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INTRODUCTION

The relevance of the research topic and the degree of its development: The economic development
and growth, a well as the countries urbanization involve a substantial increase in electricity demand
worldwide. Currently, electricity generation from non-renewable energy sources is 71.9%, while it is
28.1% from renewable sources. Developed countries, such as the USA, China, Russia, and the EU
countries, are increasing the pace of development of nonconventional and renewable energy sources.
According to the International Renewable Energy Agency (IRENA), in 2022 the installed capacities of

renewable energy sources reached 3,064 GW.

At present, only 2% of electricity in Iraq is generated from renewable energy sources (the installed
capacity of hydroelectric power plants is 1,864 MW, and solar power plants is 50 MW). This is because
the country has significant stores of fossil fuels, which are used to generate electricity.

Currently, the supply-demand gap has increased in Iraq. The peak electricity capacity was 28 GW, while
the power generation was only 16 GW, and most of it is accounted for by fossil fuel power plants. Thus,
despite the country’s large stores of oil and gas, there is a shortage of electricity with increased
environmental degradation in lIrag. Traditional and renewable energy sources can be used to increase
power generation. Iraq is located in a hot climate zone, so the country has the opportunity to use thermal

and solar energy more efficiently.

In the last 5-10 years, along with solar photovoltaic panels (PV), the use of thermoelectric generators
(TEG) has been investigated. TEG modules can operate autonomously, which is well suited for remote
areas. Moreover, TEGs should be used in conjunction with PV technology to increase efficiency and
reduce environmental impact. TEGs work without intermediate energy conversion. As such, they are
highly reliable, noise-free, and environmentally friendly. An important advantage of the TEGs is their
absence of moving parts, and, consequently, vibrations. In Irag, photovoltaic panels are used to generate
power. The efficiency of PV depends on the correct location related to the sun, and the level of radiation.

These factors do not affect TEGs. Thus, research on efficiency improvement of TEG is relevant.

The degree of elaboration of the research topic: Well-known Russian scientists have been engaged in
research about renewable and hybrid energy supplies for rural and remote areas and the improvement of
the power plants using renewable energy sources. These esteemed researchers include Alekseev V.A.,
Alferov Z. I., Alekseenko S.V., Strebkov D.S., Bezrukikh P. .P., Elistratov V.V. Kharchenko V.V.,
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Shcheklein S.E., Sheryazov S.K. Foreign scientists involved in this research are the well-known Fini M.
A. (K. N. Toosi University of Technology, Iran), Zhang J. (Nanjing University of Aeronautics and
Astronautics, China), R. Monnier (Solid State Physics Laboratory, ETH Zurich) and Gao Min (Cardiff
University, United Kingdom).

The purpose of the study: Development and optimization of a TEG system based on solar energy for

operation in remote areas of the Republic of Iraq.
The following tasks were performed in order to accomplish the study goal:

1. To develop, create and investigate designs of thermoelectric generators based on solar energy
using Fresnel lenses and heat exchangers to increase the amount of extracted energy.

2. To develop, create and investigate designs of a TEG panel from a serial and parallel TEG
configuration in arrays of (2x10 TEG, 15x10 TEG) panels. This is done to study the efficiency of
electricity generation with the use of tap water and a solar heater.

3. To develop, create, design and investigate an experimental hybrid system consisting from PV and
TEG (HPVTEG) with a water heat exchanger to increase overall efficiency of the installation.

4. To carry out theoretical and numerical analyses of parameters (efficiency, power) in the developed
TEG modules using (CFD) code based on program ANSYS.

5. To conduct theoretical analysis and research of a system consisting of a solar panel and a
thermoelectric generator (PV-TEG) to improve the efficiency and stability of the system using the
MPPT algorithm based on MATLAB SIMULINK.

The object of the study: A thermoelectric generator based on the Seebeck effect to generate power.

Subject of research: Efficiency of TEG modules that can be used with various types of RES and cooling

methods.

Research methods: : During the experiment, the Seebeck effect and the photovoltaic effect were
employed to study the electrical power output of TEG and PV systems. Methods of waste heat recovery
and transfer were used to evaluate the performance and efficiency of TEG and PV systems, and
experimental studies were conducted. Algorithms in MATLAB and ANSYS were used to carry out
theoretical calculations. The theoretical model is based on algorithms and CFD code. For the proposed
system, MPPT algorithms were tested, and parametric methods were studied, while experimental and

theoretical results were compared.
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The main provisions of the dissertation submitted for defense:

1. The experimental results of the panels with a use of solar energy and Fresnel lenses along with
heat exchangers show an optimization of generated power.

2. The experimental results of 2x10 TEG, 15x10 TEG panels from serial and parallel configurations
of TEG arrays for generating electrical energy using water as a cooler with two-layer heat
exchangers

3. The experimental results of the hybrid PV-TEG system show an efficiency improvement of the
installation with a water heat exchanger.

4. The results of theoretical and numerical analysis of heat exchange processes in the TEG using the

ANSYS program were based on the CFD code.

5. The theoretical results of modeling a hybrid PV-TEG system show improvement of efficiency and
reliability. This hybrid PV-TEG uses the methods of the MPPT algorithm.

Scientific novelty of the dissertation research:

1. For the first time, a new method has been proposed to increase the power and efficiency of TEG
modules powered by solar energy. This system can work in the hot and dry areas of Iraq.

