter is developed based
on an enhanced literature study and discussion. The main purpose of developing this chapter is to
introduce and discuss the possible elements related to increasing efficiency and necessity of excess heat
recovery in the PVT system. In here, the classifications of PVT and different approaches based on
various research works are briefly reviewed. An innovative classification is suggested following an
analysis of these studies. Three main criteria are developed in this research work where the summary
of the classifications discussed in many of the literature is also included. It is expected from the outcome
that it may help to provide an overview of the classification methods used in the several literatures
related to PVT. The study of parameters is divided and classified into two main categories are parametric
based analysis and optimization analysis. These classifications reveal all the parameters that are

involved in the PVT systems efficiency and performance study.

There are both minor and major issues and challenges related to PVT’s are found in the literature. The
major challenge is to keep a balance of thermal output and electrical output of PVT system in the context
of efficiency and optimization of performance. Another challenge is to determine and maintain optimal
parameters during operation for better performance without any effect on efficiency. It is possible to
handle this issue using and following the proposed parametric classification and analysis. The design
structures of existing systems integration into developed systems are also difficult and a major
challenge. By the analysis discussed in this chapter, the integration and compatibility challenge are also

possible to improve.

The developed work in this chapter provides an overview of the solar PV system, PVT system and its
parameters and other related factors. This study considers the starting of developing an efficient hybrid

PVT system. Despite this, it is significant to develop and characterize a PVT system based on

69



mathematical modeling, design study and parameters sensitivity analysis that has certainly impact on

the output and efficiency of this system.
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Chapter 3: Modeling and Development of Hybrid PVT System

3.1 Introduction to PVT System

One of the main concerns of the 21st century is the energy generation using sustainable, renewable,
dependable and environment friendly technology that helps to protect our environment and climate by
maintaining appropriate ecosystem [236]. This purpose can be served using renewable technologies like
solar energy system, wind energy, hydro power, biomass and other existing green energy technologies.
Solar energy engineering is developed to provide energy in the residential, industrial, and commercial
sectors advancing with on-grid or off grid systems. The thermal energy demand is also increasing day
by day rapidly due to expansion of industries and premises that require processed thermal heat energy
for their daily needs. This scarcity and existing problems due to both thermal and electrical energy
demand can be mitigated by employing and introducing renewable energy, most specifically hybrid

photovoltaic thermal (PVT) technology [237].

Thermal energy and electricity production in an efficient and affordable manner is possible by using
PVT system. Only a small portion of irradiance incident from the sun which is approximately 5-25% is
used to produce electricity in the PV panel and the rest of it is transformed into thermal energy due to
the reflection, refraction or conversion process. Because of this absorption in the PV panel, there is an
impact on the total output due to the temperature increase in the system. Because, with the increasing
temperature value there is decreasing output power of the system. The solution to this unwanted
behavior and significant temperature rise impact is reduced by introducing cooling system which is

implemented in many systems.

The better and most efficient way of fulfilling this purpose can be by using a PVT panel that will boost
cooling and increase output. Due to these benefits, a number of residential houses and industries are
experiencing use of this technology. Though there are challenges due to economics, technology, law,
policy, but the research on PVT system is still developing worldwide [238]. Another challenge of
inconsistency in demand and supply for thermal and electrical energy is also discouraging the
development of this technology [239]. The industrial entities should come forward to advance this
technology by overcoming the existing challenges. The use of PVT technology will provide significant
impact to these sectors of both residential and industrial where it requires heats from low to high level

of temperature [240].

The manufacturing sectors in the industry are responsible for consuming over half of the total thermal
energy needed in the world [241]. The needs of this thermal energy demand are mostly accomplished
by fossil fuels, and a very little amount is covered by biomass and other existing renewable
technologies. There are many possible locations, whether they are in urban or rural area, the use of solar

thermal energy is prominent but due to the limitations of the PVT technology it is difficult to explore
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[242]. The existing decarbonize methods like biomass and hydrogen use, heat production using
electrification in the industries and carbon capture with sequestration (CCS) are initiated to cover

thermal demands, but the challenge is the economic feasibility of these existing technologies [243].

Many research works are developed based on thermal demands of small-scale system for example the
use of hot water for residential purposes, space heating though PVT system which is capable of
supplying thermal energy for the large industrial processes [219]. The impact of climate change and
increasing energy costs can be reduced by addressing the use of different solar energy sources like solar

PV and solar thermal that may replace conventional sources in future.

The implementation of hybrid PVT systems that integrate both thermal and electrical energy in the same
device can mitigate this interdependent drawback in the existing electrical and thermal system. In the
hot regions, with the increase of cell temperatures there is significant impact on the overall output of
PV system [80] and systems size is restricted by the roof area [244]. There are also other parameters

that take part in the total output of the PVT system are location, wind, dust and shading.

PVT system consists of two types of system such as PV modules and thermal absorbers in the same
design and structure. During operation the panel cools down as heat flows and at the end surplus heat
is supplied to the end users. Production of thermal and electrical energy process and related elements

overview is provided in the following figure 3.1 below.

4 Hybnd PVT Thermal
\ System ;" Energy
\ )

\

Figure 3.1: Formulation overview of Hybrid PVT System [245].

From figure 3.1 it is realized that typically PV panel produces electrical energy, and thermal panel
produces thermal energy, but PVT panel produces both of that energy which is efficient than separate

operations.
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The main advantage of using PVT systems is its efficient operation methodology and effective impact
on the PV systems physical properties. It is already mentioned that PV panel and thermal collectors
have different operation methods, and it also absorbs different level from the solar spectrum. It is
discussed and established in many research studies that PV panel absorbs the visible part of the spectrum
while thermal modules absorb the infrared part. So, the benefit of employing PVT system is that it can

absorb both visible and infrared portion at the same time and transform it into useful energy.

In today’s competitive world the cost of manufacturing, installation and maintenance is a great deal that
sometimes hinders the development of new technologies. There are separate costs associated with PV
installations and maintenance where the thermal collector has the same type of costs associated. In the
context of cost effectiveness, the PVT system is also providing scope to the manufacturers that reduces

cost, time and required materials to produce separate systems.

With the increasing population and by this race the energy demand is also increasing which strikes also
the space issues in this limited part of the earth where most of the spaces are occupied with water. In
this sense, it provides an opportunity to save space as PVT systems do not occupy the amount of space
occupied by the PV and thermal systems separately. PVT system also helps to reduce thermal load
during summer season by surface shading and thermal insulation. Besides, in the view of design,
structure used in PVT system is more compact and design friendly than using both PV and thermal
energy extraction system independently. So, the architecture of a residential building will have a better

orientation.

The parameters responsible for sensitivity and variation analysis are also significant for renewable
energy technology. Because many of the renewable technologies are directly or indirectly dependent on
ambient or external parameters. The issues arise here regarding the handling of these technologies such
as solar, wind system, hydro power in adverse climatic conditions. Additionally, the output of these
technologies is mostly dependent on the weather situation like if there is not available sunlight there
will be very little output which is almost negligible. In this situation, parameters optimization is the
main concern. For PVT, it is less complex than optimizing parameters separately in PV system and

thermal collectors.

These are the main advantages that attract and motivate us to devote ourselves to the development and
enhancement of PVT technology. For broader knowledge on PVT, a comparison of simple operation

methodologies between photovoltaic, thermal system and PVT system is provided in figure 3.2.
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Figure 3.2: Relationship between PV, thermal and PVT system.

From the given figure 3.2 it is provided that for photovoltaic system it just considers electrical
parameters of PV panel, and then analyze performance based on electrical parameters of the system.
Finally, electrical output is only taken for consideration and provided to the end users or consumers. By
the same way, in the thermal system thermal panel is used and thermal parameters are given priority.
After obtaining thermal output energy it is provided to the users like for residential and industrial
processes. It is also quite interesting while it comes to the operation of PVT system. A simple PV panel
with heat exchanger module with or without heat transfer fluid produces electrical and thermal energy.
So, in general situation we can describe and accept that PVT system is efficient and convenient than PV

and thermal system.

For PVT panels cooling, the fluids are typically used in the existing systems are water, air or any type
of refrigerant [246]. In many of the work cooling system is added using nanofluids and different types
of phase change materials [158, 247]. The process temperature in a system is classified as low, medium
and high and based on that requirement heat transfer fluid is chosen. The usual thermal characteristics
of water are very significant for using it as HTF like it has boiling point with higher value, specific heat
capacity is also high and better melting point. For these thermal properties water can be used in most
of the systems [248]. The main reason for using water is because hot water demand during winter season
is very high. Both theoretical and practical work is already done on a water-based hybrid PVT system.
The main focus was to reduce the system costs and improve efficiency by analyzing and studying this
system from various aspects. It is obtained electrical efficiency around 8.7% and thermal efficiency
around 79% where it makes total efficiency around 87% by improving optical parameters of a PVT

collector that is provided by an experiment in [249]. The integration of thermal system in a PV module
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also increases its electrical efficiency and improves performance in this system which is investigated in
[250]. Also, it was compared the thermal output of PVT hybrid system with the thermal output of
traditional PV system where the hybrid output was higher. The combine operation of thermoelectric
generator (TEG) and PV panel is utilized to fix the issue of non-uniform temperature distribution
including special thermal materials which are studied in [251]. After analyzing it is obtained that in all
of these experiments using heat transfer fluid in PVT system improved both electrical and thermal
efficiency thus increasing overall efficiency. PVT system consists of several layers in its structure.
Different kinds of PV module such as monocrystalline, polycrystalline and amorphous silicon module
can be used. In the back of PV panel, a heat exchanger pipe is attached to it and the pipes can be any
type like aluminum, stainless steel, copper and many other existing metal pipes in the market. The
selection of this pipe depends on the supply and demand associated with its design framework. The
fluid flow occurs in the pipe and there is an inlet and outlet point at each end where fluid enters and
exits consecutively. To reduce heat losses by convection and conduction an insulation layer is also
necessary and provided in the back of the panel. Maximizing efficiency, output and greater performance
also varies based on this insulation layer. On the top of the panel the glass cover is also responsible for
optical properties and reflection and refraction of irradiance. The protection layer or the back cover is
used and placed to overcome any challenges due to external obstacles. A typical PVT system structure

and illustration is provided in figure 3.3.

Figure 3.3: Structural overview of a PVT system.

The design configuration of PVT systems can be based on active or passive method where it can

function either indirect which is also called as closed loop or direct system. There are some restrictions
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where it is required to implement and use separate heat exchangers in order to keep the water clean. For
example, during the use of special type of fluid like nano-fluids or any type of ethylene glycol is required

an extra heat exchanger in the storage so that it does not mix with the usable water.
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Figure 3.4: PVT system direct passive flow.

A direct passive flow technic of PVT system is provided in the figure 3.4 where water circulation is
provided by natural convection and no additional force or energy is required to run this system. On the
other hand, in a direct or indirect system the help of any pump and other electrical components is
required in order to flow the fluid is known as active systems. The water circulation by a pump in an

active system of a PVT module is provided in the figure 3.5.
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Figure 3.5: PVT system direct active flow.

EVESystem «—— Cold Fluid

In an indirect system a heat exchanger inside the storage is used that transfer heats to the liquid. It is
mainly used in the very cold region where the heat transfer fluid has chance to be frozen in the pipe. An

overview of indirect active flow is given in figure 3.6.

76



Hot Fluid

Cold Fluid

Outlet ——

Heat Exchanger

B

Inlet

PVT System

Pump

Figure 3.6: PVT system indirect active flow.

3.2 PVT System Classification

There are many kinds of PVT system existing such as PVT to supply hot water, PVT for facades
ventilation and it also can be used for cooling or refrigeration purpose. Nowadays, use of both PV
systems and thermal module has increased and thus the market has also expanded. The effort on
technological development and performance improvement keeping pace with demand is also continuing
to support both domestic and industrial sectors. The possibility of integrating PVT is not only limited
to residential purpose but also open to being used for larger scale like commercial premises. Designing
and choosing an appropriate PVT system according to requirement is a big challenge. Depending on
design structure, fluid type, absorber characteristics, there are various kinds of PVT systems available.
It is classified as four main types by some authors: air based PVT, liquid based PVT, concentrator based
PVT and heat recovery PVT using ventilation. Typically, the top surface of the PVT system is covered
by a glass to protect thermal losses by optical properties. In many of the works they mentioned using

cover system in the glass called glazed and if not then it is mentioned as unglazed [205].

Use of glazing in a PVT system reduces thermal energy losses and thus increases thermal energy
absorption in the system by increasing HTF temperature. It provides better yearly output while
integrated into medium range to higher range temperature applications. In addition to advantage the use
of glazing has disadvantages like it may be the reason for decaying of the panel due to hotspot
sensitivity. Also, the overheating issue in the bypass diode may arise and electrical performance will be
compromised due to reflection losses. As a result, the temperature increase in the modules internal

circuit will reduce electrical efficiency.

In short, the summary of this discussion is that it is important to make balance between electrical and
thermal output in such a way so that the overall efficiency increases. Additionally, it is necessary to be
careful that the PVT panel should be also in good condition and not to be degraded very quickly so that

the optimized output can be obtained. The performance improvement and higher efficiency of a PVT
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system depends on the type of PVT used for that purpose. It is significantly important to have
appropriate contact with PV panel and thermal absorber to obtain optimized thermal and electrical

efficiency [196].

Air based PVT Systems

The temperature regulation is obtained using an air based PVT system that uses mainly air as heat
transfer fluid as a working fluid. The additional laminated layer is used on the top or bottom side of the
panel in the air channels used for ventilation. The positioning of this type of system is designed in a
way that it can be placed in the building roof or facade where air passes through the PV panel back part.
The general use of this system is for space heating in residential buildings, increase of electricity
generation, ventilation purpose and drying of agriculture products. There are existing designs of air

based PVT system where air can pass from the top or bottom side even in all side of the absorber [252].

Air based PVT are mainly divided into two types are flat plate and concentrator type. The most common,
simple, well known and available design is the flat plate type. Air based PVT systems are mainly used
and appropriate in the buildings applications of high and medium altitude and it is less costly in
comparison to liquid or fluid type PVT system. The efficiency of this type of system depends on ambient
weather conditions. For example, in the lower altitude area the environment temperature is very high
during summer and in this situation, the shorter period of air based PVT application provides better

electrical efficiency than applying it for a longer period [187].

Heat extraction from a PV panel is performed using ambient air from the surroundings and it is the main
mechanism of this type of system. The cold air is injected through the channel and hot air is gained and
supplied to the consumers. In this method, the mass flow is a significant operation that works to decrease
the temperature of the panel thus increasing efficiency of the module. It can be classified and
summarized in many classes depending on the flow of air inside it. In the conventional system, air
passes through the back of the panel using a single air duct. Another traditional system is double pass
PVT where on the top of the panel there situated a pipe and on the back side another pipe is attached.
The flow of inlet air is collected at the top of the pipe and the hot air is supplied back to the channel
added below the system. By this way, fluid circulation is provided for a longer period of time [190].

The design and structure of PVT air based system depends on the position and the location or place
where it will be used. The calculation of overall efficiency is obtained by summing the thermal

efficiency and electrical efficiency of the system [61]. The total efficiency of an air based PVT system

(UT,A,-,,) is obtained as [61]

M air = Mg air T on, i » 3.1)
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where 77, is the electrical efficiency of an air based PVT system, 77, ,, is thermal efficiency of an air

based PVT system. Thermal efficiency of the PVT air based collector (77Th, i ) is obtained as

Qu, ir
Mo = # : (3.2)

Irr ““Panel , Air

where 4,,,, ,; is the panel area. And useful heat of air based PVT (Qu, Air ) is calculated by

Qu,Air = mAiGC,Air (Tom - Tm) ) (3.3)

where C is the specific heat of air, 7 is outlet air temperature and 7 is inlet air temperature.

p,Air out

Additionally electrical efficiency is calculated by
y = 34
77E,A1r I A H ( )

Irr““Panel , Air

The system performance is also significantly dependent on exergy efficiency analysis. For a single-

glazed PVT systems exergy efficiency is obtained as [253]

E
My = 2 %100, (3.5)

x]n

Exergy balance expression for PVT system of a single channel is calculated as [254]

Y Ex, =) Ex +) Ex_| (3.6)

Thermal exergy efficiency for this same PVT system of single channel is obtained as

T,
Y Ex_ =0 -mC]T, -ln( o/T[j (3.7)

And electrical exergy efficiency is obtained as
nAl,
Ex =| —< i 38
Z E { 1000 (3-8)

From the source obtained input energy is calculated as [255]

D Ex =AN xI, {1 - [gj{%} + (%M%} , (3.9)

The hemisphere part protected by radiation reservoir is considered by the geometric factor f.

PVT air based systems are classified, and design is established based on several factors. First of all, the
air circulation pattern in the system is used and its behavior is considered. Force circulation requires
energy, and natural circulation does not cost additional energy though forced circulation is more
efficient. But the required energy in the forced circulation system reduces the net electrical output due

to use of electrical devices which require electrical energy to run. In the liquid based system there is
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restriction of liquid flow in a limited space but in the air based system it has almost all space to air to
pass. Separate glazing part is required in this system so that air can pass on the top of the panel which
increases thermal performance but in the perspective of electrical performance it has fewer impact. The
cell operating temperature is increased due to air flow and reflection losses of the irradiance occurs also.

Air based PVT systems design and cross sectional view are provided in the figure 3.7 below.
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Figure 3.7: (a) Unglazed and (b) single glazed air PVT system.