2. For the first time, a new method was proposed to increase the power and efficiency of a TEG using
a double-layer heat exchanger and tap water. A stable electrical connection for TEG modules was
proposed.

3. An experimental hybrid PV-TEG system is proposed to increase the overall efficiency of the
installation using a water heat exchanger that can operate in the hot and dry areas of Iraqg.

4. A theoretical analysis of the TEG was carried out: . the The effect of increasing the thickness of
the plate facing the sun; and the water flow rate (on the cooled side of the TEG) at the output
power and efficiency were considered. The TEG module was created with using the ANSYS
program and the code (CFD).

5. A hybrid system PV-TEG using MPPT algorithms in the MATLAB SIMULINK program has been
developed and proposed.

6. It is shown that the electrical power of the TEG modules decrease if a Fresnel lens is used for
panels with a large area. This occurs since a panel collects heat only on a small portion of its area.

The converse is also true, power increases if a Fresnel lens is used for panels with a small area.
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7. A method was developed and implemented for cooling solar photovoltaic modules in combination
with TEGs and a heat exchanger, which made a 10-16% development of the solar cells efficiency

an achievable task.

The theoretical and practical significance of the work is: This work describes designs of various types
of TEG panels made of serial and parallel connection of modules to obtain desired voltage and power
levels. Experimentally, mechanisms for obtaining thermal energy directly from solar radiation or from
pipelines that are used for household needs have been implemented. Then thermal energy is converted into
useful electrical energy. CFD code is used for validation and parametric research. During the study, a

hybrid PV-TEG system was investigated using several MPPT algorithms to improve its efficiency

Credibility and validity: The scientific results obtained during the work are based on experiments and
mathematical modeling of TEG modules. These results and the previously generated experimental and

theoretical data from previous researchers were compared.
Personal contribution: The author personally participated in:

1. Proposed combinations of new ways to increase generation of electricity from TEG modules using
Fresnel lenses and a solar energy.

2. Experimental studies were done to develop TEG panels (TEG 2x10 and 15x10) for TEG efficiency
enhancement using a two-layer heat exchanger.

3. Experimental studies of the effectiveness of the developed methods for increasing the efficiency of
a solar cell with a TEG under conditions of high ambient temperatures were carried out.

4. A theoretical analysis of TEG models was performed using ANSY'S programs.

5. A theoretical model of the PV-TEG hybrid system was developed using MATLAB programs.

Approbation of the work: The results are presented and discussed at the following conferences: First
International Conference on Advances in Physical Sciences and Materials (ICAPSM 2020) held at SNS
College of Technology, Coimbatore, Tamil Nadu, India during 13 — 14 August 2020 ; International Youth
Danilov Energy Forum (All-Russian Student Olympiad with international participation "Energy and
Resource Saving", "Non-traditional and Renewable Energy”, "Nuclear Energy", UrFU, 2022); All-
Russian Conference with International Participation Ural Project of Energy Conference, Ural Federal
University, December 19, 2022; Exhibition of research works and engineering developments of young
scientists, November 29, 2022; XIX international conference "Renewable and small-scale energy - 2022".

Energy saving. Autonomous power supply systems for stationary and mobile objects, NRU Moscow
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Power Engineering Institute (MPEI), Moscow, Russia, October 20-21, 2022; Third International
Conference on Advances in the Physical Sciences and Materials, (ICAPSM 2022) 2022 Coimbatore,
India, August 18-19, 2022; Second Global Conference on Recent Advances in Sustainable Materials (GC-
RASM 2022), Mangaluru, India, 28-29 July 2022; International Conference on Emerging Technologies in
Electricity, Electronics and Computing (ICE4CT2022), Malaysia, December 28-29, 2022.

Publications: The results of the dissertation were published in 25 articles. Seventeen of these articles were
indexed in the Scopus Web of Science international citation databases. Two articles were published in
peer-reviewed scientific publications recommended by the Higher Attestation Commission of the Russian
Federation and the UrFU Attestation Council. Six articles were presented international and Russian

scientific conferences.

Structure and scope of the dissertation: the dissertation contains an Introduction, 5 chapters,
Conclusions, 208 references and appendices. As a result, the dissertation consists of 160 pages, 98 figures
and 21 tables.
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CHAPTER ONE: LITERATURE REVIEW

1.1 Preface

Electricity sector is an important sign of the progression and the economic development of a country. It
also represent a vital player to support the growth and the strength of the economic and industrial
divisions [1]. After the 1% fall in global electricity demand due to the Covid-19 pandemic, in 2020, it has
shown growth rates of 5% and 4% in 2021 and 2022, respectively. This is because of the recovery of the
economic worldwide, as reported by the resent semi-annual Electricity Market Report released by the
International Energy Agency (IEA). The most portion of this demand comes from China, India, and Asia
Pacific region. In 2021 and 2022, Fossil fuel signifies 45% and 40% of the total electricity generation [2].
Consequently, the carbon emissions associated with the electricity generation increased by 3.5% in 2021
and by 2.5% in 2022 compared to lower level during the pandemic period (2019-2020).

Worldwide electricity demand is developing at a higher rate than renewables, which leads to sharp
increase in fossil fuels-base electricity generation. An IEA report stated a 5% increase in electricity need
in 2021, half of the increase is met by fossil fuels, particularly coal, which pushes CO2 2022 emissions in
to record levels.

Renewables, on the other hand, are escalating quickly but not enough to fulfill the global demand. The
present economic trends and policy settings indicates that the renewables-based electricity generation;
including wind, hydropower, and solar PV is on the way to develop intensely worldwide. The increase
rate in 2021 was 8%, and it is anticipated to be more than 6% in 2022. Though, renewables are only able

to meet 50% of the increase in electricity demand [2].
1.2 Status of Energy Generation in Iraq

Irag has an oil-dependent economy which lacks other developed divisions. According to the International
Monetary Fund, crude oil exports, in 2017, represents about 89% of the whole government revenues.
Petroleum industry grabbed the main concern of the Iragi government which resulted in neglecting the
industrial and electrical sectors. Also, electrical sector became extremely reliant on the money gained

from exporting oil which is already known to be unstable.
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After 2003, the war significantly hindered the electricity generation in Irag, and citizens suffered from
long hours of power outages. Even after the war, the electricity generation continued to struggle for many
years which negatively affected the economy. In addition to that, the weak infrastructure, unstable
situation, subsidies policies, unreliable grid, mismanagement, and gas flaring, were another factors that

effectively contributed to electricity generation issue in lIrag.

The Iraqi grid electricity was not able to meet more than 55% of demand in 2011 [3]. This undependable
energy supply led to the extensive use of private diesel generators. Natural gas is an economic option if
efficiently used in electricity generation. The amount of gas flared was 9 billion cubic meters in 2010,
while in 2018 the production touched 16.8 billion cubic meters [4]. In 2018, the grid maximum supply
was projected at 16.4 GW whereas the demand peak was 27.3 GW [4].

In 2018, the total Iraqi energy consumption was 22,552 ktoe [5]. The sector-wise energy consumption was
categorized as: transport (50%), the households (24%), industry (19%), and others (7%) (Figure 1-1).
Figure 1-2 shows that the energy was mostly made up of fossil fuels. Out of this energy, oil detained a
78%, natural gas formed 21%, while a negligible share of 0.3% was given for renewable energies [5]. The

wasteful gas flaring practice is another accountable reason for increasing the natural gas consumption [4].
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Figure 1-1 The sector-wise whole energy consumption (in ktoe) in Iragi between 1990 and 2018 [1]
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Figure 1-2 The source-wise whole energy supply (in ktoe) in Irag between 1990 and 2018 [1]

Since 2012 a substantial development has been made in a number of areas. In the oil production sector, a
50% increase was achieved to reach around 5 million barrels per day (mb/d) by the end of 2018. This has
propelled Iraq to the rank of the world’s third-largest oil exporter. However, this progress has not been

even across the whole energy sectors.
1.2.1 Electricity Generation and Demand

Electricity consumption in Irag has more than doubled since 1990. Figure 1-3 shows that the energy
consumption is almost 50 TWh in 2018. It is anticipated that the demand will approach 170 TWh by 2035
[6]. The increase in demand is motivated by economic and population increase reached by the surge in
consumer investment and purchases. Moreover, the wide use of an older version of the equipment that
consumes high energy in residential uses is another cause for the increased demands. The operational
capacity in 2018 was in the range from 14 GW to 15 GW whereas the real existing capacity was 26.2 GW,
with a peak demand of 25 GW in summer [7].
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Figure 1-3 Electricity Consumption (TWh) in Iraq between 1990-2018 [7]

Due to many reasons including lack of fuel, age of the equipment, need for routine maintenance, and
breakdown, the generation units’ capacity factor is low in Iraq. Moreover, reduction in water levels in the
hydropower stations and dams results in huge unused potential capacity. This is partially due to the Ilisu
dam which has been recently built by Turkey, it reduces the available Iraqi share of the water resources
[7]. Figure 1-4 shows that oil and natural gas largely control the Iraqi electricity generation sector, and

there is sign of an growing trend in generation over the latest years.

90

80 —8

70 ——

moil Natural gas Hydro M Sclar ®Wind M Bioenergy M Geothermal

Figure 1-4 Electricity generation in Iraq (in TWh) during the period between 1990-2018 [5]
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Despite electricity generation has been increased by approximately 90% between 2012 and 2018, the gap
between demand and supply is wider now than in 2012. Chiefly in the summer, power supply is
inadequate, and this is a main concern for the people across the country. Oil production in Iraqg is expected
to develop by 1.2 mb/d in the coming 10 years. This is slower than the 2.4 mb/d increase delivered since
2010, however, it still provide the global market with the third-largest increment of additional oil, after the
United States and Brazil (Figure 1-5). When achieved, oil production in 2030 would represent around 6%

of the global, up from 5% now.
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Figure 1-5 Top-five countries by increased oil production during the period between 2018 to 2030 [4]

1.2.2 Electricity Generation Problems

Fossil fuel is the main energy source for Iraq’s energy generating systems. At the moment, Iraq is the third
major global oil exporter and is anticipated, in the future, to continue as one of the three oil exporters.
Between 2012 and 2018, the generation increased by 90%, though, the difference between supply and
demand is bigger now than in 2012. Mainly, in the summer months, power supply to meet peak demand is

inadequate and this is a major concern for Iragis across the country.