In the unglazed system, air flow happens at the bottom side and in single glazed air PVT system air
flow happens also in the bottom side but there is an additional layer used to improve performance. The

modified glazed air module and double glazed module are shown in figure 3.8.
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Figure 3.8: (a) Glazed with double pass and (b) double glazed air PVT system.

In the glazed double pass system air passes from both top and bottom of the panel and there should be
a glazing cover on the top side of the panel. Besides, on the double glazed panel, air flows only in the

lower part of the panel and there are two glasses on the top of the panel.
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Water based PVT Systems

Water based PVT systems are appropriate for high temperature systems due to their better thermal
properties and on the other hand air based system is less effective than water based system as it does
not have higher thermal properties. Both passive and active cooling system can be used in the water
based system where liquid tubes are attached to the back side of the PV module. The heated water is
received from this system as it extracts heat from the panel and thus the system gets cooled too. The hot
water received from this system can be utilized for many purposes like residential and industrial sectors.
A water based PVT system generally consists of a PV panel, heat extraction pipe, a storage tank and
pump to circulate water in an active system. The water supplies from the back of the storage tank and
passes through the panel utilizing pipe and then received hot water is sent to tank from its bottom
section. As a result, high density cold water converts to lower density hot water due to stratification

process and the performance is improved by both electrical and thermal efficiency context [186].

Water based PVT is considered one of the most efficient technologies among other PVT system where
preheating water is needed all the year round and the location has sufficient sunlight and ambient
temperature value is higher [234, 256-257]. Significant research is already done in the configurations
of water based PVT system and its geometrics and material properties due to an increase interest and

performance analysis [186, 258].

The main characteristics of these types of system are that it provides both electricity and thermal energy
simultaneously. It is found that PVT water based system and air based system have similar designs and
configurations except the channel/pipe where water based system uses pipes for water flow. The output
of this system depends on its design configurations. The design configurations of sheet & tube and

channel PVT system based on [259], is provided in the figure 3.9.
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Figure 3.9: (a) Sheet & tube and (b) channel type water PVT system.

In the sheet & tube PVT system there is only single cover and air flows on the top of PV panel. An
additional tube is attached to the panel for heat extraction purpose. And, channel PVT has two glasses

covers and on the top of panel water flows where below the topmost glass air flows.
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Figure 3.10: (a) Free flow PVT and (b) Two absorber water PVT system.

The figure 3.10 given above describes free flow PVT and two absorber PVT system. In free flow PVT,
water and air flows on the top of the PV panel and in the two absorber model, there exists a transparent

panel where air and water flow below and above the panel.

Copper has a very significant thermal conductivity and that is why it is widely used as a thermal
conductor in the PVT system. Sheet and tube absorber is the most commonly used model that uses
liquid to flow in the back part of the module including with series or parallel pipes [187, 258, 260]. The
pipe used in the system can be of several designs like parallel pipes or direct flow, web flow which is
used in [164, 168]. For web flow design the results provide very low output with 41-48% of efficiencies
depending on flow rate of the fluid while the outlet temperature is 50 °C — 65°C and a bit greater output
is obtained in the direct flow system which is 46-54%. Among these designs, 56-68% of thermal
efficiency and electrical efficiency of 13-14% was obtained using spiral flow design, beside the
temperature of the module also reduced to a significant level [168]. There are also several other types
and designs available in literature which have various efficiencies depending on the mass flow rate. The

designs and shapes of the pipes are provided in the figures 3.11 and 3.12 for better illustration.

Outlet Outlet
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Figure 3.11: Direct/ parallel tube and serpentine tube for PVT [187].
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Figure 3.12: (a) Parallel serpentine, (b) Web flow type (c) Spiral tube for PVT [187].

Heat Pipe PVT Systems

A heat transfer technique that uses heat conduction capacity and phase transformation is known as heat
pipes based PVT systems and it is considered as better efficiency based mechanism. It is also identified
as probable optimized solution for extra heat reduction and thermal energy transmission in PVT which
has three typical separate parts are condensed division, evaporated and adiabatic divisions [252]. These
types of techniques are also used in many kinds of devices like spacecraft and cooling of electronics
which provides elevated heat transfer efficiency. In comparison to other techniques, it is more beneficial
in the context of lifetime and longevity, rates of thermal energy transfer and no additional active
elements with consumption of extra energy are required. In [261-262], the heat pipe is divided into two

main parts namely condenser and evaporator sections.

In this system, the heat is absorbed in the evaporator and later on evaporator sections evaporate the
fluid. In the condensed section, the working fluid is condensed and thus how heat is transformed to
another form and then heat is released. Extremely highly effective heat transfer is obtained due to the
use of heat pipes in PVT and its available phase transition properties. The main motive of using heat
pipes in PVT system is to remove waste heat from the PV module and use this extracted heat for another
purposes. Additionally, it is also considered to be helpful to overcome the limitations of using PVT
systems based on refrigeration method [252]. Heat pipe based PVT systems schematic [187] is provided
in the figure 3.13.
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Figure 3.13: Heat pipe based PVT system.

The extra heat generated in the panel is absorbed by the heat pipe which is added to the back side of the
module. The generated heat in the module and extracted/absorbed by the pipe passes to the condensation
section and heat transfer fluid is used there, later on this heat is collected by the fluid for further use. In
this case, the medium of heat transfer is a heat pipe at the first level which has very high thermal

conductivity and at the second level water or any other fluid is used for heat transportation [263].

The use of this type of mechanisms has various sections like preheating of water, thermal and electrical
energy supply performance improvement, load balance by reducing consumption for residential
temperature regulation and control [264]. Among several existing heat pipe variations, the application
of flat type microchannel heat is discussed in [265]. The efficiency of the system due to the use and
integration of microchannel type increases around 40% during summer season. Another kind of heat
pipe based PVT system is copper made cylindrical type [266]. Pipe is attached at the bottom side of the
panel and after heat absorption operation is completed by the pipe then it is transferred using fluid
specifically water. With the increasing numbers of heat pipe, the heat extraction reaches to efficiency
increases. Daily thermal efficiency is increased by 10% while the number of pipes is increased by 10
[267]. In conclusion, it is obtained that due to its anti-freezing characteristics which depends on
appropriate fluid selection can provide better performance than traditional water based PVT systems

[268].

PCM based PVT Systems

It is important to the use of thermal energy storage during nighttime to fulfil the demand of electricity
and thermal power [269]. In the conventional renewable energy generation system, electrical energy is
stored and used batteries for covering the demand during off peak periods. Phase change materials
(PCM) are considered to be the suitable solution in the context of thermal energy storing and supplying

using the abundant amount of solar energy earth receives [270]. PCM is able to perform at a higher
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level, and it has improved charging and quicker discharging capability. Besides, these types of materials
are environmentally friendly as they do not release any toxic elements to the environment,

comparatively less costly and it is very convenient to use, and it is available almost everywhere.

Like PVT systems based on water, PCM based systems are still in early development and optimization
phase. The main difference in these two systems is that water is used as heat transfer fluid in the water
based system and in PCM based systems a PCM block with PCM materials is integrated in the bottom
side of the panel. Higher range of thermal conductivity, chemical balance and stability with higher
density of energy storage are the main characteristics of the PCM. It is very useful for thermal
applications both in residential and commercial industries. It is significant to choose appropriate
materials because PCM that has lower thermal conductivity will not be effective to use in this system.
There are two types of PCM: organic PCM and inorganic PCM. The main sources of organic PCM are
plants, petroleum items, and animals, but they do not possess a higher level of thermal conductivity.
Inorganic PCM has higher level of thermal conductivity [190]. A schematic of PCM based PVT system
is provided in the figure 3.14.
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PCM
Tube Material Plate
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Figure 3.14: Schematic of PCM based PVT system.

In PCM based system, PV panel with glass cover is situated on the top section and on the bottom is

insulation section. Inside the PCM box, a material plate and liquid flow tube are attached.

The use of PCM in building integrated (BI) PVT system is also recently being introduced in many works
[271]. An investigation of two PCMs used in BI shows the improvement of electrical efficiency as the

ambient temperature level is maintained by this [272].

Refrigerant based PVT Systems

Refrigerant based PVT system integrating with heat pump is studied and being focused on the recent
times. In the solar heat pump PVT system, the upper layer part functions as evaporator of the heat pump
[273]. The coils are attached below the PV module which evaporates the fluid while it flows at very
low temperature ranges around 0 °C to 20 °C and by this way the module is cooled and generates thermal
energy [252, 274]. It results in improved efficiency as the flow of refrigerant activities remove the

dissipated heat from the system. Typically, copper made serpentine based coils are used in this type of
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system but there is also other system that exists like parallel tubes made of copper. The main advantage
of refrigerant based PVT system is that it can operate at very low temperature and that is why it is more
beneficial to use in compared to water and air based PVT system. But the main challenges are that in
this system it may face leakage risk of the refrigerant, the refrigerant distribution may be nonuniform,

degradation due to UV and proper sealing if it is not purely airtight [187].

3.3 PVT System Applications

There are several existing applications of PVT system among these most significant are water heating
for domestic purposes, heat storing, district heating, desalination, drying for a small/large scale, air
conditioning, greenhouse of solar. The use of PVT system and its application is classified based on
temperature range is provided and discussed in [275]. The figure 3.15 provides an overview of the
summary of PVT applications based on temperature level. The applications based on temperature range
are classified into three main categories are low temperature level (LTL) ranges from 25-50 °C, medium
temperature level (MTL) ranges from 51-80 °C and high temperature level (HTL) are the level greater
than 80°C. The use of LTL is mainly mentioned for heating of swimming pools or spas that require
temperature around 27-35 °C, and for heating of residential or commercial spaces which requires
temperature up to 50 °C. The use of LTL in PVT system can also be used for heat pump that does not
require high amount of temperature which should be below 50 °C. MTL is useful for residential hot
water distribution with temperature value up to 60 °C so that Legionellosis problem does not come into
effect. But the use of hot water and its temperature level depends on the consumers’ needs and that is
why it may vary conventionally from 45 °C to 60 °C. It may also be used for heat pump that require
temperature level higher than LTL.

- PVT Applications

* Heat Pump
LTL * Water Heating (Pool, Spas)

* Water Heating (Residence)
MTL ¢ Desiccant Heating

¢ Absorption Chillers
* Agriculture Drying

HTL ¢ Desalination

Figure 3.15: Applications of PVT system based on Temperature.

86



And HTL is applicable for absorption chillers that are used in large industry. It is also used to dry
agriculture products and process, desalination purpose. PVT has a variety of applications like PVT

based heating systems, combined heating cooling and industrial processing systems.

PVT Heating Systems

The simultaneous electrical and thermal energy is generated in the PVT system. Using the air based
PVT system, the residential or commercial buildings space is heated by the output thermal energy in
the form of heated air. Using water based PVT system it is possible to heat the water to a certain level
like for household uses like dish washing that does not require very high temperature, water heating of
pools, spaces. PVT also can generate process heat to be used in industrial purposes like pasteurization
and mechanical devices washing. For obtaining higher temperature for use in large scale industries
applications concentrator type PVT system can be used. In domestic water heating systems, it uses PV
module, water storage, heat exchanger and extra storage tank. It can be active or passive heating where
in an active heating system an auxiliary pump is required to water flow to the destination. The most

popular use of PVT system is in the domestic water heating in residential buildings.

PVT Space Heating Systems

Air based PVT module is considered in many works for space heating system [276-277]. PVT double
pass model of semi-transparent device is used in [278] for space heating that increases room temperature
around 5-6 °C from environment temperature. The integration of air based PVT system with heat pump
also provides a better solution for buildings space heating [258]. The limitation of air based system is
established due to lower air capacity of heat and less density. In remote areas like in the desert where
water sources are not available, this type of PVT system is always adopted as an efficient solution.
Space heating is also obtained by using a water based PVT system. The supplied hot water is stored in
a storage tank and later on supplied to the consumers. In many models, an additional thermal storage
tank is used where a heat exchanger exchanges the produced heat and supply to the consumers. This
thermal energy is also used to space or floor heating using water flow below the floor. For space heating

heat pump integrated PVT liquid systems are also used in several works.

Drying

Various types of PVT based drying systems are available among these air type drying is most commonly
used. For food and agriculture products preservation purpose it is used and considered as the most
conventional method of drying in the developing countries. A performance evaluation of PVT

greenhouse drying using mixed-mode type is analyzed in [279] which shows theoretical value of energy
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as 1.92 kWh where experimental value is 2.03 kWh. The performance of a greenhouse drying system
is improved if an absorber coated with black color and a chimney is integrated into the system. The
efficiency in greenhouse drying using sunlight provides better drying facility and performance than

normal sun drying method.

For biogas heating, PVT system integrated with greenhouse is used that includes glazed PVT modules
and in inclination of 30° with the greenhouse. The biogas production is improved by this way, crop
drying and electricity is also generated by using this system. It is also obtained that proper dust removal
from the system provides better output including improved thermal performance [280]. The study also
provides that biogas production using PVT greenhouse is continued in both sunny and cloudy weather

conditions.

Desalination

The process of solar desalination uses sunlight/irradiance that helps to remove mineral contents from
salty water. This produced water is used for drinking and in the irrigation process where normal water
is not available. The significance of PVT based solar desalination is that it produces potable water and
generates electricity simultaneously. In remote areas where there is scarcity of drinking water solar
desalination is very effective and lifesaving. To run this desalination process it requires high temperature
which can be gained using concentration based PVT systems. There are two main categories for water
desalination like active and passive solar still. An active solar still PVT system which is self-sustainable
is designed and developed by [281]. This system is more efficient than a passive system and for pump
operation 43% power is saved here. The desalination process using PVT system is also helpful to

provide electricity, drinking and irrigation water for islands and deserts.

Air Conditioning

Traditionally in winter season PVT system is used for space heating and water-based heating in small
residential uses. And, in summer this generated thermal energy cannot be used and that is why
cooling/air conditioning using PVT system is introduced to use wasted heat. But the main challenge is
to perform cooling of space by PVT system that requires high temperature. High temperature in the
PVT system is obtained by using several methods such as absorption and adsorption cycle, desiccant,
and use of solar mechanical devices. The main components of PVT cooling system are PV panel, control
section, cooling section or chiller, storage tank. The main components of cooling process are chillers
that remove heat from PV panel using a fluid flowing process. The cooling process is performed using
the generated heat by the fluid. There are normally two types of adsorption processes that are single
effect and double effect chillers. The operation of single effect performs at 70-100 °C temperature range

and double effect requires very high temperature and it uses steam to cool [190].
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3.4 PVT Systems Modeling

Typically, photovoltaic system comprises with a PV panel, charge controller, inverter and a storage
system. During the operation several internal and other external parameters take part in the output
variation. Among external parameters, irradiance and temperature are established as the most significant
in performance analysis that influences overall output. Excessive temperature generation reduces power
output and longevity of the PV system [79]. PV systems operations and functional analysis method

provides clear indication of the whole system is analyzed in the flowchart depicted in figure 3.16.
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Figure 3.16: Operation and performance analysis of PV system.

PV system is dependent on the components used in it for example for on grid system there are specific
assembly of components and for standalone it varies, and additional modification is required. Design
parameters like tilt angle, location and position of the system are also significant for obtaining improved

output. Performance study is related to internal and external parameters analysis that influences the

&9



overall performance. Sensitivity analysis provides an idea regarding the sensitivity of panels’ output
related to parameters. By this way obtained electrical power and the system performance and efficiency

are calculated.

PVT system is developed using PV panel, electrical storage, and other electrical components for
electrical power management. Besides it consists of heat transfer fluid, heat exchange pipe, thermal
energy storage, heat exchanger, if necessary, additional storage and for active system pump is used for
fluid flow. It is similar to PV system, but additional equipment is used for thermal extraction. Operations

and performance analysis of a PVT system are provided in a linear flow depicted in figure 3.17.
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Figure 3.17: Operation and performance analysis of PVT system.

PVT system has two main sections are electrical and thermal module. Electrical power is generated
using photovoltaic effect in the upper part including lower part is designed for generating thermal
energy that uses heat extraction method. As a result of thermal extraction in the PVT system the panel
gets cooled and electrical energy generation improves that enhance overall efficiency of the system. In

figure 3.18 an illustration of a simple PVT system that produces hot water as thermal energy is provided.
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Figure 3.18: Simple PVT illustration.

It is composed of a PV panel, a pipe for heat exchange that is attached in the back of the panel, a water
tank, a heat exchanger coil, a pump that facilitates fluid flow, inlet is used for water entry into the pipe,
outlet is used for consumption. Additionally, this system has electrical load that use electrical power

from it. A more detailed and complete PVT system is provided in figure 3.19.
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Figure 3.19: Layout of the used PVT system [245].