Iraq suffered severe environmental degradation over the span of few decades. Water scarcity, intensified
by increasing domestic demand, bad water management (particularly in agriculture), aged infrastructure, a
climate change and the dams construction upstream have become a crucial restriction to economic growth

and one of the foremost causes for public unrest recently. Approximately 70% of Iraq’s water originates
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from neighboring countries. The Ministry of Water Resources reported that Iraq’s river levels have
dropped by 40% in the last 20 years.

Power sector in Iraq has faced substantial challenges; outages still a daily occurrence for most households.
The increased generating capacity was outrun by increasing the electricity demand, particularly by high
demand for cooling during summer months. During the past few years, the gap between electricity
demand and grid supply has widened, all though available supply was increased by one-third, as shown in
Figure 1-6. Investment in developing the infrastructure, especially the distribution networks, has fallen
behind what is designed due to the low oil prices. At the moment, tariff collection has not been enough to
supplement the capital investment. Therefore, a negative cycle is created where lower revenues causes

lower investment, which consequently limits the available supply and revenues.
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Figure 1-6 Maximum power supply and peak demand during the period between 2014-2018 [4]

Due to population increase the need for energy generation mix is an increased. Though, in the late 18th-
century, energy was mainly generated using primary sources such as diesel, petrol, and coal [8]. This has
led to increased Greenhouse Gases and diminution of the ozone layer. For this reason, most researchers
around the world have considered Renewable Energy sources (RES) as an alternative energy source [9].
The REs are characterized to be reliable, clean, and productive. By using RE sources, the global warming

effect can be reduced. Moreover, these REs that accepted around the world.
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1.3 Status of Renewable Energy Generation in Iraq

Worldwide, electricity consumption is accompanied by development, urbanization of countries, and
economic growth. At the present, around 71.9% of electric power is produced by non-renewable energy
sources and 28.1% by renewable sources. Developed countries such as the Russia, China, and USA are
taking real practical steps to develop a non-traditional and renewable energy sources every year.
According to the IEA, the installed REs’ capacity in the world is increased by 200 GW in 2020.

Renewables, including wind power and solar photovoltaic (PV), are progressively attractive options for
most power schemes. This is principally accurate in Iraq due to the excellent solar resources. It provides
significant RE source to enhance the affordability and reliability of electricity. The dropping costs of
renewables provide an opportunity to reduce the electricity supply average cost, and to increase export
revenue opportunities. Previous attempts to escalate the solar PV improvement were not very successful;
however, they provided good preliminary insight and demonstrated the growing attention in Irag. Solar
PV is already on equal footing with oil-base generated electricity in terms of costs, it and would soon has
a promising use if the solar market in Iraq were developed Figure 1-7. For USD 40/barrel oil price, the
LCOE of oil-based electricity generation in Iraq ranges between USD 70 and 100/MWh, which indicates
that solar PV is basically competitive already [4]. As for the gas-based electricity generation, power plants
would be more challenging, even though gas is valued as USD 2 per million British thermal units (MBtu),

solar photovoltaic would be capable to compete the gas-based electricity generation cost by 2030.
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Figure 1-7 Solar photovoltaic levelised costs relative to oil- and gas-based electricity generation in Iraq
during the period between 2015-2030 [4]
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1.3.1 Wind Energy Potential in Iraq

According to Ersoy [5], the implementation of wind energy systems are limited in Irag. Generally, Iraq is
divided into dissimilar wind zones, as shown in Figure 1-8. The speed in these zones is ranging between
1.0 m/s and 3.5 m/s, with an energy density between 174 and 337 W/m?2. Only a small region of the
country, approximately 8%, has a wind speed of approximately 5.0 m/s and energy density of 378 W/m?
[10].
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Figure 1-8 Map of wind speed distribution at different stations in Iraq [11]

First wind turbine built in Irag was in Al-Jadiriyah / Baghdad in 2010, its capacity was 20 kW. Later on,
many wind turbines were installed by the Ministry of Science and Technology in different places. Due to
weak wind activity and difficulty to connect these turbines to the national network, these attempts did not
effectively contributed to the improvement the wind energy sector in Iraq neither economically nor
technically [5]. Technical location issues are other challenges that face the wind energy in Irag. To
overcome these challenges, it is essential to find an efficient solution to the low and intermittent wind
speeds as well as poor grid infrastructures. Despite these represents critical challenges to overcome, they

also offer chances for applying innovative solutions.

According to Darwish, Shaaban [12], the wind energy production in Irag can be improved if it is used with
the solar energy. Studies by [13, 14] assessed the opportunities of wind energy in Irag, but unfortunately
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they were without a comprehensive and strategic direction. To overcome this issue, Darwish, Shaaban
[12] tried to develop a strategic implementation direction with a two-fold scientific contribution, practical
and theoretical. An inclusive and novel methodology was developed to maximize the wind turbine
production in low wind speed condition. The study considered Iraq as a case study where the low wind

speed and other data were converted into a software package.

Darwish and Sayigh [15] studied the wind energy in Iraq, and evaluated wind data collected from nine
Iraqi sites for a period of 11-years. The study reported availability of four dissimilar wind energy regions
in Irag. One-sixth of Iraq was reported to experience more than 5 m/s annual wind speed. Also, it was
reported that wind farms had the possibility to deliver electricity to many locations of the country. Dihrab
and Sopian [16] proposed a hybrid scheme, comprising photovoltaic and wind, as a steady and renewable
power generation source. The study utilized meteorological data for the considered sites along with
turbine sizes, as input parameters, to conduct a simulation and to propose 100 turbines of 10kW each with
a photovoltaic area of 400m x 400m, according to the energy resources accessible at the sites. The study
reported that at some rural villages, mainly in the southern Basrah province, Iraq can adopt integrated
wind and solar energy systems to generate sufficient power. In another attempt to fill the gaps in existing
wind speed data, Ali, Mahdi [17] investigated different techniques to determine the best wind speed
estimation method for Iraq. A comparison was performed between the data obtained by five methods
between 1971 and 2010.

Cost-wise, wind energy is an excellent choice for Iraq [4]. Despite that wind sources are modest in Iraq,
modern technologies, such as low wind speed turbines and digitalized farm design are increasing the
potential areas for development. To date, the wind energy and solar photovoltaic technologies have not
been industrialized In Irag. To develop these sectors, a cost is incurred. Though, with a Levelized Cost of
Energy (LCOE) from USD 60-90/MWh, wind energy may compete the oil-fired generation. It also
provides an excellent approach to diversify the power mix by enabling a generation scheme with a higher
share of renewables. This would be of great importance for the generation mix, as the solar-dependent
power generation is limited to the daylight hours only. Enhancing the wind and solar power generation
would also enlarge the available capital for power generation investment which in turn expands the private
players in Irag. To boost and develop the wind energy industry in Irag, a comprehensive feasibility studies

and effective resource assessments are required.

Bashaer, Abdullah [11] built a novel program which was then developed using MATLAB to deeply
analyze the wind energy in different locations in Irag. MATLAB Graphical User Interface (GUI) was
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employed to show the facilities of the developed “WIND ENERGY ANALYSIS” program. This program
is capable of analyzing wind speed, processing missing data, estimating correlation coefficients, and
plotting the analysis results. The program was built base on the Standard Deviation Method and the
Energy Pattern Factor. It was used to present comprehensive details about the Weibull distribution
parameters to propose an optimal wind turbine for a particular site based on minimum cost per kWh, or

maximum generated capacity factor of the system.
1.3.2 Solar Energy Potential in Iraq

According to [5], Iraq gets a solar radiance for more than 3,000 hours per year with an hourly-base
intensity fluctuation, between January and June, of 416 W/m? and 833 W/m? respectively [14]. However,
Irag uses minimal of renewable energy. The country occupies an excellent geographic location that
permits it to get a daily global solar irradiance rate on a horizontal surface of about 5-5.6 kWh/m2/day as
illustrated in Figure 1-9 [18].

Long term average of GHI, period 1999-2015
Daily totals: 4.8 5.0 S.2 5.4 5.6 5.8 6.0

r———rr T A
Yearly totals: 1753 1826 1899 1972 2045 2118 2191

Figure 1-9 Solar GIS map illustrates the horizontal solar radiation in Irag in kW/m?2 [18]

Although the government regulatory framework is lacking in Iraqgi, the Ministry of Industry in this country
has developed a instruction to surge the use of solar energy. According to this regulation, applications,
like domestic water heater, drip irrigation, and street lighting systems, will be effectively improved [10].

However, the solar power potential, advantages, and importance are not adequately recognized by the
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Iragi government, which is a restraining factor for the development of this factor [19]. According to
literature, no private company in Iraq has invested in renewable energy; moreover all planned projects

remain under the government’s instruction.

The Iraqgi Electricity Law (No. 53 of 2017) expresses its objective of “supporting and encouraging the
adoption of renewable energy, its activities and nationalization”, however, the law is still in its draft form.
On the other hand, the Ministry of Electricity, which is the executive and regulatory authority, has put its
target to implement 1,000 MWp of solar energy. As a pilot project, an 8 MWp will be produced from roof
fitted solar projects installed on government buildings [20]. Moreover, in 2019 the Iragi government
published a tender for a 755 MWp solar projects as shown in Table 1-1. The projects were planned to be

executed under an IPP scheme and it was anticipated to be operational by the end of 2021.

Table 1-1 Iraqi planned large-scale solar power projects [5]

Project Sawa-1 Sawa-2 Khidhir Iskandariyz | Jissan Karbala Diwania
Province Muthana Muthana Muthana Babil Wassit Karbala Diwania
Installed Capacity (MWp) 30 50 50 225 50 300 50

The recent decrease in renewable energy technology cost has stimulated private sector to invest in Iraq
[21]. Despite that the cost of the preliminary investment in lIraq is approximately 5 to 7 times the other
Middle East/North Africa (MENA) countries; ACWA Power has offered to establish a large-scale
photovoltaic power plant near to the Saudi border at the south of Iraq [21]. In addition to that, a contract
has been signed with Siemens to perform projects under a 14 bn USD roadmap; this includes developing a

wind atlas for Iraq [20].

According to Al-Kayiem and Mohammad [10], the hot water flat solar collectors installation by foreign
suppliers is in the planning. Further to that, recently smaller companies have begun manufacturing solar

cells, and solar photovoltaic is used for streets lighting in numerous cities.