The figure 3.19 shows the PVT systems layout which consists of a PV panel, a heat exchanger pipe that
extracts the heat lost due to conduction, convection and radiation water. In general, it just uses water
flow in the pipe and the output hot water is used for residential consumers. Additionally, for improved
thermal extraction a separate heat exchanger can be used also. The extracted heat is an additional output
in this system while electrical power is generated using PV panel. There are significant parameters that
have influence in the output, for example: environmental parameters; optical parameters; thermal

parameters and design parameters.
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Performance Analysis

PV Systems Performance

The efficiency of a PV cell is calculated based on the electrical energy obtained from the incident
irradiance. In other way, it is simply obtained using the ratio of the sun’s input and output energy [152].
PV cell efficiency is related to parameters such as wavelength of sunlight; recombination; temperature
of cell and other optical properties. Efficiency decreases with the increase of cell both inside and outside

temperature. PV cell energy conversion efficiency is obtained by [282]

VI FF

= 3.10
nC@ll A T ( )

Cell ™ Irr
where 4, is the cell area. In equilibrium reference environment condition, the maximum obtained work

is considered as the exergy. Exergy efficiency of a PV cell depends on operating, design and weather

conditions [282]. The exergy efficiency of a PV cell 7, ., is obtained by [283]

T ~
Vil _(1_ ‘ J(UAPanel(TCell_T;z))

Mex.can = cegx > (3.11)

Solar

where, T is the cell temperature, heat loss coefficient is U , Exg,, 1s the solar irradiance exergy

Cell

calculated as [282]

4
4T 1( T
Ex, =|1-2Za | Za | |g [ 3.12
Solar 3 Tslm 3[7}u’1j Panel ™ Irr ( )

where the sun temperature is 7, . Capacity factor (CaF) of a PV system is obtained as [282]

_ Effective Output
Rated Output

CaF

x100% . (3.13)

Final yield (FiY) is calculated by using the total alternating current (TAC) and total PV rate power
(TPVRP) is shown as [282]

TAC

= . (3.14)
TPVRP
The performance ratio (PeR) of a PV system is calculated as [282]
Fiy
PeR=—-"". (3.15)
ReY
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where ReY is the reference yield is obtained by using total effective solar energy (TESE) and standard
conditioned reference solar energy (RSEn) [282]

(3.16)

Levelized cost of energy (LCOE) is considered by the minimum selling price of energy that may achieve
total investment over a period of time. It is a cost metric applied to evaluate efficacy by several methods
of electricity production. The cost of energy production for the lifetime of the project and related
components costs are also associated with it. The related expenses associated with it are system
installation, design, cash capitals, taxes and legal fees, operation and maintenance and other issues.

LCOE is obtained as follows [284]

Lifetime Costs

LCOE = )
Lifetime Energy Output

(3.17)

The accurate calculation of LCOE is provided by [285] is given as

Z,, (CaCt +0pC, + FeC, +MaC,)
t=0

LCOE = (L+r)
= 5 T , (3.18)
=0 (1 + r)t

where PV plant lifetime is 7, ¢ is years, percentage of discount rate is », CaC, is capital cost, OpC, is

operation cost, FeC, is extra fee costs, MaC, is maintenance cost and yield of energy is EnY. .

PVT Systems Performance

The assessment of PVT system is significant to calculate its efficiency and overall output analysis. The
performance of a PVT system is divided into two parts, namely electrical and thermal analysis. The
performance analysis of electrical part is simple and easier as the consumption can be immediate, and
in general it is not mandatory to use electrical power storage. Thermal performance is analyzed based
on the obtained results of heat extraction and hot water supply in the domestic water heating based PVT

system [234]. Based on equation 2.31, electrical efficiency is obtained as

nElectrical = 77Toml - nThermal . (3 19)

Electrical efficiency of a PVT system is also provided by [234] as

V1

77Electrical = AMP AI/[P . (320)

Panel™ Irr

But the conventional way of obtaining electrical efficiency is [17]
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IxV

nElec vical (3 2 1)
t APanel Irr
The relationship between cell efficiency (776,8”) and electrical efficiency is provided as [184]
A
nElectrical = M L (322)
APanel

where cell area is A4, . Electrical efficiency considering the induced temperature inside the panel is

[227]

N gtecrricar = Mhref (1 -p (TPanel - Tref )) > (3.23)

where panel reference efficiency is 77, ., temperature of the panel is 7, ,, reference temperature of the

panelis 7,, and temperature coefficient is .

The conventional way of expressing thermal efficiency is obtained using reduced temperature is
expressed as
T -T

I=-"—, 3.24
P=T (3.24)

Irr

where input temperature is 7, . Elaborately, thermal efficiency of the PVT system is obtained as

_ mc(]:)ut _T}n) (3 25)
nThermal B [IrrAPane/ ' ‘
Thermal efficiency by modified Hottel-Whillier-Bliss equation is found by [234]
Tn — Ta
nThermal = FR,mod |:(Ta)e (1 - na ) - ( 11 JUL,heat:l ) (326)
Irr

where heat removal factor (modified) is F, effective transmittance is (’L'Ot)g , 1, 1s the efficiency of

,mod ?

is the coefficient based on total heat loss. Alternatively

heat

electrical power at ambient temperature, U L

considering average fluid temperature (7, ) and efficiency factor ( F ") thermal efficiency is [234]

T — T,
nThermal = F'|:(Ta)e(1_na)_( g} JUL,heat:I . (327)

Irr
So, the total efficiency of a PVT system is obtained as [234]

nTaml = 77Elecz‘rical + 77171ei'mal : (3 2 8)

Electrical Modeling
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Electrical modeling of a photovoltaic system requires the analysis of equivalent circuit. A single diode
equivalent circuit of a PV system is provided in the figure 2.8 which is redesigned and shown in the

figure 3.20.

Series
Resistance

Shunt |::| Lioad

Resistance

Photo Current
(Iph)

Diode [

— T

Figure 3.20: Single diode model equivalent circuit.

From the single diode equivalent model applying KCL we obtain [68],

1,=1+1,+1,. (3.29)

Shockley diode equation provides the current across the diode is [68]

qV +qR 1
I =1 |exp| ————|-1]. 3.30
Using equation 3.30 in equation 3.29 it provides photo current as [68]
B B qV +qR 1
[ph—[+ID—[X(CXP(WJ—IJ+IM, (331)
The current of the shunt resistor is obtained as
V+RI
I, :( s J (3.32)
A Rsh

Finally, substituting all equation 3.30, 3.31 and 3.32 in the equation 3.29 we obtain the load current as

[68]
I=1,-1 exp(M)—l [ YRR (333)
| NKT R

sh

In this discussion an analytical solution to this load current from the electrical equivalent circuit is

discussed. Equation 3.31 can be rewritten as follows [68]

I=1,-1]exp aV+aR 1, _L_ﬂ, (3.34)
' NKT R R

sh

and,
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R
[+ﬁ+[s exp M -1 =15—L+1h- (335)
R NKT p

sh sh

Dividing 7, in both side of the equation 3.35

1
BBy |y [ exp| LRIV 2 Vo (3.36)
Rsh Is NKT RS IS 15
and,
1
RS+RSh I+ eXp ﬂ Xexp ﬂ :1— V +Lh. (337)
R,I NKT NKT R 1

The equation 3.37 refers to that analytical solution is not possible in general as load current (/) appears

R +R R . .
in both terms | ——— |and | exp LN exp| — . The extraction of load current using
NKT NKT

sh™ s

an analytical solution is very complicated here. A possible solution is obtained ignoring some important

elements like series resistance. If it considers R, = 0 then the equation 3.37 is rewritten as

1
0+R, I+ exp( ar Jxexp(O) :1—L+Lh, (3.38)
R,I NKT R, I 1
and,
1
R s exp( qu A (3.39)
R,I NKT R, I 1
and,
1
Ry Ny Vo exp(_‘lVJ , (3.40)
Rsh I.Y Rsh [S ].\‘ NKT
and finally, we obtain the load current as [27]
V qV
I=1 ——1 |exp| ——||+1,, 3.41
ol 4

In the given condition of (R,y = 0) equation 3.41 provides the analytical solution of the load current
equation of an equivalent electrical circuit. Due to the complexity of analytical solution, a numerical

solution like bisection, Newton Raphson method is used to solve the load current equation.

Characterization of a PV cell requires parameters extraction. Primary parameters such as panel
characteristics related to current, voltage, and rated power are provided in the datasheet by the

manufacturer. Following parameters relation are obtained from the equation 3.33 [68] where #_is no.

of series connected cell.
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I R I R
I =1, —1|exp| = ||——=2L. 342
sc ph s [ p( }’lSI/r JJ RAVh ( )

Current at maximum power is obtained as

I =1 -1 [exp(VM’) LR, D— Vi + LR, (3.43)
mp ph s R

sh

t

Open circuit current considering open circuit voltage is extracted as

V V
I =1 —1|exp| —=||-—=%. 3.44
oc ph s { p[ nth J\J Rsh ( )

Generally, these parameters are provided by the datasheets from the manufacturer. It is also obtained

that power derivative with respect to voltage is 0.

a
I=1,

0. (3.45)

The fifth parameter is obtained using the derivative of current with respect to voltage at short-circuit

position.

—— (3.46)

Thermal Loss Modeling

In a PV system most of the incident solar energy is transformed into heat that not only reduces efficiency
but also decreases longevity of the panel. Cooling or heat extraction method can reduce these problems
and improve performance of the panel. PVT system is introduced and implemented based on heat
extraction and cooling strategies. An equivalent electrical circuit model of a PV system that considers

losses transformed as heat is described. Alternatively, it is an equivalent circuit for a PVT system.

Rs R L
W VW

w (D o e

In 4 Ish

Figure 3.21: Thermal loss model equivalent circuit.
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Loss current (/, ) of the equivalent circuit is obtained as:

V+ql, (R +R
]L:]ph _I.v(exp(q qL( . L)]_lj_lsh’

NKT

(3.47)

where R, is the equivalent loss from incident irradiance to thermal energy. Diode current from this

model is obtained as

NKT

V+q(R +R, )]
AR
Current generated in the shunt resistor is obtained as

(V+(RX+RL)[L]
Ish = .

R

sh

Substituting equation 3.49 to the equation 3.47 we obtain loss current equation as

Iy =1, -1, [exp(qVJrqlL (& +RL)J—1]—(—V+(RS +RL)[LJ.

NKT

sh
Using equation 3.50, the loss current is obtained from this system. Short-circuit current is

I_. =7 , —[V[exp{ISC(RS +RL)]j_]SC(RS +RL) .
sc P K

nV, R

s sh

At Maximum power, current value is

hoelo-1 (exp[ Vo + IM,;/(RS iR, )D W IM;(RS +R)
t

sh

Mathematical formulation to calculate open circuit voltage is

I =1,-1|exp L —&.
: nth Rsh

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

PV panel parameters value determination flowchart based on [286] is provided in the figure 3.22.
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/ﬁarameters: Vt, Rsh, Rs

1
Vt = f(Rs, Rsh)
MPP Expression
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Rsh = f(Rs, Vt)
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z
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dP/dV = -(1/Rsh)
1 Yes
Finalize: Vt, Rsh, Rs
End
Figure 3.22: PV module parameters determination flowchart.
Thermal Modeling

PV module temperature is affected by the environmental and structural properties including other heat
extraction mechanisms of the system. Thermal energy distribution and transfer to other portion make
the system more complex to measure its junction temperature. The temperature of the PV system is
dependent on the other parameters that influence its value besides it is implicit, dynamic and shows
nonlinear behavior. Modeling approaches can be based on accurate prediction, temperature profiling
and complex models. Temperature shows dynamic behavior before it reaches a static position, and it is
ignored by many researchers as they do not consider thermal capacity effect of the material and
temperature variation lag. Based on this analysis temperature modeling is divided into two main types:
dynamic model and steady state or static model. Static model does not consider dynamic changes of
temperature, whereas dynamic model provides precise output that considers changes due to other

parameters [287].

There are several existing models that analyses and discusses thermal model. Mathematical equations
and structural parameters are used to obtain thermal model that are based on direct equations.
Experimental measurements and other parametric observations are used to develop thermal model based
on empirical expressions. It is simple, does not require many inputs thus provides lower accuracy for

outputs. In dimensional analysis model, temperature dynamics and thermal loss mechanisms are
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considered as a system that requires relatively higher cost. Balancing and evaluating heat equation for
different layers of the module also used to develop a model for thermal analysis [287]. There are various
heat loss mechanisms in the PV system which are included in a single form to simplify the thermal

analysis.

Electronic junction temperature measurement using conventional methods is not capable of measuring
whole internal and external temperature of a PVT module. The exact calculation and approximation
require thermal modeling which is discussed in this section. Heat balance equation (HBE) is one of the
most popular approaches that can be used to determine the overall thermal energy balance is determined

by the following equation [287]

+H

Lost ®

HAhs:H

Conv

(3.54)

and lost heat is H, . The absorbed

Cony Lost

where absorbed heat is denoted by / ,, , converted heat is H,

energy represents the total energy of the system collected from the incident irradiance on the module.
Converted energy is the output energy of electrical and thermal system. Equation 3.54 describes heat
losses to the surroundings of the module. Firstly, heat is lost due to temperature difference of the
surroundings and module temperature. Secondly, there is heat lost due to other effects like losses in

diode, accumulation of dirt, joule heat effect in the wire.

The total energy received by the module from short wave irradiance/spectrum is the total energy
absorbed by the system. Absorbed energy is affected by several parameters such as direct and diffuse
irradiances intensity, optical properties that include reflection, absorption and transmission, physical

structure and design of the module. Absorbed energy from short wave irradiance is determined as [287]

qAbs = Ilrr : aabs ' APanel > (355)

where front surface absorptivity is ¢, . Converted energy is determined by

(3.56)

qunverted = thermal + quectrical s

where electrical energy is ¢,,,,.., and thermal energy is ¢, ..
It is necessary to use current and voltage of maximum power point to determine total electrical energy

G srectrica = D = 1.V, (FF): Gaps "11° 7> (3.57)

sc oc

where the front layer transmittance is 7 . Various heat transfer methods are included in the PVT system
such as conduction, convection and radiation. Conduction heat transfer occurred in the structural frame
of the module. There is a very low temperature difference between holding structure and the module
and that is why conduction between these two structures is neglected. Thermal resistivity and capacity

are normally considered for measuring conductive heat transfer of each layer of the system.
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Newton’s cooling law is applied in the PV module and its nearby air to calculate heat transfer

mechanism by convection [288]. Heat convection in a module is calculated as follows

qunv =- APanel : hc (TPanel - TAmb) 4 (358)

is panel temperature, 7'

" 18 ambient temperature. Radiation

where heat transfer coefficientis #_, 7, ,

heat transfer in the module occurs from the irradiance long wave portion. Using Stefan-Boltzmann law,
heat transfer by radiative energy exchange is determined

QRad:e‘F'O-'(T;bj _T4 )5 (359)

ect Surface

where Stefan-Boltzmann constant is o, F is view factor, surface emissivity ise, panel surface

temperature is 7

Surface

and object radiation temperature is 7, -

Thermal and electrical performance of the PVT system can be obtained using one-dimensional steady
state model. Hottel-Willer’s modified equation is used to model this system. Generated thermal energy

due to incident irradiance is obtained as

E, = Ima{l—ﬁ} , (3.60)
a

where solar absorptance is o, glass transmissivity is 7, packing factor is ., electrical efficiency is7,
. PVT systems overall thermal loss is provided by the following equation [245, 289]

UTh,Loss = U - IIrr T nref : rc ref ° (361)

where panel absorber-ambient heat loss coefficient isU , reference temperature electrical efficiency is
1. » PV cell temperature coefficient is S, . Heat removal factor (HRF) of the panel is determined as

[245], [290]

- mC. 7
Fp= 2 |1-exp Ylpe , (3.62)
APanel U mh pr

where water mass flow rate is m, , specific heat of water is pr. Efficiency factor of the PVT system is

obtained as [245], [289]

/
U
F= Th,Loss (3 63)

1 1 1]
w +—+
Up osl2a+(W =2a)1,1 C,  zDh,

where distance of the tube is W, average of the bond width is a, efficiency of fin is 7, , thermal

conductance of bond is C,, force convection heat transfer coefficient is 7, , inner part diameter of the
tube is D, . The useful heat gain of the flat plate PVT system is calculated as [245], [289]

Qu: APanelFR l:I[rr - UTh.LUsA‘ (T'In - T:z ):I . (3 64)
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Total loss coefficient is calculated as [290]

U= Ub()ttom + Uedge + Ut()p ’ (365)
where U, . is the bottom loss coefficient, U, is the edge loss coefficient, U,, is the top loss
coefficient.

K A4 . . .
As, U,y =2 and U,,,, = s equation 3.65 is rewritten as
‘bottom Panel
7 K, Ae e
U=—towon 4 & 1 U, (3.66)
Lbollom Panel
where back insulation thickness is Z, , ., back thermal is X, ., edge area is 4, . Overall input
energy is obtained as [245]
En = APanel x ]lrr > (367)
Also, thermal efficiency of the PVT system is provided as [245]
n,= 9 , (3.68)

where for total input energy is Ein and useful energy is g .

In a domestic water heating PVT system, the temperature of the inlet (cold) and outlet (hot) water can
be used to evaluate the performance of a counterflow heat exchanger. Heat transfer unit (NTU-¢ )

effectiveness is analyzed by [245]

1— e[—NTU(l—C,)]

1-C [-NTU(1-C,)] C =1
e=11-Ce , (3.69)
NTU C -1
NTU +1
where capacity ratio is C, = Coin ¢+ Guinis minimum hot fluid capacity, C,,, is maximum hot fluid

capacity, heat transfer unit number is N7U = UA% where exchanger area is A, and U is overall

min

heat transfer coefficient. In this consequence, the total solar energy received by the storage tank is [245]

O =€Cyyy (Thi _T')a (3.70)

where 7). is the hot water temperature that enters to heat exchanger, 7, 1is the cold water temperature

that exit the exchanger. Heat exchanger outlet temperature is calculated as [245]

co ci

QST 7

c
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where heat exchanger’s cold water capacity rate is C,. Long term performance of a hot water based

PVT system is evaluated by integrating energy balance over the course of time. Loss in the ambient air

of the hot water storage is determined by
0, =AU, (T~ T,), (3.72)

where storage tank aera is A, heat loss coefficient of the water heater is U, , storage tank starting

temperature is 7, . The supplied energy to the household heater is calculated as [245]
QLS :mSpr(T; _Tm)’ (373)

where extracted heat from storage tank to load is Q,, 7, is water composition temperature, specific

heat of water is C,,. As a result, storage tanks energy balance for a well-mixed water tank at the given

time is
dT,
(CprWVTank )7; ZQST - QLS - QL ’ (374)

where p, is density of water, V. is the tank volume.

The analysis of mathematical modeling, simulation techniques and efficiency study provide the

performance improvement acceleration of the PVT system.

Optical Modeling

Establishment of an effective and optimal PVT model requires and considers loss/gain due to its optical
properties. For precise evaluation and analysis panel glass cover’s optical properties are modeled.
Reflection, absorption and transmission coefficients based equations are established depending on
Fresnel equations and other fundamental properties of the system. The behavior of two media is glass
to air and air to glass is described by using the Fresnel equations. For first boundary which is from air

to glass, reflection coefficient of parallel p-polarization is [245]

2

n, cos(ﬁi ) — A\, = sin(@i )2

ro= , (3.75)
e cos(@l.)+\/nfe,—sin(t9,.)2

rel

where incidence angle is 6, refractive index is n,,. S-polarization (perpendicular polarization)
reflection coefficient is [245]
cos(6,)—+n. —sin(6’l.)2

rel

o= . (3.76)

’ cos(6,)+4fn?, —sin(6,)’

First boundary effective reflection is governed by
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rn =05 (r]p +rlS) . (3.77)
Second boundary effective reflection is governed by
r,=05(n,+n,)- (3.78)

Equations (3.75) to (3.78) are derived from the reflection coefficients that are involved in the
performance analysis of the PVT system. Additionally, it is also significant to determine transmission

coefficients of the two boundaries.
At the first boundary transmission is calculated as

4 =1-7, (3.79)
At the second boundary transmission is calculated as

t,=1-r,. (3.80)

Light attenuation due to absorption within the glass is obtained by the following model

r=e % (3.81)
where, reflection angle of the inner part of the glass is 6,, thickness of the glass is ¢, and absorption
coefficient of the glass is &, .

Recursive transmissions and reflections are used to calculate effective coefficients. For Transmission

te t,

T = —%=_. 3.82
e (3.82)
And, for reflection
t’t,’
R =n+ 22 (3.83)
¢ 1-rnt,

Absorbing model is obtained using energy conversion theory is

2_2
L'T,'rn
R, =r+

(3.83)

—.
l-rnt,

These equations are governed based on the interaction between the solar panel’s glass cover and incident

light.
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3.5 Parameters and Sensitivity Analysis

Design and development of a PVT system is dependent on various internal and external parameters.
These parameters such as climatic, design, and electrical variation impact result in either an increase or
decrease in the overall output that also changes the efficiency of the system. In short, the performance
of a PVT system is mostly dependent on its various parameters. Additionally, PVT system behavior is

dependent on the study of parameters and sensitivity analysis.

External/Climatic Parameters
Irradiance

The source of irradiation is the Sun, and it has variation of almost 7% in a year due to the Sun and Earth
distance. During the journey from the Sun to the atmosphere of the Earth there are partial losses of solar
irradiance due to dispersion and absorption. Direct radiation reaches the atmosphere without any friction
or degradation while diffuse radiation is the dispersed and scattered portion of the incoming radiation.
There is a portion of direct radiation that collides with the Earth’s surface and reflects is known as
albedo.

The variation of solar radiation varies from seasons to seasons even day to day depending on the location
and position [291]. Irradiance is one of the most significant climatic parameters that participates in the
photovoltaic effect. With the increasing irradiance value, the PV cell electrons get excited as there is
increasing energy. This results in increased -V curve of the system which leads to the increasing output
[68]. Average daily global irradiance data of August 2023 from University of Evora weather station is
depicted in figure 3.23.
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Figure 3.23: Daily average of global irradiance.

Figure 3.23 provides average daily irradiance data which describes irradiance behavior is higher in the

middle of the month.
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Temperature

The performance of a PVT system is completely influenced by the temperature. The induced voltage in
the module is dependent on both cell and ambient temperature that results in efficiency variation.

Temperature dependent diode reverse saturation current is determined as [68]

1.(T)=1, (Tn%m f epr(Ta%mj —1J(E%\,. Vtﬂ : (3.84)

where, 7 is the nominal cell temperature.

PV performance dependency on ambient and cell temperature leads to the introduction of a PVT

system. Ambient temperature, cell temperature and wind speed relation are determined as [73]

T o Lam ’ (3.85)

where, wind speedis v, , .

The equation 3.85 shows dependency of cell temperature on wind speed and ambient temperature.

Additionally, cell temperature can be calculated using the formula stated in [73]

T,=T,,+0.035x1, . (3.86)

cell amb

Additionally, cell temperature is also calculated as [73]

Lo =Ty + 032 x1,,. (3.87)
8.91+ (2 XV, )

The equation 3.87 indicates that cell temperature increases with the irradiance and ambient temperature
increase. Daily average dew point air temperature data for August 2023 from the University of Evora

weather station is provided in the figure 3.24.
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Figure 3.24: Daily average air temperature (dew point) data.

The figure 3.24 shows the variation of average air temperature for a month which clearly shows
fluctuation in the value. Additionally, daily average ambient temperature data for the month of August

2023 is provided in the figure 3.25.
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Figure 3.25: Daily average ambient temperature data.

The figure 3.25 shows that the ambient temperature in the given month reaches close to 42 °C.

Additionally, most of the days from this month shows higher ambient temperature value.

Wind

The performance of a PV module is directly influenced by the wind. Solar panels are installed normally

outside and it is directly exposed to the wind. There are various impacts on PV cell due to wind speed.
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It helps to reduce the temperature of the panel as wind works like a natural cooling mechanism and
improves productivity and performance of the panel. Additionally, it also cleans and removes the dusts
and accumulated particles from the top and bottom surface of the panel that reduces degradation of the
module. As the effect of wind speed normally has a positive impact on the electrical output so it
increases electrical efficiency. But the impact of wind speed in thermal efficiency is provided in [292].
The result shows that with the increasing wind speed thermal efficiency decreases. A monthly average
data of the value of wind speed collected from the University of Evora weather station is provided in

the figure 3.26.
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Figure 3.26: Daily average wind speed data.

Dust Accumulation

Dust refers to all solid particles from air that have a diameter smaller than 500 microns. Dust has various
sources like pollen, fungus, clothing, motor vehicle pollution and other sources. Dust deposition is also
dependent on various climatic and environmental factors. Accumulation of sands and dusts leads to
degradation of PV panel and reduces its electrical efficiency. The accumulated dust restricts solar

radiation to reach the cell and scattering phenomena also reduces electrical energy production [292].

Humidity

Accumulation of water on the PV cells degrades its polymeric constituents leading to efficiency
decrease. The corrosion process in the PV structure, glass, and joints is accelerated by water
accumulation also. Air moisture can easily pass through the available spaces, cracks and ventilation of
the module. The relation and impact of humidity level over irradiation is discussed in [293]. The
intensity of solar radiation cannot properly function in an effective manner due to the relative humidity.

It is found that as the humidity increases so the electrical output of PVT system decreases [291]. Average
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humidity percentage data for a month of 2023 is collected from the University of Evora weather station

and its illustration is shown in figure 3.27.
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Figure 3.27: Daily average humidity data.

Internal Parameters
Photocurrent

Photocurrent is the current induced while irradiance strikes into the PV panel. It is generated in the
negative terminal of the cell. Photocurrent is sensitive to the output of the PVT system, the more it

induces photocurrent the more energy receives by the panel. Photocurrent is obtained as [73]

[ph :[ij[lsc + kl (Tcezz - Tcell,src )] > (3.88)

Irr,STC

where, irradiance considered at standard test condition is /7, .., cell temperature considered at

standard test condition is 7., . , temperature current coefficient is £, .

Series Resistance

Series resistance is one of the significant parameters in the electrical equivalent circuit model. The
system performance and efficiency are strongly influenced by the selected value of the series resistance.
Series resistance can be determined by various methods, for example a well-known one is the town-
send method. It is not completely dependent on temperature and irradiance. The higher the value of the

series resistance in the system the lower the output obtained in the system [68].

Shunt Resistance

It is another significant parameter to the electrical equivalent circuit model. It uses the process of turning

aside or alternative movement and that is why it is called shunt resistance. Measuring high currents is
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the primary purpose of employing shunt resistance in the equivalent circuit. It provides better result

while the value of shunt resistance is good or high enough. Shunt resistance is obtained as [68]

R, = (V+RT) , (3.89)

sh
qV +qR 1
[’w -1 (p[mj ‘1}1}

Cell behavior and output of the system is influenced by the diode reverse saturation current. Alternative

Saturation Current

name of this type of current is dark saturation current. It is a parameter that provides the measurement

of the recombination. A diode with higher recombination maintains higher value of saturation current.

Diode Ideality Factor

Diode ideality factor mainly refers to as the closeness with any of the ideal diode. Ideality factor has an
influence on the performance and overall output of electrical energy. It is obtained in [68] that ideality
factor increases in a PV cell increases overall output of the system. There is no change in the value of

short circuit current due to the change of ideality factor of the diode.

3.6 MPPT Modeling Analysis

MPP of the PV system is that position in where power output is maximum though it varies continuously
according to the input irradiance, system temperature and other environmental parameters. There are
two main issues regarding power generation in PV systems that are based on lower irradiance and
efficiency. Power conversion efficiency of PV systems is not very high which is around 17%. PV panel’s
efficient use is determined by the use of maximum power point tracking (MPPT). This is a control

technique that always controls and captures the maximum power of the electrical energy output [42].

The operating principle of the MPPT system is based on tracking the highest point from the power-
voltage (P-V) curve. It tracks and captures the top points from the P-V curve which is alternatively
named as the knee point of the curve. It always functions in real time to capture the highest point as the

temperature and irradiance changes very frequently.

The desired output is also achieved using DC-DC controller signal. By measuring various important
parameters such as temperature, current and voltage, optimal duty cycle of the MPPT algorithms is
calculated which helps to increase converter power. Rapid and accurate duty cycle updating is necessary
to adapt with the changing environmental parameters. The illustration of a MPP in the P-V curve is

provided in the figure 3.28.
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Figure 3.28: MPP curve of a PV module.

In the current research works there are many existing MPPT algorithms discussed. Determining MPPT
algorithm based on the system requirements is complex due to the existing available methods.
Algorithms are mainly divided and different from one another depending on their required instruments,
level of complexity, convergence speed and cost effectiveness. Various types of classifications
approaches are provided in different research works. The four main categories of the MPPT methods

are given as follows [294]:

e Measurement based MPPT

It focuses mainly on cell parameters such as voltage, current measurement to obtain MPP. The operation
principle of this type of method is based on either comparison with the previous calculated results or
comparison with the previously specified MPP parameter values. Classification of measurement based
MPPT is discussed in [295]. The popular measurement based MPPT methods are Perturb & Observe
(P&0O), Hill Climbing (HC), Short Circuit Current (SCC), Open Circuit Voltage (OCV) and Constant
Voltage (CV).

e Calculation based MPPT

MPP is determined by calculating the equations related to algorithms. Calculation based MPPT
examples are linear reoriented coordinates method, incremental conductance (IC), ripple correlation

control method, dP/dV feedback control, state-space MPPT method and sliding mode control method.

e Intelligent based MPPT

It uses optimization algorithm based on intelligent systems. Popular methods in intelligent based MPPT
systems are particle swarm optimization (PSO), artificial bee colony (ABC), cuckoo search (CS), fuzzy

logic controller (FLC) and many other existing methods.
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e Combination based MPPT

Combination of existing MPPT techniques is used in this type of MPPT methodology. It is also known
as hybrid MPPT techniques. Some of the hybrid MPPT techniques are particle swarm optimization-
perturb and observe (PSO-P&O), fuzzy particle swarm optimization (FPSO), adaptive neuro fuzzy
inference system (ANFIS), hill climbing adaptive-neuro fuzzy inference system (HC-ANFIS).

Perturb & Observe MPPT

The most commonly used MPPT technique is the P&O method which is also very popular in the
commercial sectors. It monitors power value changes (dP) of the system using this method.
Alternatively, it can be said that it uses trial and error technique to find MPP or the nearest point of
MPP. It gains popularity for its wider use to any system, and it gains appropriate accuracy with minimum
cost. It counts on generated PV power based on measured current and voltage of the panel. For updating
and correction, duty cycle (D) is adjusted by verifying PV module voltage (dV) sign during execution
phase. Power changes output indicates what do in the next phase. Operating voltage of the system keeps
continuing to be increased or decreased in the same direction while power increase is detected. The
voltage is adjusted in the reverse direction with the power decrease in the PV system. An overview of

the P&O is provided in the figure 3.29 [295].

PV Current, Voltage,
Temperature

V(t) Increase V(t) decrease | | V(t) decrease V(1) Increase

| ! 1 |

I New Voltage & Current |

!

MPPT Established

Figure 3.29: P&O algorithm flowchart.
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MPP is not captured completely using this method, but a close range MPP value is obtained through
nearby oscillation. The main disadvantage of this method is that it may not determine correct MPP value

in full or partial shading with other atmospheric conditions rapid change situation.

Incremental Conductance (IC) Method

Fluctuation near MPP value and slow adaptation of various weather conditions are the drawbacks of
using perturb and observe method. The motivation to overcome these challenges lead to the introduction
of incremental conductance method. MPP tracking in this type of method is related to the PV panels’
conductivity. It performs in such a way that it can track varying atmospheric conditions. Conductivity
and power of a PV panel is computed by using its output current and voltage. Duty cycle is also
determined by this way which is necessary to track MPP. Operation flowchart of IC method is provided
in the figure 3.30.

Temperature
| Calculate PV Power
|

dV' = V(n). ¥{n-1)
di=1{n). I{n-1)

YES 0 NO
YES I
di/dV = IV
NO
NO
YES

Vincreases V Decreases V Decreases V Increases

Update Voltage (V)

MPPT Established

Figure 3.30: Incremental Conductance algorithm flowchart.
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In incremental conductance method, for conductance ( %/) and incremental conductance d(VI%V

peak power point in the P-V curve is obtained as [294]

d(vi
ap _d(V) ., dl,_ o (3.90)
avdv dv
And it appears as
T 1
d—+—=0. (3.91)
av v

Mathematical formulation of IC methos is given by the following equations [294]

At MPP, K: _AV
1 Al
VAV
At Leftside, —_—< . 3.92
ft TRy, (3.92)
At Rightside, K> _A¥
1 Al

This method can be utilized for partial shading, dust or any other obstacle that restricts optimal power
output. Existing conventional MPPT methods are not appropriate for the varying weather conditions, it
may achieve MPPT closer to the exact point but not the exact point of MPP. These methods are suitable
to use under uniform irradiance condition, but it is complicated to reach global MPP while there is

varying and nonuniform irradiance [296].

Non-Iterative MPPT Method

Existing and conventional MPPT methods are developed based on different considerations such as
speed of convergence, cost, required devices, range, speed and other relevant factors. In short, the
existing solar PV systems MPPT methods are dependent on continuous iterations, increments and other
optimization methods. Iterative method has higher convergence speed that helps to determine MPP
voltage very quickly and provide better performance [296]. Non-iterative [296], [297] MPPT is the

appropriate solution to resolve the complexity of conventional iterative techniques.

MPP is obtained in the non-iterative method using simple analytical approach that helps to reduce
computational complexity. Moreover, the proposed algorithm offers extensive benefits in the case of
digital platform implementation. A flowchart based on the operations of non-iterative method is
provided in figure 3.31. It shows the steps of non-iterative MPPT algorithms. In the starting of the

procedure, the power is calculated by the given voltage and current of the system.
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The first step of the algorithm describes the four voltage samples Vi, V2, V3, Vyincluding corresponding
current samples [, 12, I3, 1,. Based on the provided samples related powers P;, P2, P3, P4 are calculated.

Coecfficients are obtained by the established equations are [296]

_ 3 2
B=aV,’ +aV, +aV, +a,, (3.93)
where q, a,,a,,a, are the coefficients.

Roots are obtained by the following equation
3aV? +2a,V +a,=0, (3.94)
At the end, the roots ¥, and V, are determined using the equation 3.94. In the condition it shows that

if the value g,V is negative it chooses MPP as /) and if the value is positive it chooses MPP as 7, .

By this way, the MPP values is tracked without dedicating any iterative and complex method.

Obtain
Ia, 1z, 13, 1
W, Wz Wa, Vs

I

Calculate
P1, PZ, P3, P4

I

Solve to the coefficient

P=aV' +a b +al, +a
|

Solve to the equation

3o+ 2o +a =0

I

Obtained Roots
Vot and Voz

|

No

MPP - ¥, MPP - V3

MPPT Established

Figure 3.31: Non-iterative MPPT algorithm flowchart [296].

For power curve fitting purpose, third order polynomial is considered in this case. Optimal power point

is achieved using these polynomials.
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For better understanding of the MPPT methods, a comparison based on several criteria is provided by

table 3.1.

Table 3.1: MPPT methods comparative analysis.