Irag has many challenges in the power sector; however, no schemes to foster projects for rooftop PV
systems have been established yet. Iragi government has adopted a mechanism to provide loans for
citizens, through public and private banks, to procure and install rooftop solar systems. These loans are
adequate to fit 3 to 10 kW capacity solar systems for residential applications. For bigger capacity projects

above 10 MWp, the government declared bidding rounds after abandoning the feed-in tariff.
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In addition to the step taken by the Iragi government, the technologies of solar energy potential have been
considers in a lot of studies conducted by Iraqi researchers. Abbood, Salih [22] proposed management
techniques using solar photovoltaic systems for Baghdad city residential sector. Software was developed
base on MATLAB, and used to estimate the photovoltaic system design and the solar radiation data. To
control peak loads the study proposed a system comprises of 2kWp photovoltaic rooftop solar panels with
an area of 10m2 and 20% efficiency. Another study by Muslim, Alkhazraji [23] provided an optimization
for the energy storage of a photovoltaic system designed to exploit the not beneficiary solar energy and to
minimize the electricity peak loads at night. The study proposed six energy storing techniques and
implemented them in MATLAB to minimize the losses and optimize the energy usage.

An economic and financial analysis was presented by Muslim, Alkhazraji [24] to assess the possibility of
using a 2kWp photovoltaic system with a 500Ah battery system for each residential consumer in Baghdad
compared to a 2.5kVA gasoline generator. The study objective was to determine the expected revenue
from the considered solar system against the traditional gasoline generator. In another study, Abbood,
Salih [25] investigated a 1MW photovoltaic system connected to the grid in Karbala city. The study
considered the solar insolation estimations, losses of photovoltaic system, performance and economic
calculations for this system, system technical design, and the environmental impact. An algorithm to
optimize the solar tilt angle, based on MATLAB software, was proposed by Muslim [26]. The purpose is
to maximize the electricity generation, and to calculate the optimum monthly and annually tilt angles for

different case studies, including Najaf, California and New Delhi cities.
1.3.3 Biomass Energy Potential in Iraq

Biomass is known to be plant-based material which can be used as a fuel for heating or electricity
generation. Biomass may be in the form of agricultural residues, wood residues, wood, and wastes from
households, industry, and farms. Fortunately, Iraq is very affluent in biomass; according to Alhassany,
Abbas [27] crop leftovers are available in amounts of around 10 million tons per year. These leftovers
comprise mainly barley straw, wheat straw, rice straw, and pruning. According to studies, this amount of
residues is able to produce 115.13 PJ of potential energy yearly. Moreover, the study estimates 10 million
cattle in Iraq, this could produce a 72 million cubic meters of biogas per day, which represents an annual
energy potential of 946 TJ. However, the abundant of the gas and oil in this country has negatively
affected the potential to make use of the biomass. Biomass has been considered by several Iragi scholars
who tried to utilize bio-methanol and ethanol in mixed internal combustion fuels, like gasoline and diesel.

Though, no actual and effective efforts have been presented yet to convert biomass-to-electric power [10].
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In this context, Saleh and Chaichan [28] used PRODIT GR306/0001 type internal combustion engine with
a single cylinder and variable compression ratio. The investigation was done on gasoline fuel (80 octane),
with an equivalence ratio of @=1, wide range of air-fuel ratio, and different engine speeds (1500, 1700 and
1900 rpm). Ethanol was added in blends of 10% and 20% to the gasoline, and the engine performance and
emissions were evaluated. The study reported that, for gasoline, the Highest Useful Compression Ratio
(HUCR) was 8:1. By adding 10% ethanol, the HUCR increases to 9.5:1, which in turn increases the brake
power. The brake specific fuel consumption also increases, whereas the CO and the CO; emissions

reduce.
1.3.4 Hydro Power Plant Potential in Iraq

Irag has two important rivers, the Tigris and the Euphrates, they represent 98% of Iraq’s water, and both
are originate in Turkey [29]. They are significant supply for energy generation in Irag and they play a

major role in agriculture irrigation [10].

Presently, hydropower is the a sustainable energy source that has maximum share in ppower generation in
Irag. Figure 1-10 shows that the hydropower source represents 90% of Iraq’s renewable power. Though,
this sector has met several complications due to conflicts, which damaged the infrastructure and transfer

lines.
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Figure 1-10 The Iraqi electricity generation mix in 2018 (in %, GWh) [5]

Climate change has been confirmed to be vital challenge for the hydropower generation. The capacity of
installed hydropower stations in 2012 was 1,864 MW, however, this power potential could not be fully
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utilized [10]. Even with the inadequate water resources, the strategy is to upsurge the hydropower to 14
TWh by 2035 [10]. Irag has the most potential to utilize hydropower energy compared to the Arab

countries. The current operational and planned hydropower dams in Iraq are given in Table 1-2.

Table 1-2 Iraqi operational and planned hydropower dams in Iraq [5]

Operational hydropower dams

Dams Dokan Derbedkhan | Mousil Himreen | Haditha Samara A-hidya Kuffa

Power (MW) 400 240 750 50 660 75 15 5

Dams Bakhma Taktak Al-Khazer | Badosh | Al- Mendawa | Al-Udym Al-Fatha
Comel Baghdadi

Power (MW) 1,500 300 24 m 300 620 27 2,500

After the solid biofuel, hydropower is the most vital renewable energy source in the Arab region with
approximately 13% of the overall renewable energy consumption. Four countries, including Egypt, Iraq,
Morocco and the Sudan account for almost 90% of the county’s hydropower consumption. This indicates
a high contribution of the hydropower resources in these countries. Due to the political instability in Iraq
the maintenance processes of the hydropower facilities have been significantly hindered, which resulted in

increased reliance on natural gas-fired power plants compared to hydropower.
1.4 The Current Iragi Energy Policy

As a developing country Iraq is required to develop a firm strategy and to establish a long term policy, like
other developing countries, for the RE mix. This would contribute efficiently in developing the electricity
generating sector, reduce the averment impact, and ensure sustainability with reliable sources at an
affordable coast. The government in Iraq has set in the low of electricity in Irag, No. 53 for 2017. The fifth
item of the first chapter of the low state that the Iraqi ministry of electricity “Support and encourage the
use of renewable energies in various fields, and localize their industries” [30]. This represents a good step
forward to enhance and encourage this technology in Irag, and it opens the horizon for more successful

implementation in the near future.