MPPT Methods Analog/ Complexity Convergence PV Array Parameters
Digital Speed Dependency
Incremental Digital Medium Varies No Voltage, Current
Conductance
Perturbation and Both Low Varies No Voltage, Current
Observation
Fuzzy Logic Control Digital High Fast Yes Varies
Non-iterative Method Both Low Instantaneous No Voltage, Current
Neural Network Digital High Fast Yes Varies
Ripple Correlation Analog Low Fast No Voltage, Current
Control
Sliding Mode Control | Digital Medium Fast No Voltage, Current
FOCV Both Low Medium Yes Voltage, Current

3.7 PVT System Monitoring & Fault Detection
Monitoring of PVT System

It is challenging to forecast and monitor a nonlinear system in real time [298]. Hybrid PVT is a nonlinear
system that is mostly dependent on the ambient variables mainly irradiation, temperature and wind. The
hybrid PVT system demonstrates huge potential to increase the performance of the photovoltaic module
and provide thermal and electrical energy for household system or other use. The performance of a PVT
system is enhanced by developing a low-cost embedded system that monitors it in real-time and extracts
optimum energy by tracking maximum power point of the given system. Design of a low-cost embedded

system for real-time monitoring is provided in the figure 3.32.

S0Lt

Solar Panel

AROA
AUSBOE

Figure 3.32: Low-cost embedded system.
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Display unit mainly provides the output of current and voltage of the system from its electronic output
section. A temperature sensor is also included in the system to sense the temperature and control the
overall system to cool down the panel and on the other hand receive the thermal energy to utilize them
for domestic or industrial use based on the system’s placement. It is already proved in many works that

reducing the temperature of a PV panel, always increases the performance of overall power generation.

The monitoring system is directly connected with a cloud server where all the information is gathered
and analyzed. The information from the system is sent to the central cloud server to receive instant
update about the system. All the data is going through Machine learning method to identify faults in the
system and also train the system in real time. It has also an alert system that triggers during emergency
situations. Machine learning system assists to classify the faults and suggests specific problematic
situation [299-300]. This method assists in improving the performance of solar panel and includes a
real time monitoring system. It is going to support the system about forecasting power generation from
hybrid PVT. This will help to gain thermal power for domestic and industrial use which will reduce the
cost of additional thermal power generation. Additionally, this monitoring system will help to contribute
to the smart grid development that will help in the prediction of the power generation in advance and

fault detection in real time.

MPPT techniques based on Internet of Thing (IoT) and fault detection are also possible to obtain using

an experimental setup that will provide robust output of the PVT system.

Faults in PVT System

PVT system is one the main source of continuous electrical and thermal energy that uses sunlight, but
energy generation can be degraded due to the faults in the internal and outer surface. For optimal output
it is necessary to find out the faults and remedies to overcome this issue. Different types of faults may
be encountered in the system and its negative impact will result in lower output. Most common types

of PVT module faults are provided in the figure 3.33 [301].

Shadowing

Hot Spots

Module
Mismatching

Micro-Cracks

Aging
Degradation

Figure 3.33: Common types of PVT module faults.
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Shadowing in a PV module decreases efficiency and it occurs due to obstacles like trees, buildings,
shade panels. Hotspots in the module may appear due to shading, aging and dusts issues. Hotspot occurs
due to increased resistance leading to overheating in certain parts of a module. Module mismatching
can be the reason for efficiency reduction and also the appearance of many hot spots. It causes due to
mismatch in the modules during manufacturing and uneven aging. Mechanical stress may lead to micro-
cracks in the module which also reduces efficiency. With the passing of time and use, PV module

degrades gradually and power output decreases [301].

There are several reasons behind the PV modules’ faults. Summary of the most common causes are

provided in the figure 3.34 [301].

Temperature
Fluctuations

Manufacturing
Inconsistencies
Faults

7
Reasons UV Exposure

Installation Issue

Weather Issues

Figure 3.34: Common reasons for PVT module faults.

The most common reasons for photovoltaic module faults are temperature fluctuations, manufacturing
inconsistencies, UV exposure, installation issues and weather conditions. The modules could be
damaged due to temperature fluctuations leading to shrinking or expansion of materials. Module quality
is compromised due to manufacturing inconsistencies which reduce overall performance. PV modules
protection layers and upper portion are affected by the continuous UV exposure that reduces PV lifespan
and efficiency. Faults also may occur due to defects during installation phase [301]. Weather conditions

such as snow, continuous rain, earthquake and hailstorms also could be responsible for PV faults.

Minimizing fault requires efficient and effective fault detection. There are very popular strategies to
mitigate PV faults. An overview of fault detection techniques is given in the figure 3.35 [301]. Effective
sunlight absorption requires PV panels regular cleaning that helps to eliminate debris and remove dusts.
Faults, problems, and aging issues are detected by periodic inspections of the module that enhances its
lifespan as well. Faults due to shadowing of building and trees can be minimized by optimal panel

positioning.
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Figure 3.35: Fault detection techniques.

The panel orientation should be in such a way that it can receive maximum irradiation from the Sun.
Fault detection is also achieved using the image processing based approaches in combination with deep
learning techniques. Hot spots and micro-cracks are precisely located using infrared, thermographic
images. Potential faults in the PV modules are effectively analyzed by using deep learning and machine
learning also. Spot inconsistencies and data analysis of PV outputs can be studied using Convolutional

Neural Networks (CNNs) and Recurrent Neural Networks (RNNs) [301].
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Chapter 4: Results Analysis

4.1 Parameter Effect and Sensitivity Analysis

Efficiency of a PVT system can be increased or decreased with its parameters variation. Relevant
external and internal parameters such as installation based, operation and maintenance parameters,
environmental parameters are responsible for this effect. PVT systems performance is significantly
dependent on these types of parameters value. These are categorized as highly sensitive, medium
sensitive and low sensitive parameters based on their ability of impacting on the performance. A
numerical simulation technic can be used to determine the sensitivity and parameter variation impact

of the hybrid PVT system [302].

In a residential building based PVT system sensitivity [60, 61] study and optimization analysis derived
and developed in [303]. Related parameters sensitivity study of a linear Fresnel reflector based novel
PVT is presented in [304]. The increasing impact of ambient temperature and fluid velocity on thermal
efficiency and improvement is discussed there. PVT panels behavior is analyzed and studied by
parameters variation and sensitivity analysis. It also shows the variation in MPP of the system due to

parameters variation.

Energy efficient solar system can be established by using an ideal classification, sensitivity analysis and
parametric evaluation. Effective performance assessment is achieved by fundamental parametric
analysis and optimization methods. Various research works focused on parametric, sensitivity and
optimization study to improve and achieve higher performance [305]. A parametric research and
analysis of hybrid PVT system to study the ambient parameters, geometrical properties, meteorological
parameters are described in [21]. Ambient parameters are commonly referred to temperature, wind
speed, and irradiance. Design parameters of a PVT module such as water inlet temperature, mass flow

rate and other geometric variables are also significant for the efficiency analysis.

Impact of Irradiance

The sun emits electromagnetic energy or radiant energy in the form of sunlight or irradiance. It is
actually the combined form of infrared, visible and ultraviolet spectrum effect. In a photovoltaic system,
photocurrent is influenced by both irradiance and temperature. Photocurrent equation is obtained as
[245]

]VI‘
Ly=[1+k(T-298)] lofm (4.1)
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The equation describes that photocurrent value is proportional to the irradiance. The impact of varying
irradiance in the PVT system output is provided in the figure 4.1. Open circuit voltage, short circuit
current of the system changes as the irradiance value changes. The short circuit current value and open
circuit voltage increases with increasing irradiance value. Irradiances values considered for simulation
are 500 Wm™2, 800 Wm, 1100 Wm 2, and 1300 Wm 2. The result shows that current-voltage (I-V)
curve has slight increasing tendency as irradiance value increases from 500 Wm™ to 800 Wm™,
Similarly, while irradiance changes from 800 Wm ™2 to 1100 Wm 2 then it increases the value from the
previous position. As same, the I-V curve increases while irradiance varies from 1100 Wm™2 to 1300

Wm 2. So, increasing irradiance has an increasing current-voltage output value.

6

1r=500 Wim?
Ir=800 Wim?
—Ir=1100 Wim?
1r=1300 Wim? | |

~
T

Current [A]
w

0 0.1 0.2 0.3 0.6 0.7 0.8 0.9

0.4 0.5
Voltage [V]

Figure 4.1: I-V curve for varying irradiance [245].

Similarly, power-voltage (P-V) curve for varying irradiance of a PVT module is provided in figure 4.2.
It indicates that increasing irradiance value has increased the P-V curve which results in increasing
overall output. As the P-V curve has an increasing tendency due to irradiance increases so the MPP
value also increases. Considered irradiance values for P-V curve performance evaluation are 500 Wm 2,

800 Wm2,1100 Wm ™2, and 1300 Wm 2.

As with the increasing irradiance P-V curve increases so MPP of the PVT system also increases. Change
of MPP values with the irradiance variation is provided in table 4.1. The value of MPP of the PV cell is
1.22 W at irradiance value of 500 Wm™, at 800 Wm2 MPP is 2.00 W. It describes that with the
increasing irradiance value there is increasing MPP value. MPP decreases if irradiance in the PV module
decreases and results in the overall output decrease. The performance of the PVT system is directly

dependent on the irradiance value.
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Figure 4.2: P-V curve for varying irradiance [245].

MPP value with regards to the irradiance reference is shown and compared in table 4.1.

Table 4.1. MPP values regarding variable irradiances.

Irradiance (Wm ™) MPP (W) MPP Difference (W)
500 1.22 0.00
800 2.00 0.78
1100 2.80 0.80
1300 3.33 0.53

3.5 T T

MPP Value [W]
N
(4]
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1 1 1 1 1 L L L
500 600 700 800 900 1000 1100 1200 1300
Irradiance [Wlmz]

Figure 4.3: MPP for varying irradiances [245].

Three dimensional view and comparison of MPP value, MPP value differences with irradiances is
provided in the figure 4.4.
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Figure 4.4: MPP for varying irradiances (3D view) [245].

Impact of Temperature

For Performance development, efficiency evaluation, designing of a PVT system, both inside and
outside temperature plays a crucial role [21]. Temperature has continuous and effective influence on
the output of PVT system performance, and it has the most sensitiveness compared to other parameters.
PV Cell temperature and ambient temperature are the most influential factor of hybrid PVT system for
optimal energy output. Ambient temperature and panel temperature relationship are described by the

figure 4.5.
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Figure 4.5: Panel temperature and ambient temperature correlation [245].
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After a detailed data analysis and illustration provided in figure 4.5, it is evident that there is a direct

relationship between the panel temperature and the ambient temperature.

Impact of Ambient Temperature

Ambient temperature has a direct impact on both the PVT module and cell temperature. Impact on the
PVT system due to variation of ambient temperature value and obtained I-V curve is illustrated in the
figure 4.6. In this analysis, current values of the I-V curve were multiplied by a factor of 10 for better

visualization and understanding the system behavior.
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Figure 4.6: 1-V characteristics for different ambient temperature [245].

From the figure 4.6 it is obtained that the I-V curve is decreasing with the increasing ambient
temperature. It signifies that ambient temperature increase shows negative impact on the output of the
system. It leads to a decrease in the optimum maximum power also. A three dimensional figure provides

a clear concept regarding ambient temperature variation effect on the PVT system is given in the figure

4.7.
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Figure 4.7: 3D representation of the I-V for varying ambient temperatures [245].
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The ambient temperature varies from 25 °C to 50 °C and every increasing step it provides decreasing
steps in the I-V curve. Relevant P-V curve for varying ambient temperature is shown in figure 4.7.
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Figure 4.8: Power-voltage (P-V) characteristics for varying ambient temperature [245].

The power-voltage curve of a PV module varies and shows negative output due to variation of ambient
temperature. The curve changes to inward position while the range of ambient temperature increases,
and it results in a decrease of overall output. Impact of ambient temperature value variation in three-

dimensional view is provided in the figure 4.9.
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Figure 4.9: 3D representation of the P-V for varying ambient temperature [245].

From the figure 4.9 it can be overserved that maximum power point position changes and it reduces
while the ambient temperature increases. And MPP increases if the value of ambient temperature
decreases. The analysis concludes that increasing ambient temperature decreases MPP value and

decreasing ambient temperature increases MPP value.

The point which has the maximum available power of a PVT module is regarded as the maximum power

point (MPP). For developing an improved energy efficient PVT system, tracking MPP is one of the
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most significant tasks to accomplish. With the fluctuations of internal and ambient factors there is an
impact on the output of the PVT system. It has already established the impact of external factor such as
temperature. The behavior and impact of ambient temperature in regard to MPP is provided in the figure

4.10.
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Figure 4.10: Ambient temperature influence on MPP values [245].

The figure 4.10 demonstrates that as the ambient temperature increases, MPP value decreases radically.

MPP value, and MPP difference for changing ambient temperature is provided in table 4.2.

Table 4.2. MPP values regarding variable temperature.

Temperature (°C) MPP (mW) MPP Difference (mW)
25 94.80 0.00
30 89.60 5.20
35 83.70 5.90
40 78.30 8.40
45 68.20 10.10

Table 4.2 shows that increasing ambient temperature during PVT operation negatively affects the output
as it reduces the electrical energy output of the system. This comparison of MPP and MPP difference in

regard to ambient temperature variation is clearly provided by a three dimensional figure in 4.11.
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Figure 4.11: MPP variation due to ambient temperatures (3D view) [245].

Figure 4.11 describes that the value of MPP decreases while the ambient temperature rises from 35 °C
to 40 °C and it keeps continuing the same while the ambient temperature continues. Ambient

temperature variation has an impact on the efficiency of the PVT system is provided in the figure 4.12.
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Figure 4.12: Efficiency and ambient temperature relation [245].

Figure 4.12 describes that increasing ambient temperature reduces electrical efficiency of the PVT
system. It has similar pattern with the MPP value variation while with the increasing ambient
temperature. Additionally, impact on efficiency due to ambient temperature variation is displayed by a

three dimensional format in the figure 4.13.
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Figure 4.13: 3D view of ambient temperature and efficiency relation [245].

Ambient temperature and efficiency relationship in a three-dimensional view is illustrated in this figure
4.13. It acknowledges that with the rising ambient temperature electrical efficiency drops. It also
indicates that as the ambient temperature rises from 25 °C to 50 °C, the gap between the efficiencies at

these temperature level becomes more evident.

Impact of Panel Temperature

The fluctuation in the level of panel temperature impacts the solar module’s electrical output.
Temperature plays a crucial role in the module voltage, with an increase in temperature leading to a

decrease in the voltage. Panel temperature variation impact in the I-V curve is provided in figure 4.14.
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Figure 4.14: I-V curve for different panel temperature [245].
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The selected values for panel temperature to analyze the variation effect are 60 °C, 65 °C, 70 °C, 75 °C
and 80 °C. As seen in the figure 4.13 an increase in panel temperature results in a decreasing trend in
the current-voltage (I-V) curve. This incident leads to the decrease in the electrical output of the system.

This situation is better explained by the figure 4.15.
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Figure 4.15: I-V curve for different panel temperature (3D view) [245].

Figure 4.15 provides the information regarding the panel temperature variation impact on the panel. It

highlights that panel temperature variation has a negative effect on the PVT panel.

The P-V curve for varying temperature of the panel is provided with the figure 4.16. The obtained
analysis from the result describes that P-V curve has decreasing tendency with the increasing panel

temperature range. With this change, the electrical output of the system also reduces.
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Figure 4.16: P-V curve for different panel temperature [245].
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A three-dimensional view of the P-V curve based on panel temperature variation is provided in the
figure 4.17.
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Figure 4.17: P-V curve for different panel temperatures (3D view) [245].

This figure 4.17 also provides the information that maximum power decreases with the increasing panel
temperature. The MPP values and relevant difference for panel temperature variation are provided in

table 4.3.

Table 4.3: MPP values regarding variable panel temperature [245].

Temperature (°C) (Kelvin) MPP (mW) MPP Difference (mW)
60 °C 338.15K 106 0
65 °C 343.15K 100 6
70 °C 343.15K 93 7
75°C 348.15K 87 6
80 °C 353.15K 76 11

A graphical representation of the relevant MPP values with respect to the panel temperature is provided

in the figure 4.18.
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Figure 4.18: MPP curve for different panel temperature [245].
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Figure 4.18 describes that MPP value is at peak while the panel temperature is the lowest whereas MPP
value is the lowest while temperature is at the maximum. It confirms that increasing panel temperature
has negative impact on the output of the panel and shows positive impact if this panel temperature is
reduced by cooling or any other heat extraction method. Three dimensional representations of the MPP
value dependency on the panel temperature is provided in the figure 4.19. The figure 4.19 clearly
illustrates the difference in MPP values caused by panel temperature. The increase in panel temperature

consistently reduces the overall electrical output of the PVT system.
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Figure 4.19: MPP curve for different panel temperature (3D view) [245].

Impact of Wind Speed

Energy conversion in the PV and PVT systems suffer with low conversion efficiency. Various factors
have an effect on the output of the PVT system. Wind speed [306] is another environmental parameter
that has an impact on the performance of the PVT system. The impact of varying wind speeds is
discussed in this part. The figure 4.20 shows the behavior of I-V curve due to the variation of wind

speeds.
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Figure 4.20: I-V curve for varying wind speeds [245].
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The values of wind speed considered for simulation purpose in the figure 4.20 are 1 ms™!, 2 ms™!, 3
ms ', 4 ms™!, and 5 ms™!. The plot indicates that the system’s electrical power increases by increasing
open circuit voltage and short circuit current as wind speeds increases. Impact on P-V curve with the

increasing wind speeds are provided in the figure 4.21.
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Figure 4.21: P-V curve for varying wind speed [245].