Recently, thermo electric generation (TEG) technology has emerged and has been employed in many
fields depending on the availability of heat sources. Several countries have employed this technology for
variety of applications, however, no studies have been found in the literature regarding the implementation

of this technology in Irag.
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The TEG application spectrum includes the international space stations, USA, with an output power of
470 W, the Upravlyaemy Sputnik Aktivnyy station, Russia, with an output power of 390 W, the American
Gentherm manufactures offshore platforms along pipelines, at altitudes or near gas wells with output
power up to 550 watts, and the German car company (BMW) with a output power more 600 W. Also, it
was used at homes with low power consumption applications in an independent manner or by integrating

it with solar panels.

The ability to recover the wasted heat from the power generation processes and transform it to usable
electrical power would massively enhance the power generation efficiency. Moreover, the reduced
greenhouse emission that might be achieved by reducing this wastage would be beneficial for the
environment due to the less fuel burning required for the same amount of electricity produced. Recently,
TEG systems have attracted a considerable consideration in waste energy recovery due to their
outstanding advantages [31, 32]. They have many benefits in generating electricity from heat energy; they
do not moving parts, which makes its operation less costly [33]. Also, they have no economyscale-of
effect, therefore they can be used for micro generation, in a limited space, as well as to generate kilowatts.
Additionally, TEGs are environment friendly, and they run with no sound pollution [34]. Contrariwise,
TEGs do have limited energy conversion efficiency and need a relatively constant heat source with high
temperature difference across it two sides. This has limited their mass implementation in large scale power
generating plants which is considered as a drawback in the literature [35]. The aforementioned advantages
and drawbacks have attracted the researchers to consider the TEGs from different perspectives. Some of
the research efforts were dedicated to implement the TEG in a variety of applications. For example, in
waste heat recovery by Luo, Wang [36], in solar energy operation by Jouhara, Zabnienska-Gora [33], and
in thermoelectric generators with a peak efficiency of 9.6% and a system efficiency of 7.4% by Kraemer,
Jie [37]. The other research efforts were directed towards overcoming the TEGs’ drawbacks and
enhancing their performance [38-40]: and to maximize their electrical energy generation [41, 42]. This
was deliberated by scholars using either experimental or numerical methods. Experimentally, the
researches built variety of TEG system designs, and assessed their productivity and performance in
different operating conditions. On the other hand, the numerical approach adopted different modeling

techniques to simulate the TEG performance using different software [43-46].
1.5 Conclusion for Chapter One

Despite the aforementioned attempts and inferences done by the researchers, the main TEG systems’

challenges represented by their low energy conversion efficiency and the need for constant heat source
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still exist. No study to date has provided empirical proof for the TEGs’ hypothesized effects to implement
them in a large-scale power generation utilities. Issues related to TEG design and applications in practical,
powerful, and cost effective power conversion plants have not yet been elucidated. Further, the key
questions related to the overcoming the drawbacks of the TEG are not fully addressed yet. Therefore, this
study is conducted to provide an attempt to fill the identified gap and expand the knowledge through a
series of critical experiments and numerical modeling. As a first step the study explores the direct effects
of the TEG designs and operating conditions on their performance and energy conversion efficiency.
Then, accordingly, a set of novel TEG designs was proposed and evaluated. The proposed designs involve
different systems configurations, improved heating, and improved cooling techniques. Moreover, the
electrical connection and the potential TEG hybridization with other energy harvesting systems were
examined to explore their influence on the performance. To cut off the experimental investigation cost and
to provide efficient parameters examination technique, the study develops a numerical model applicable

for wide range of the geometrical configurations and operating conditions.
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CHAPTER TWO: EXPERIMENTAL EVALUATION OF DIFFERENT
MECHANISM METHODS TO MAXIMIZE THE OUTPUT POWER OF
THERMOELECTRIC GENERATORS

2.1 Overview

Different TEG systems modification techniques were designed, built, and examined during the study.
They are proposed to improve the performance and to enhance the energy conversion efficiency. The
investigation of the designed systems was performed in Baghdad, Iraq (33.3152° N, 44.3661° E), during
July 2020. Different TEG panel configurations with various connection methods were evaluated. Diverse
heating and cooling techniques were assessed. Further, a solar operated TEG panel system was examined

with the presence of a Fresnel lens.
2.2 Experimental Approach
2.2.1 TEG Performance Improvement Designs