Wind speeds in a PV module have a direct influence on the P-V curve. The P-V curve rises with an
increase in the wind speed and decreases with reducing wind speed. It explains that if there is less wind
speed panel temperature rises, and it gets cooled with the higher wind speed value. MPP values in regard

to wind speed are provided in the figure 4.22.
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Figure 4.22: MPP variation due to varying wind speed [245].
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The figure 4.22 describes the comparison of MPP values influenced by wind speed variations. This
figure demonstrates that an increase in wind speed consistently results in a positive MPP gain. Three

dimensional representations of this change with wind speed are provided in the figure 4.23.
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Figure 4.23: MPP variation due to varying wind speeds (3D view) [245].

Relevant MPP value with regards to the wind speed is provided in table 4.4.

Table 4.4. MPP values regarding variable wind speed [245].

Wind Speed (ms™!) MPP (mW) MPP Difference (mW)
1 0.05 0.00
2 0.07 0.02
3 0.08 0.01
4 0.09 0.01
5 0.10 0.01

MPP values variation for each wind speed value changes and difference of MPP values are provided in
table 4.4. After analyzing the values, it reflects that wind speed increase results in positive impact on

the maximum power value that also improve the efficiency of the system.

Overall electrical output is positively impacted by the wind speed increase. Additionally, in general the
overall analysis also confirms that wind speed increase is positive for output of the PVT system and

decrease has negative influence on the PVT panel.

Various other external factors also influence the performance and output of the PVT module. The key
parameters taken into consideration for the efficiency analysis in many research works are humidity,
wind speed and dust effects. The impact of humidity on PV panels has been studied and its impact are
also analyzed in [307]. This study analyzes the panel’s performance under different humid conditions.
The findings of this study indicate that changes in humidity levels directly affect overall output of the

system. The study also reveals that as humidity levels increase the maximum power decreases.
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Additionally, environmental parameters such as ambient temperature, dust, wind speed and humidity
greatly influence both the irradiance and temperature. Several research works studied and observed that
shadowing and dust accumulation in the panels surface contribute to an increase in its internal

temperature [308].

Humidity is the measure of water vapor contained in the air. The presence of humidity in the air creates
a diffraction optical path for the incident sunlight. This leads to a reduction in the amount of effective

solar radiation that reaches the surface of the panel [309].

Changing humidity level has an effect on the performance of the PVT panel. Irradiation from incoming
sunlight is also impacted by the humidity variation. A study is performed regarding the PVT panels’
output variation with the change of humidity. Figure 4.24 illustrates the relationship between humidity

change and irradiation impact.
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Figure 4.24: Irradiance and humidity correlation [245].

Figure 4.24 displays the changes in irradiance values corresponding to humidity variations in the PVT
panel. As shown in the figure an increase in humidity levels leads to a decrease in the irradiance on the

panel. Change in irradiance value with respect to humidity is provided in table 4.5.

Table 4.5. Irradiance values for varying humidity levels [245].

Humidity (%) Irradiance (Wm?) Difference (Wm2)
60 900 0
65 870 30
70 850 20
75 832 18
80 817 15
86 800 17
92 790 10
98 770 20
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Table 4.5 indicates that irradiance changes significantly with the increasing humidity level in the PVT
system. System overall output is also reduced while irradiance levels are reduced. As a result, the
increasing humidity level decreases MPP of the PVT system. It is also observed that power output

declines by nearly 50% with an 80% increase in humidity level.

Dust accumulation in the PVT panel is also another factor that influences the output. In [310], dust
accumulation impact on both efficiency and output of the module are studied. Due to dust accumulation,
panel temperature increases that results in a reduction of electrical power output. Overall study suggests

that dust accumulation reduces productivity of the PVT system and accelerates panel degradation.

The essential parameters for improved PVT modeling are discussed in this section. Parameters variation
effect, sensitivity analysis, performance variation is obtained using a MATLAB simulation. The external
parameters of the PVT system are primarily considered, and results show that its effect is significant,
which leads to a change in the total output. Irradiance and temperature are found in the analysis to be
more sensitive. An increase in irradiance positively affects the system output, whereas temperature rise

impacts negatively. Moreover, other parameters also influence the electrical power generation [245].

4.2 Thermal Loss Analysis

Performance analysis of a PVT system requires its thermal management mainly heat loss management.
An electrical equivalent circuit of thermal loss is modeled and provided in the figure 3.21. And a single
diode model electrical equivalent circuit is already explained in the figure 3.20. Produced I-V curve and

P-V curve of a single diode model are provided in the figure 4.25.
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Figure 4.25: I-V curve (left) and P-V curve (right) from a single diode model.
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An MPP curve of a single diode model shows the position where maximum power is located. An

illustration of the MPP curve is provided in figure 4.26.
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Figure 4.26: MPP curve from a single diode model.

Figure 4.26 shows the MPP position with current at maximum power and voltage at maximum power.
Heat loss in PV system is modelled and an equivalent circuit is already provided. Produced I-V and P-

V curve from heat loss model is provided in the figure 4.27.
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Figure 4.27: I-V curve (left) and P-V curve (right) from heat loss model.

MPP position and current, voltage value at maximum power is shown in figure 4.28.
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Figure 4.28: MPP curve from an equivalent loss circuit model.

The figure 4.28 shows the obtained MPP curve from the equivalent loss circuit model. This is considered
as the equivalent of heat/thermal loss of a PV system. The value of MPP is obtained from the simulated
data is 2.53 W. The simulation results show that heat loss equivalent output is higher than the PV cell
conventional output. A comparison of the obtained simulated output of I-V and P-V curve is provided

in the figure 4.29.
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Figure 4.29: I-V curve (left) and P-V curve (right) comparison.

From the figure 4.29 it is described that the value of loss current is higher than the value of convenient
output from the PV cell. Similarly, the P-V curve describes that loss P-V curve is higher than the P-V
curve obtained from the existing PV cell model. It occurs as a higher portion of sunlight is not converted
into electricity in the existing system. Obtaining maximum power in a PV system is inherent to reaching
the optimum power. The comparison between MPP curve obtained from conventional system and MPP

from loss model is provided in the figure 4.30. It shows the difference between MPP curve for

138



conventional model (black P-V curve) and MPP curve for loss model (red P-V curve). It also describes

that MPP obtained by loss mode is higher than the MPP of conventional PV cell model.
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Figure 4.30: MPP curve difference between loss and conventional model.

Heat loss occurs in the PV panel that reduces electrical efficiency and overall performance of the

system. Additionally, this heat transformation into a usable power is beneficial in the context of

efficiency of the PV module. The excess heat is considered as a useful electrical power represented by

the heat loss model as it adds extra electrical energy to the system. To sum up, the addition of this heat

loss model with general electrical model provides an alternative solution to the PVT model that provides

only electrical energy using any conventional thermoelectric generator. The simulated I-V curve and P-

V curve for PV and equivalent PVT is provided in the figure 4.31.
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Figure 4.31: I-V curve (left) and P-V curve (right) comparison of equivalent PVT.
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The MPP curve behavior and its difference between two systems is provided in the figure 4.32. The
value of MPP of the PV cell is obtained by simulation is 1.87 W and the value of MPP of the equivalent
electrical model of PVT system is obtained and it is 4.40 W.
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Figure 4.32: MPP curve difference between PV and equivalent PVT.
The result also describes that proposed equivalent PVT system based on thermal loss modeling has

higher output than the output obtained from the equivalent electrical single diode cell model. Proposed

thermal loss modeling analysis and equivalent PVT system also offers higher efficiency.

4.3 Simulation of PVT System

Simulation of a PVT system requires complete modeling, detailed study and performance analysis.
Figure 4.33 represents the schematic of the proposed hybrid PVT system. It explains that the system
consists of two primary components: the photovoltaic section and the thermal section. Solar radiation
is converted to electrical energy in the PV section and this energy is stored locally or supplied to the
grid. Most of the incident solar incident radiation is transformed into heat and later on converted to
thermal energy in the thermal section of the PVT system. This extracted energy is useful in both

residential and industrial consumer level [245].
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Figure 4.33: Hybrid PVT system illustration.
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The figure 4.33 describes that the PV section of the PVT system consists of panel, loads and storage.
Thermal section is composed of heat exchanger pipe (HEP), pump, fluid reservoir where it stores or
supplies to the consumer. This PVT system is also influenced by optical parameters, environmental
parameters, irradiance and related thermal properties. The improvement of PVT system has been
continuing for many years. Designing an optimal and cost-effective PVT system that can operate
efficiently in severe weather conditions is quite challenging and complicated. MATLAB/Simulink
environment derived from [311] was used to develop and analyze this model is illustrated in the figure
4.34.
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Figure 4.34: Simulation model of the proposed PVT system.

PVT System Analysis

Various cooling methods are discussed in many studies of temperature management of PVT system.
The existing popular cooling technologies are water cooling, heat pipe cooling, air cooling, PCM
cooling and bi-fluid cooling. Existing cooling techniques summary is provided in the table 4.6. It
presents the categorization of the key materials used to cool the PVT panels. It describes the existing
methods to cool and thermal energy management of the PVT system. Each category represents various

strategies aimed at optimized energy utilization and enhancing the cooling efficiency of solar panels.
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Table 4.6. PVT Cooling classification techniques based on primary materials.

Methods Cooling Means/Ways Examples

Water Circulation | Water channels, tanks, pumps, pipes, flow

Cooling regulators.

Spray-based cooling | Spray nozzles, solenoid valves, tanks, tubes.

Water-Based Evaporative cooling Porous materials, burlap, cotton wick.

Hybrid cooling Nanofluids and water spray combination.

Nanofluid assisted | Heat exchangers, nanofluids, water channels,

cooling dispersion stabilizers.

Air-Water Cooling Water spray combined with air-cooled heat

exchangers.
Air-Based Methods Forced Airflow Air ducts, metal sheets, fans, heat sinks.
Natural Flow Air ducts, heat sinks, passive ventilation systems.
Active PCM Alternative heat sources from PCM regeneration
Regeneration process.

PCM (Phase Change Enhanced Cooling Fans, pumps, Water pipes, enhanced thermal

Material) conductivity PCMs.
Passive Cooling Nanoparticles, PCM enclosures, heat sinks, thermal
paste.
Thermoelectric Heat sinks, water pipes, fans, PCM, additional
Cooling thermoelectric modules.

Other Cooling Strategies | Heat Pump Systems Advanced refrigerant, conventional heat pumps.

Advanced Thermal | Heat dissipation coatings, higher reflective

Coatings

Heat Pipe Cooling Brass, Aluminum, thermosyphons, stainless steel.

Water cooling techniques offer an efficient and effective solution for reducing the adverse effects of
high temperatures on PV systems. It is advantageous for PVT system as it continues to assist efficiency
increase and maintain longevity. Among the different water based cooling methods evaporation based
cooling, water based cooling, hybrid approach using water and nanofluids and tube water cooling are
highly favored by the users for its better efficiency and ensuring optimal system performance. Heat
transfer takes place through evaporation which supports maintaining low temperature in the PV panel.
This method involves the application of water to a porous material, which helps regulate temperature

at an optimal level, thereby improving efficiency [312].

In solar PVT systems, the use of specialized water based cooling method includes dedicated water pipes

and cooling channels. In this method, water is circulated through heat exchangers pipe that is attached

142



to the panels where it absorbs heat and cools the systems as liquid flows through the pipes.

Subsequently, the heated water is collected and either stored or distributed to the end user.

In this work, a water based PVT [313] system is considered, studied and analyzed. The simulated model
consists of two main components: an electrical system and a thermal system. The simulation of dynamic
resistive load is properly investigated, and it is connected with an advanced cell block of PV cells. The
process of complex heat exchange between thermal exchanger and environmental parameters, back
cover, glass cover is covered and monitored by a thermal network. The radiation, conduction and

convection method are used to model heat transfer of the PVT system.

Thermal liquid part is composed of storage tank, design components, precise pipes and adaptive pumps
that control the liquid flow in an efficient manner. There are many existing PVT systems that use passive
extraction system that do not require an extra pump. PVT system operation, methodology and other

properties are summarized by a linear flowchart in the figure 4.35.
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Figure 4.35: Operation of the PVT system.

Inputs of the PVT operations are mainly irradiance, ambient temperature, electrical and thermal
parameters, optical parameters and load parameters. Sensitivity analysis is the important factor to study
the parameter impact on the PVT system. Electrical energy is obtained from the incidence irradiance
using PV effect on the top of the module. Thermal energy extraction takes place at the back of the
system. Thermal output is obtained from the fluid flow, and it is stored in a storage. Overall efficiency

is calculated using electrical and thermal output.
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Input Parameters Analysis

A brief simulation and result analysis is obtained in this section. Input parameters with relevant output
are analyzed and detailed description is discussed here. The considered load value for this simulation
model is 5 Q and it could differ depending on user requirements. The parameters are mainly cell
electrical properties, temperature, panel optical properties, heat transfer properties and panel geometric
properties. Initial temperature value for several components used for simulation is provided in the table

4.7.

Table 4.7. Initial temperature values.

Parameter Value

Tank Water Temperature (TwO0) 295K
Back cover temperature (Tb0) 295 K
Glass cover temperature (Tg0) 295 K
Heat exchanger temperature (Te0) 295 K
PV cells temperature (TpvO0) 295 K

Geometrical parameters of the solar panel are provided in the table 4.8. Thermal properties of the heat

transfer process for simulation purpose are provided in the table 4.9.

Table 4.8. Geometrical properties of the panel.

Parameter Value
Area of Cell (Acen) 0.02 m?
Number of cells (Neen) 72

Table 4.9. Heat transfer properties.

Parameter Value
Ambient Temperature (Ta) 295K
Sky Temperature (Tsy) 292 K
Glass Cover Mass (M) 4 kg
PV Cell Mass (M,y) 0.20 kg
Heat Exchanger Mass (M) 15 kg
Back Cover Mass (Mp) Skg
Specific Heat Glass (C,) 800 J/kg/K
PV Cell Specific Heat (Cpy) 200 J/kg/K
Heat Exchanger Specific Heat (C.) 460 J/kg/K
Heat Exchanger Back Cover (Cyp) 400 J/kg/K
Glass Emissivity 0.75
PV cell Emissivity 0.70
Glass-Air Convection Coefficient 10 W/m?/K
PV-Glass Convection Coefficient 20 W/m?/K
Back-Air Convection Coefficient 10 W/m?/K
Heat Exchanger Thermal Conductivity 130 Wm/K
Heat Exchanger Thickness 0.04 m
Insulation Thermal Conductivity 0.10 W/m/K




| Insulation Layer Thickness | 0.03 m |

PVT system overall output also depends on optical properties of the components. The used optical

properties of the component for simulation purpose are provided in the table 4.10.

Table 4.10. Optical properties of the system.

Parameter Value
Refractive Index ratio (glass/air) 1.52
Reflection Factor 0.15
Glass cover thickness 0.01 m
Absorption Coefficient glass 0.20 m™!

Thermal properties of the PVT system are significantly considered for the heat transfer processes that

influence the thermal output. The table 4.11 provides the thermal and heat transfer properties.

Table 4.11. System heat transfer properties.

Parameter Value
Ambient Temperature (Ta) 295K
Sky Temperature (Tiky) 292 K
Glass Cover Mass (My) 4 kg
Heat Exchanger Thermal Conductivity 130 W/m/K
Heat Exchanger Thickness 0.04 m
Insulation Thermal Conductivity 0.10 W/m/K
Specific Heat Glass (Cy) 800 J/kg/K
PV Cell Specific Heat (Cpy) 200 J/kg/K
Heat Exchanger Specific Heat (C.) 460 J/kg/K
Heat Exchanger Back Cover (Cy) 400 J/kg/K
Glass Emissivity 0.75
PV cell Emissivity 0.70
Glass-Air Convection Coefficient 10 W/m?*/K
PV-Glass Convection Coefficient 20 W/m?/K
Back-Air Convection Coefficient 10 W/m?*/K
PV Cell Mass (Mpy) 0.20 kg
Heat Exchanger Mass (M.) 15 kg
Back Cover Mass (Mp) Skg
Insulation Layer Thickness 0.03m

Table 4.11 provides heat transfer properties of the system that includes different temperature, value of

mass of different components, specific heat transfer properties, emissivity and other physical properties.

The manufacturer typically provides the electrical properties of the selected module in its datasheet.

Table 4.12 provides the simulation parameters of electrical properties of the PV module.
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Table 4.12. PV cell electrical properties.

Parameter Value
Irradiance (I1) 1000 W/m?
Quality Factor (N) 1.5
Series Resistance (Rs) 0Q
Shunt Resistance (Rsh) Close to infinity
Short-circuit current (Is) 8.88 A
Open-circuit voltage (Voc) 0.62V
Diode Saturation Current (I) le-6 A
Current (Ipn) 8.88 A
Temperature Coefficient (Photo Current) 0 K-!
Energy Gap I.11eV
Temperature Exponent (Saturation Current) 3
Temperature Exponent (Series Resistance) 0
Temperature Exponent (Shunt Resistance) 0
Measurement Temperature 298 K

Heat transfer occurs using a fluid that circulates in the heat exchanger pipe of a PVT system. Heat
extraction and output characteristics depend on various types and sizes of pipes. The value of pipe

parameters and other characteristics are provided in the table 4.13.

Table 4.13. Heat exchanger pipe parameters.

Parameter Value
Pipe Length 5m
Pipe Area 0.0007 m?
Lower Renolds Number 4000
Shape Factor (Laminar flow viscous friction) 64
Nusselt Number 3.66
Upper Renolds Number 2000
Hydraulic Diameter 0.03m
Pipe Resistance Length 1 m
Pipe Roughness (Internal surface) 15e-6 m

Thermal energy is stored and supplied to the consumers using a tank connected with the PVT system.

The values and characteristics of the tank are provided in the figure 4.14.

Table 4.14. Tank input parameters.

Parameter Value
Tank Area 0.30 m?
Thermal Conductivity (Insulation layer) 0.10 W/m/K
Convection Coefficient (Tank and ambient air) 10 W/m#¥K
Initial Temperature 295.15K
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Thickness (Insulting layer) 0.05m

Maximum Volume 0.25m3

Initial Volume 0.10 m?

Pump flow input parameters for the simulation purpose are provided in the table 4.15.

Table 4.15. Pump flow input parameters.

Parameter Description Value
Supply Mass Flow Supply mass flow rate 0.005 kg/s
Demand Mass Flow Demand mass flow rate 0.005 kg/s
Internal Mass Flow Internal circuit mass flow rate 0.022 kg/s

These given values are used in the simulation studies that analyze the output characteristics and

performance of the PVT system. The simulated daily irradiance profile is shown in the figure 4.36.
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Figure 4.36: Daily irradiance profile.

Integration of the heat exchanger pipes in a PVT system provides improved performance due to the
higher heat transfer rate and capacity of these pipes that functions in a passive system [314]. For the
case of PCM, it provides higher heat transfer performance than the heat exchanger pipes even at low
temperature difference. Heat exchanger pipes are used in heating, air conditioning and ventilation

system as it results in effective heat transfer at lower temperature level [315].

Pipes are considered for the heat extraction purpose, and their material type is important in the heat
transfer mechanism. Performance studies also required effective heat transfer fluid and operation. Pipes
parameters are also a crucial part of this system that is considered for heat transfer analysis. Different
types of heat extraction (HE) pipes provide different results related to thermal extraction are discussed
here. Copper pipes based heat extraction method for a water heating PVT system is also significant

[316]. The effect of using aluminum pipe and steel pipe as heat exchanger, design analysis is studied in
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[317]. The figure 4.37 provides the design and layout overview of the attached pipe in the PVT system.
Additionally, the pattern of the flow of heat transfer fluid is also identified by this analysis. The next
section describes the output and performance variation of the different heat transfer pipes in the PVT

system. Copper, aluminum and stainless steel pipes are considered in this analysis.
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Figure 4.37: Heat Exchanger pipe layout in the PVT system [318].

4.4 Simulation Results Analysis

The panel’s electrical and thermal properties are used to analyze the performance and improvement of
the PVT system. The electrical analysis section is related to the equivalent electrical circuit model and
related parameters. The study of various components like exchanger pipe, pump, storage tank and other
thermal components are included in the modeling and analysis. Temperature profiling, comparison
between several components temperature profile and efficiency are studied and simulated results are
provided. Heat transfer using three types of pipes are copper, aluminum and stainless steel are used and
compared in the PVT system. These pipes exhibit better mechanical strength, electrical and thermal
properties, also these have improved corrosion resistance. Additionally, real world implementation in
the PVT of these pipes is comparatively easy and these pipes have market availability also. Result

analysis is obtained and discussed from [318].

Stainless Steel

For the simulation purpose, stainless steel pipe roughness is considered as 15e-6 m. Specific values of

heat transfer properties of this pipe is provided in the table 4.16.

Table 4.16. Stainless-steel pipe heat transfer properties [318].

Parameter Value
Heat Exchanger Specific Heat (C.) 460 J/kg/K
Heat Exchanger Thermal Conductivity 130 W/m/K
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Specific heat is considered as 460 J/kg/K and thermal conductivity is considered as 130 W/m/K.

Temperature profile of various components with respect to time of the PVT system is provided in the
figure 4.38.
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Figure 4.38: Temperature dynamics of various components [318].

This figure 4.38 illustrates temperature dynamics with time of the PVT system for panel, glass, back
side, tank water and exchanger. Increasing irradiance increases temperature and the fluid temperature
inside the pipe also elevates. Total electrical output and thermal output due to the use of stainless steel
is provided in the figure 4.39. It illustrates the thermal and electrical output for a single period. Electrical
power peaks at the time when the irradiance is higher and thermal power peaks at the time when it can

extract the maximum power from the system.

600

250 -

0 5 10 15 20 0 5 10 15 20
Time [Hour] Time [Hour]

Figure 4.39: Electrical and thermal power output [318].

Temperature profile difference between PV panel and back side is provided in the figure 4.40.

Temperature of the PV panel increases with the increasing irradiance value which occurs during the
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day. Back cover temperature is found to be lower than the panel temperature because of heat dissipation

and insulating effect of the material. This figure provides an idea regarding the temperature variation of
both panel and back side.
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Figure 4.40: Back cover and PV panel temperature dynamics [318].

As tank water has thermal storage characteristics so temperature inside of it drops in a slower pattern

but rises more gradually due to heat absorption characteristics. The temperature difference between the
back cover and tank water is provided in the figure 4.41.
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Figure 4.41: Back cover and tank water temperature dynamics [318].

Water volume of the tank is provided in the figure 4.42. Water volume pattern shows and provides the

information regarding the used water in the system.
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Figure 4.42: Flow of tank water [318].

Comparison between panel temperature and water temperature variation absorbed from surroundings

heat is provided in the figure 4.43.
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Figure 4.43: Panel temperature and water temperature [318].

The panel’s effectiveness is dependent on the panel temperature that is the total heat absorbed by the
panel from the irradiance and surroundings. Available tank water temperature for a 24-hour period is

provided also by this figure.

Electrical power and thermal power output comparison of the PVT system is provided by the figure
4.44. Photovoltaic section provides electrical output while thermal section provides thermal output.
Electrical output is available normally during the day as is related to the sunlight. Besides, PVT system
provides higher thermal power around noon and decline starts around evening which exhibits higher

output results of thermal inertia.
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Figure 4.44: Electrical and thermal power output comparison.

Total input power and total output power comparison of the PVT system using stainless steel is provided
in the figure 4.45. Two days (48 hours) observation period is considered for better elaboration and
understanding. Overall input power of electrical and thermal is identified by the dotted red line in the
figure. Input power is dependent on irradiance and external parameters while it varies mostly with the
irradiance profile during the day. Output power in the figure 4.45 is depicted by the green line that
provides the total power gain from the system. Losses in a system are calculated by the difference

between input power and output power which is also obtained in this system [318].
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Figure 4.45: Comparison between total input and output power [318].

Efficiency Analysis (Stainless Steel)

The efficiency of the hybrid PVT system is provided by analyzing and comparing the total thermal and

electrical usable energy and the total energy received by the system. The electrical energy proportion
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with respect to overall input energy is the electrical efficiency of the system. The usable thermal energy

and the total input energy proportion is the thermal efficiency of the system.

The efficiency of the PVT system using stainless steel as a heat exchanger pipe is provided in the table
4.17. The values and information regarding electrical and thermal efficiency, total efficiency, input and
output energies are given in this table. The obtained electrical efficiency of this system is 0.16, thermal
efficiency of this system is 0.24 and finally obtained total efficiency of the PVT system is 0.40 while
stainless steel is used as heat exchanger pipe [318]. An overview of the total efficiency including

electrical and thermal is provided in figure 4.46.

Table 4.17. Efficiency analysis using stainless-steel pipe [280].

Parameter Value Unit
Sun Input Energy (2 days) 31.23 kWh
Sun Input Energy (daily) 15.61 kWh
Electrical Energy Supplied (2 days) 5.16 kWh
Electrical Energy Supplied (daily) 2.58 kWh
Supplied Thermal Energy (2 days) 19.32 kWh
Used Thermal Energy (daily) 11.92 kWh
Total Used Thermal Energy (2 days) 7.40 kWh
Thermal Energy (daily) 3.70 kWh
Electrical Efficiency 0.16
Thermal Efficiency 0.24
Total Efficiency 0.40
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Figure 4.46: Hybrid PVT efficiency with stainless steel [318].
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Aluminum

Different heat transfer pipes can be utilized in the hybrid PVT system, where aluminum is one of them.
Simulation of aluminum using heat exchanger pipe is considered and related output is discussed here.
Pipe roughness of the aluminum pipe is considered as 1.5¢® m. Table 4.18 provides the considered

thermal properties of the aluminum pipe.

Table 4.18. Aluminum pipe heat transfer properties [318].

Parameter Value

Sky Temperature (Tky) 295 K
Heat Exchanger Specific Heat (C.) 897 J/kg/K
Heat Exchanger Thermal Conductivity 237 W/m/K

This part discusses heat transfer analysis and electrical analysis using aluminum as a heat exchanger
pipe. Temperature dynamics behavior of different components of the PVT system while aluminum as

heat exchanger pipe is provided in the figure 4.47.
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Figure 4.47: Temperature profile for different components [318].

This figure 4.47 provides the temperature profile for various components of the PVT system where
panel temperature, glass temperature, back temperature, exchanger temperature and tank water
temperature are considered. It describes that with the sunrise or increasing irradiance the temperature
of the components increases, and it is at the peak while the value of irradiance is high. The fluid
temperature inside the pipe also increases as the heat transfer occurs with the passing of time.
Considering the ideal situation, the temperature value of the panel and exchanger is the same as depicted

in this figure also. It can also be observed from the figure that tank water temperature also rises gradually
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with the rise of panel temperature. And the temperature of the back side of the panel is slightly lower

than the temperature of the other components.

The variation in electrical power output and thermal power output resulting from the use of an aluminum
heat exchanger pipe is provided in the figure 4.48. It indicates the electrical and thermal power output
for a day period. It discovers that the electric power output peaks around noon as the irradiance also
peaks at that moment. Thermal power output starts with the sunrise very slowly, but peaks while the

fluid absorbs the maximum power from the system and almost falls with the sunset [318].
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Figure 4.48: PVT system’s electrical and thermal power output [318].

Temperature behavior of the panel and the back cover is provided in the figure 4.49. The figure depicts

that due to materials insulating effect properties and heat dissipation there is difference between the

panel and back cover temperature.
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Figure 4.49: Temperature profile of the PV panel and back cover [318].

Figure 4.50 shows the temperature difference between back cover surface and tank water.
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Figure 4.50: Temperature profile of the tank water and back cover [318].

Back cover and tank water temperature both are related with the incident irradiation mainly and other
internal and external parameter also. Due to the heat absorption over time from the panel, tank water
increases gradually. Due to thermal insulation and heat storage capacity, it can maintain temperature to
a certain level for a specific period of time. Storage tank’s water volume and its pattern are provided in

the figure 4.51.
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Figure 4.51: Tank water volume dynamics over time [318].

This figure 4.51 helps to understand the water volume dynamics over time. This phenomenon will
regularize the controlling of PVT system during its operation. The water volume varies throughout the
day, decreases with the usage and rises during replenishment. Obtained Electrical and thermal power
output using aluminum as heat exchanger pipe in the PVT system is provided and compared in the

figure 4.52 [318].
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Figure 4.52: Comparison of electrical and thermal power output [318].

It provides the obtained electrical and thermal power output comparison of the PVT system while
aluminum is used as heat exchanger pipe. It also describes the electrical power output and thermal
output deviation because electrical power is instantaneous, and thermal power requires time to process.
That is why the electrical power generation starts as soon as the irradiance incident on it and thermal
power starts later on after sufficient heat consumption by the pipe and fluid. Electrical power output is
extracted from the PV panel and maximum power output is obtained while the irradiance value is intense
and maximum. Thermal output is obtained using thermal component that extract the dissipated heat
from the PVT system. In general, there is no output at nighttime. However, due to thermal inertia, the
high output persists for a longer duration, with thermal power peaking around midday and gradually
declines after sunset. The comparison of water temperature and panel temperature obtained from

surroundings and heat absorption is provided in the figure 4.53.
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Figure 4.53: Panel temperature and water temperature comparison [318].
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Panel temperature represented by the red dotted line shows the behavior for a day and water temperature
represented by the green line shows the daily dynamic behavior of the absorbed heat by the water.
Measurement of thermal and electrical efficiency of the PVT system requires to know the temperature

level of the different parts [318].

Figure 4.54 represents a comparison of input and output power of the PVT system while aluminum pipe

is used as heat exchanger in here.
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Figure 4.54: Input and output power comparison of the PVT system [318].

For easier comprehension two days (48 hours) observation are considered for simulation purpose what
is depicted in the figure 4.54. Total output of the PVT system that includes electrical and thermal power
is represented by the output power in the figure and total power input that is included irradiance and
other external factors are represented by the red dotted line in this figure. Total power input and output
typically varies with the available irradiance that increases in the day period and decreases at the end of

the day. The output of the system is determined by the losses and generation in it [318].

Efficiency Analysis (Aluminum)

Efficiency analysis of the PVT system is determined by analyzing the total received energy by the
system and the total generated useful electrical and thermal energy. The results and values of efficiency

analysis of the hybrid PVT system using aluminum heat exchanger pipe is provided in the table 4.19.
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Table 4.19. Efficiency values for PVT system using aluminum [280].

Parameter Value Unit
Electrical Energy Supplied (2 days) 5.15 kWh
Electrical Energy Supplied (daily) 2.57 kWh
Supplied Thermal Energy (2 days) 19.41 kWh
Used Thermal Energy (daily) 11.92 kWh
Total Used Thermal Energy (2 days) 7.49 kWh
Thermal Energy (daily) 3.74 kWh
Electrical Efficiency 0.17
Thermal Efficiency 0.24
Total Efficiency 0.41

From the table 4.19 it is seen that the electrical efficiency of the system is 0.17, thermal efficiency is
0.24 and total efficiency is 0.41. An overview of the electrical, thermal and total efficiency is provided

in the figure 4.55.
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Figure 4.55: Electrical, thermal and total efficiency for aluminum [318].

Copper

Copper as a heat exchanger pipe in the PVT system is considered and studied in this section. It describes
obtained outputs, thermal profiling and efficiency of the PVT while copper is used in the system. The
parameters including geometric, thermal and electrical are used as same as the previous one. Absolute
roughness of the internal surface is considered, and the value is 1.5e-6 m, the Nusselt number for heat

transfer in laminar flow is 4.36. The properties of the used pipe are shown in the table 4.20.
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Table 4.20. Copper pipe’s heat transfer properties [280].

Parameter Value
Heat Exchanger Specific Heat (C.) 400 J/kg/K
Heat Exchanger Thermal Conductivity 398 W/m/K

This part discusses simulation results and comparison obtained by using copper as heat exchanger pipe.
Temperature dynamics of the various components of PVT system for this case are provided in the figure

4.56.
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Figure 4.56: Temperature variations of different parts using copper pipe [318].

This figure 4.56 provides temperature dynamics for PVT components while copper is used as heat
exchanger pipe. Temperature of these components increases while the irradiance increases. At the same
time, as long as the water flow in the pipe continues heat energy also continues to transfer to the fluid

in a timely manner.

The values and illustration of obtained electrical and thermal power using copper pipe is represented by
the figure 4.57. Electric power increases very rapidly and maintains output for a certain time and then
decreases. It is directly dependent on the irradiance from the Sun where thermal power rises gradually

and dependent on system temperature and thermal properties.
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Figure 4.57: Obtained electrical and thermal power output [318].

The comparison between PV panel temperature and back part is provided in the figure 4.58. It describes
that the panel temperature is higher than the back part temperature because panel is directly exposed to
sunlight. The comparison between tank water and back part during operation simulation is provided in

the figure 4.59.
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Figure 4.58: Back part and PV panel temperature comparison [318].
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Figure 4.59: Tank water and back part temperature comparison [318].
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Temperature increase or decrease of the tank water depends on the irradiance profile and heat extraction

by the heat exchanger pipe. Water flow volume pattern for this case is provided in the figure 4.60.
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Figure 4.60: Tank water dynamics of the system [318].

Electrical and thermal power output of the PVT system depends on various parameter characteristics.
The parameters are mainly internal and external parameters. Comparison between electrical and thermal

power output is represented in the figure 4.61.
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Figure 4.61: Electrical and thermal power comparison for copper pipe [318].

This comparison represents that the thermal power output of the PVT is higher than the electrical power
output. Copper as heat exchanger pipe is used here that helps to keep the panel cool resulting in better
electrical output and extracting the thermal energy that accumulates thermal power. Active power
regime is mainly considered when there is sufficient radiation and thermal extraction. Thermal
extraction is dependent on the temperature and water temperature as water absorbs thermal energy from
the system. Panel temperature and water temperature difference of the system is provided by the figure

4.62.
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Figure 4.62: Panel temperature and water temperature comparison [318].

In the figure 4.62, panel temperature is represented by the red dotted line and has higher values than the
water temperature which is represented by the green line. Panel temperature is represented by the total
heat absorption from the surroundings and irradiance. Water temperature is the absorbed thermal energy
from the system is also required to obtain its efficiency. This figure 4.62 mainly demonstrates the
temperature gain and thermal energy received by the interaction of the panel temperature and the water
inside the pipe and storage tank. Useful power of a system is calculated by the difference between input
and output power. The comparison of input and output power is provided in the figure 4.63.
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Figure 4.63: Output and input power comparison obtained using copper pipe [318].

This figure 4.63 describes that the value of output power is lower than the value of input power. To

increase the system’s efficiency, output power should be higher, and it is dependent on significant

improvement of the electrical and thermal parameters.
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Efficiency Analysis (Copper)
The efficiency of the PVT system is calculated by analyzing the produced electrical and thermal energy

in regard to the total input energy. The efficiency table using copper heat exchanger pipe is provided in
the table 4.21.

Table 4.21. Efficiency table for copper heat exchanger pipe [318].

Parameter Value Unit
Electrical Energy Supplied (2 days) 5.17 kWh
Electrical Energy Supplied (daily) 2.58 kWh
Supplied Thermal Energy (2 days) 19.6 kWh
Used Thermal Energy (daily) 11.92 kWh
Total Used Thermal Energy (2 days) 7.40 kWh
Thermal Energy (daily) 3.85 kWh
Electrical Efficiency 0.17
Thermal Efficiency 0.25
Total Efficiency 0.42

The obtained electrical efficiency of the PVT system while copper is used as heat exchanger pipe is
0.165 and thermal efficiency is 0.246 that results in total efficiency 0.412. The representation of the

efficiency analysis is provided in the figure 4.64.
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Figure 4.64: Electrical, thermal and total efficiency comparison [318].
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Output and Efficiency Comparison

The previous section discusses related output including temperature profile and efficiency analysis for
three different heat exchanger pipes. In this section, the comparison of thermal output, electrical output
and total output for these three heat exchanger pipes is discussed. It will not only help the research
community but also the residential and industrial entities choosing an appropriate heat exchanger pipe

for the installation of the PVT system [318].

Electrical & Thermal Efficiency Comparison

Electrical efficiency is calculated by the ratio of the total incident energy and total electrical energy
output. From the results it is obtained that electrical power output for steel is 5.16 kWh, for aluminum
is 5.16 kWh and for copper is 5.174 kWh. It resulted in electrical efficiency of copper is 16.56%, for
aluminum is 16.52% and for stainless steel is 16.53%. The numerical representations are provided by

the figure 4.65 [318].
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6 16.53%  16.52%  16.56%
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Figure 4.65: Comparison of electrical efficiency [318].

The results show that the electrical efficiency obtained using the copper as heat exchanger pipe is the
maximum and electrical efficiency for stainless steel and aluminum is similar to each other and lower
than copper. So, in these three heat exchangers pipes the copper provides the better performance while

used in the PVT system.

Thermal energy output for copper pipe is 19.629 kWh, for stainless steel is 19.324 kWh and for
aluminum is 19.419 kWh. And, obtained thermal efficiency for copper is 24.68%, for stainless steel is
23.70% and for aluminum is 24.01%. Figure 4.66 represents a thermal output comparison obtained from

three types of heat exchanger pipe, namely stainless steel, aluminum and copper. The results show that
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the thermal efficiency of copper is 24.68%, aluminum is 24.01% and stainless steel is 23.70%. The

copper has maximum thermal output and the aluminum and then stainless steel [318].
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Figure 4.66: Comparison of thermal efficiency [318].

Overall output is obtained by combining electrical and thermal output. It provides an overview of the
total performance and energy potential of the system. Total output of the copper heat exchanger pipe is
24.80 kWh, aluminum is 24.58 kWh and for stainless steel is 24.48 kWh. The calculated efficiency of
copper is 41.24%, for aluminum it is 40.53% and for stainless steel is 40.23%. A comparison of these

three heat exchanger pipes is provided in the figure 4.67.
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After analyzing the results, it is observed that copper pipe provides the maximum efficiency and output
in comparison to stainless steel and aluminum. Copper has significantly higher thermal conductivity
compared to other heat exchanger pipe material. Copper has better thermal conductivity, durability and
corrosion resistance. It has also flexibility in shaping, designing and implementing in the hybrid PVT
system. Therefore, using copper pipes in the PVT system is recommended over the other two types,

although other factors may also need to be considered.

4.5 Non-Iterative MPPT

Non-iterative MPPT algorithm is obtained by root findings method which is already discussed in the
previous chapter, additionally flowchart and algorithm are also discussed there. Obtained results and
related outputs are discussed in this section. Three different options are considered to track MPP of the
PVT module. Firstly, the MPP is obtained considering the points from both sides of the reference, then
MPP is obtained considering the points from left side of the reference, finally the MPP is obtained

considering the points from the right side of the reference.

In the figure 4.68, MPP is obtained considering four different points from both sides of the reference.
The MPP value obtained in simulation is 2.3965 W and the manufacturer provided the value of MPP
for this system is 2.3969 W which is very close to each other [296].
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Figure 4.68: MPP determination considering both side points [296].

Figure 4.69 provides the MPP determination using both side points from measured data of a panel. It is
also compared and found that for the measured data, the value of MPP given by the manufacturer and

obtained using this approximation is similar.
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Nex part it is about the discussion of the MPP obtained from left side of the reference point. The main
purpose of this method is to obtain MPP by considering these values from the left side of the reference

point while (32 > 0).
Figure 4.69 provides the MPP determination of the PVT system using left side (% > () reference

values. By this way, the simulated MPP is obtained as 2.39695 W, and the manufacturer provided the
value for MPP is 2.39690 W. By comparing this result, it is found that the MPP value obtained in the

simulation using this technique is closer to the given value of the system [296].
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Figure 4.69: MPP determination considering both side points (experimental data) [296].
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Figure 4.70: MPP determination considering left side points [296].

And MPP is determined by using the left side values from the measured data is shown in the figure
4.71.
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Figure 4.71: MPP determination considering left side points (measured) [296].

The obtained MPP using non-iterative method is closer to the MPP provided by the manufacturer.

Figure 4.72 shows the MPP curve obtained using the values from the right side (Z—Z < 0) of the reference

MPP point. The simulated result for MPP is obtained as 2.3967 W and the value of MPP provided by

the manufacturer is 2.3969 is closer to the result obtained here.
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Figure 4.72: MPP determination considering right side points [296].

As same, the right side points method is implemented in the experimental values and is provided in the

figure 4.73.
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Figure 4.73: MPPT determination considering right side points (measured) [296].

MPPT Comparison

This section provides a comparison of the MPP tracking mechanisms. A conventional method such as
perturb & observe (P&O) is used and compared with the non-iterative method. The figure 4.74 provides
a comparison of MPP algorithms where for non-iterative method values are chosen from both side of

the reference.
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Figure 4.74: MPP comparison considering both side values [296].

In the figure 4.74, MPP1 is the rated value, MPP2 is the value obtained by the non-iterative method and
MPP3 is the value obtained by the conventional method. Obtained values (MPP2 =2.3965 W, MPP3 =
2.3960 W) using both methods are compared with MPP1. The comparison shows that obtained value

with non-iterative method is higher than the value obtained using the conventional method [296].

The same method is used in the experimental values of the module that is illustrated in the figure 4.75.
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Figure 4.75: MPP comparison considering both side values using experimental data [296].

The comparison also shows that MPP value obtained using non-iterative method is higher than the
conventional method.

MPPT comparison is analyzed in the figure 4.76 while proposed MPPT considers the values from the
left side (Z—z > 0) of the reference point. MPP1 is the MPP value provided by the manufacturer, MPP2

is obtained using non-iterative method and MPP3 is obtained by using the conventional method. The
given value of MPP1 is 2.3969 W, the value for MPP2 is 2.3959 W and for MPP3 the value is 2.3949.
The results describe that MPP obtained by the non-iterative method is closer to the rated MPP and is
also higher than the MPPT of conventional method.
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Figure 4.76: MPP comparison considering left side values [296].
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Figure 4.77 provides a detailed comparison of MPPT using left side values implemented in the
measured values.
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Figure 4.77: MPP comparison considering left side values (measured) [296].

Here, MPP1 is the rated MPP value, MPP2 is the obtained value using proposed non-iterative method
and MPP3 is the value obtained using conventional method. The figure 4.77 illustrates that MPP

obtained using non-iterative method has higher precision than the iterative method.

The simulated result for the MPPT method comparison using right side values (Z—z < 0) is provided in the
figure 4.78.
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Figure 4.78: MPP comparison considering right side values [296].

Here also, MPP2 is the MPP obtained by non-iterative method, MPP3 is the MPP obtained by the
conventional (P&O) method and MPP1 is the given value. The figure 4.78 describes that the MPP
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obtained using a non-iterative method is closer to the given MPP and higher than the MPP of the

conventional method [296].

MPPT comparison using right side values for the experimental data is provided in the figure 4.79.
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Figure 4.79: MPPT comparison considering right side values (measured) [257].

This figure 4.79 shows that the MPP value (MPP2) obtained using non-iterative method provides better
output in comparison to the MPP value (MPP3) obtained conventional method. Additionally, MPP

obtained using the proposed method also closer to the rated MPP value.

4.6 Monitoring and Fault Detection of PVT System

Modern energy management system requires continuous monitoring and fault detection mechanisms.
Due to the exponential increase in the PV plants continuous monitoring, maintenance and observation
is required. Unpredictable weather and non-linear solar cell characteristics complicate fault detection
with conventional methods. Monitoring of PVT systems and fault detection can be obtained using [oT
systems. Additionally, Integration of artificial intelligence is becoming a common choice to address

monitoring and fault detection challenges [319].

An automatic, low-cost virtual monitoring and data acquisition system with fault detection for hybrid
PVT system is obtained by an established system of Neural Solar. The system is able to store, monitor
and display data of environmental variables and electrical output parameters. Faults are detected by
analyzing I-V and P-V curves with stored data. It includes high-precision I/O modular field points, a
data acquisition card, and a graphic programming package. Typically, the system’s robustness and
effectiveness are obtained using a grid simulator. Monitoring of a PV system using [oT is summarized

by the figure 4.80 [319].

173



Solar
Panel

Rechargeable
Battery

Wi-fi Module

Voltage Sensor

Current
Sensor

Arduino Uno

Figure 4.80: [oT based monitoring system.

This monitoring system involves solar panel, rechargeable battery, voltage sensor, current sensor,

temperature sensor, a microcontroller system and a Wi-fi module. The converted energy by the solar

panels is stored in a rechargeable battery. Voltage and current sensors are used to measure the voltage

and current produced by the solar panel. Additionally, temperature sensor measures the temperature of

the system. The readings are processed by the microcontroller and sensors are connected to the

microcontroller. A Wi-Fi module transmits real-time data from the microcontroller to the ThingSpeak

platform. ThingsSpeak platform allows access to real-time data from any internet connected devices

[319].

Mainly power anomaly and temperature anomaly is detected in the preliminary phase of the monitoring

that indicates the fault in the system. Power anomaly is provided and summarized by the flowchart

shown in the figure 4.81.
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Figure 4.81: Power anomaly detection [319].

Power anomaly or fault in the power generation is provided using a flowchart in the figure 4.81. The
first step is obtaining power is calculated using the generated current and voltage from the system. Then,
power average is calculated considering total number of panels in series. Power difference is the
difference between the power of the reference panel and the average obtained in the previous step.
Conditional step checks if the power difference value is negative and greater than the minimum value
set by the user. If it fulfills the condition there should be an anomaly in the generation, if not no anomaly

1s detected.

Temperature anomaly of a photovoltaic system and its operation is summarized by the figure 4.82. First
temperature is obtained using temperature sensor from the developed system. Temperature average is
obtained using the total temperature of the panels divided by the total number of the panel. Temperature
difference is obtained by the obtained temperature of the reference panel and average temperature of
the panel. There are two conditions in the temperature anomaly detection system. The first condition
verifies if the obtained difference is greater than the minimum difference set by the user. If this
condition is true, then there is temperature anomaly detected. If this condition is not true, then it checks

for the second condition is to check if the panel temperature is greater than the maximum temperature
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set by the system. If it satisfies the condition then temperature anomaly is detected, if not then there is

no anomaly detected [319].

Obtain Temperature

Obtain Temperature Average
Average = (Total
Temperature/Number)

Obtain Temperature Difference
Difference = (Temperature -
Average Temperature)

Difference
> Min Diff

No Anomaly

Anomaly
Temperature
> Max Temp
Anomaly No Anomaly
]
End

Figure 4.82: Temperature anomaly detection [319].

The experimental output is provided in this section that describes overall anomaly detection of the

system. The output obtained by the system is provided in the figure 4.83.
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Figure 4.83: Power anomaly detection (phase 1) [319].

In the first phase of the test, it shows that power anomaly detection is false as there is no shading, no
obstruction appears that reduces the power output of the system. Three panels (20 watts) are used in
series to obtain and execute the experimental procedure. The second phase of the test and its output is

shown in the figure 4.84.

Figure 4.84: Power anomaly detection (phase 2) [319].

In the second phase of the experimental test, we added an obstacle to one of the panels. The purpose is
to identify if there is any anomaly in the system. As we can see from the figure, the output is highlighted
in red which shows anomaly as ‘true’. It means that the algorithm identified the fault/power abnormality
due to the inclusion of an obstacle. The third phase of the experiment using this method is provided in

the figure 4.85.
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Figure 4.85: Power anomaly detection (phase 3) [319].

Again, in the third phase of the experiment the obstacle was removed, and the algorithm was

implemented to see if the anomaly still exists. The result shows that there is no anomaly in the output.

This provided section described the output and fault monitoring system that will enable us to develop

and establish an efficient energy management system.

178



Chapter 5

Conclusions

Climate change and its global impacts are driven by the excessive use of fossil fuels on a massive scale.
The purpose of integrating and improving solar energy technology in the existing energy generation
system is to reduce carbon emission and provide a pollution free environment. The objective of this
work is to develop, improve and establish an energy efficient, innovative, low-cost and technologically
advanced hybrid photovoltaic thermal system. Additionally, it will also contribute to and optimize
economic development and industrialization of the solar energy sector. In this motivation, it is studied,
analyzed and discussed the possible modeling including technological investigation and outcomes of

the hybrid PVT system.

Design configurations and structural analysis provide the perspective regarding the related components
of the PVT system. An analysis of solar system classification is conducted and obtained results are
discussed. This provides insights into the existing types, classes and specifications of hybrid PVT
system. Mathematical model of electrical equivalent circuit and its parameters of this system are the
key factor to studying and analyzing this system. The factors related to PV panel efficiency are also
discussed in this work that helps to choose appropriate parameters. Temperature analysis shows the
possible drawbacks of existing PV system. Additionally, discussed temperature loss models identify the
potential for effective utilization of temperature in the form of thermal energy. Various cooling methods
can also be employed to mitigate the effects of excessive temperature on the PV module. A detailed
study on the classification of PVT systems based on ongoing literature provides a comprehensive
overview of the existing hybrid PVT system. The proposed innovative and effective classification
presented in this work will enhance the selection of optimal parameters for the hybrid PVT system.
Additionally, it discussed the challenges associated with selecting the appropriate design structure and
parametric evaluation also need to be considered. The developed classification model based on
parametric analysis and optimization highlights significant parameters related to performance and

efficiency improvement of the hybrid PVT system.

An introduction to PVT system provides the idea regarding its formulation, key parameters,
interrelations between PV and PVT systems in multiple perspectives, structural overview and involved
thermal management mechanisms are incorporated to evaluate preliminary performance. Design
overview and structural parameters orientation analysis including flow of heat transfer fluids of various
types of PVT system are also provided in this work. It includes different types and shape of heat transfer

pipe, and kinds of heat transfer fluid that contribute to choosing an appropriate design, structure and
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fluid for the hybrid PVT system. A brief discussion on PVT system’s application, feasibility and
effectiveness is the motivation for research on this topic. PVT systems modeling is the primary focus
of this research work that represents both electrical and thermal system in the aspects of mathematical
formulation. It also incorporates operation and performance analysis depending on the performed
activities during operation of both the upper and lower section. PVT system layout provides the physical
phenomena of the proposed innovative system. Mathematical model for performance analysis is also
obtained in this work that discusses the output concept of the system. An enhanced mathematical model
of electrical and thermal system is studied, analyzed and considered in this work. Electrical model of
the electrical equivalent circuit of the photovoltaic part, electrical equivalent thermal loss model is also
analyzed that is used to simulate the equivalent electrical and thermal output of the system. Analysis of
parameters effect and sensitivity study of the hybrid PVT system provides characteristics and
performance overview. Modeling and study of several MPPT methods are also discussed and provided
in this work. A developed low-cost monitoring & fault detection system with existing challenges is also

discussed in this research.

Parameters and sensitivity study is very crucial in the context of analyzing the optimal output of the
PVT system. The impact of different parameters has different level of output variation. Various internal
and external parameters are studied, and their sensitivity analysis is observed. The efficiency relation
of these parameters change is also discussed in this thesis. Irradiance and temperature have the most
significant impact on the overall performance of the proposed PVT system. Additionally, other external
parameters like wind speed and humidity are also considered where the internal parameters for both
electrical and thermal model is also evaluated. Results obtained from the thermal loss equivalent model
also show effective outcome and increased efficiency from the system. A developed mathematical and
simulation model is presented in this thesis that evaluates the overall output and enhancements of the
hybrid PVT system. Three types of heat exchanger pipe for the proposed PVT system, namely stainless
steel, aluminum and copper are simulated and obtained results are studied. The results include irradiance
profile, temperature dynamics of various components, electrical and thermal output assessment and
finally total efficiency comparison. A non-iterative MPPT method is also developed and compared with
the existing iterative method that demonstrates promising results in terms of efficiency and

performance.

In conclusion the author aims to emphasize that this thesis will contribute to the modeling, development
and performance optimization of the hybrid PVT system. Additionally, it will also contribute to
modernization and digitalization of the hybrid PVT system through monitoring, fault identification and
the development of a robust system. A brief experimental work is going on in this model for the
enhancement purpose. It will help with the parameter extraction from measurement and experiment
data. The development of a portable plug & play system for commercial use after patent request is also

expected to be accomplished.
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