Even though the high desirable advantages offered by the TEGs, their performance is nowhere close to
other renewable energy harvesting technologies, such as the solar photovoltaic systems. The following
review provides a summary survey for the state of the art to improve the productivity of the TEGs and to
enhance their performance. This task was deliberated by researches using different strategies; some
researchers considered improving the cooling of the TEG, the others adopted different materials to
improve the performance such as the phase change materials and nano materials. Other research groups
adopted modifying the TEG configuration design or their electrical connection, while others groups

integrated the TEG in a hybrid systems with a variety of electricity generating devices.
2.2.1.1 Cooling Improvement Strategies

Alahmer, Khalid [40] proposed several strategies to develop efficient TEG device. The study provided an
experimental method to employ the liquid evaporation heat transfer to improve the performance. The
thermoelectric performance was investigated under various heat flux values and diverse forms of heat
transfer, including free convection, forced convection, free convection with fins, and forced convection
with fins. The results revealed that the forced liquid evaporation convection improves TEG voltage

variation by 435.9% compared to free convection.
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In another study, Mohammadnia, Ziapour [47] provided a self-cooling TEG system using cooling fans that
consume a fraction of power generated by the TEGs. The system’s design parameters were critically
investigated to achieve maximum net power by using the optimum operating conditions of the fans. The
study also investigated the effect of electrical input power of the cooling fans on the performance of the
self-powered TEG system. The results demonstrated that the potential of using the cooling fans is strongly
dependent on the thermal boundary conditions and the electrical load resistance applied on the coupled
electric circuit of the TEG. Furthermore, the study reported that a minimum inlet airflow temperature and
a minimum external load resistance are required in the proposed system to generate electrical power

higher than that without the cooling fans.

Hilmin, Remeli [48] introduced titanium oxide (TiOz) fluid as a cooling medium to increase the efficiency
of a TEG set-up connected to a vehicle exhaust system. This fluid has been proven to have improved heat
transfer properties; therefore it is anticipated to improve the cooling of the TEG surface. During the test,
the engine was in idling conditions and the speed was varied between 700 and 1500 RPMs. The study
reported remarkable enhancement in the TEG’s thermal conversion and electrical power output, for

various engine speeds, compared to water cooling.

In the same context, Lekbir, Hassani [49] proposed a new design of nanofluid-based photovoltaic
(PV)/TEG hybrid system with cooling channel to improve the overall efficiency of hybrid system. The
nano fluid performs as a coolant, it absorbs the heat from the TEG module resulting in raising its gradient
of temperature, and eventually the overall performance of the system. The performance of the proposed
novel design was investigated and compared with the conventional systems. The study revealed that at 35
°C operating temperature, the produced electrical energy by the proposed design is 10%, 47.7% and
49.5% higher than that of the nanofluid-based concentrated photovoltaic/thermal, CPV and CPV/TEG-

heat sink systems, respectively.

Selimefendigil and Oztop [50] provided an assessment for a TEG module fitted to two channels where
carbon-nanotube/water Nano fluid streams flow. The study provided an investigation for the effect of
different combinations of nanoparticle inclusion and flow pulsations. Nanoparticle volume fraction
between 0 and 0.04, pulsating flow frequency (Strouhal number between 0.01 and 0.1) and amplitude
(between 0.25 and 0.95) on the power generation are examined. Higher power output is achieved when
pulsation amplitude and nanoparticle solid volume fraction increase, though higher pulsation frequencies
has been found to has inverse effect. At lowest pulsation frequency and highest amplitude a 14.2%
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improvement in power is achieved for water compared to steady flow case. Though, the improvement

rises to 31% for carbon nanotube nano fluid at the highest solid volume fraction.
2.2.1.2 Using Phase Change Materials

Phase change materials (PCMs) are able to absorb, store and release large amounts of latent heat over a
defined temperature range when the material changes phase or state. Recently, they have been considered
in solar energy storage applications due to their ability to absorb energy when the phase-changes from
solid to liquid, and release energy when the phase changes from liquid to solid. This interesting feature
has attracted many researchers to integrate the PCM materials with the TEG system to sustain the energy

productivity.

Karthick, Suresh [51] developed a TEG design with a heat sink coupled with a thermal energy storage
(TES) unit, as shown in Figure 2-1, for TEG modular solar reversible generation of power. The
thermoelectric generation modules are alternatively cooled and heated through open and closed-circuit
conditions. The developed design proposed a phase change material (PCM) packed heat sink. It keeps the
thermal energy, providing energy generation continuity at night. The results demonstrate that the
reversible process of TEG modules is useful for power generation during the day and the night. Also, the
study highlighted that, during heating, the average power generated was 0.23, 0.31 and 0.39 W for heat
flux of 4.5, 5 and 5.5 kW/m? respectively. Whereas in cooling, the average power generated was around
0.31W.
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Figure 2-1 A 3-D schematic view of experimental setup for TEG system with cooling arrangement [51]
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Borhani, Hosseini [52] examined the performance enhancement of a 5-TEGs by using PCM and porous
medium. TEG’s both sides were packed with paraffin, RT35 on the cold side and RT69 on the hot-side, as
shown in Figure 2-2. Copper porous medium with different porosities and different pores per inches was
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added to the PCM to improve its thermal conductivity. In the cold side, the PCM acts as a heat-sink,
whereas in hot-side the PCM acts to reduce the output voltage fluctuations. The PCM in the hot-side
generates a continuous heat when the heat source cuts-off. The study reported more electrical energy and
output voltage when porous media is used on the cold side compared to use it on hot-side, and to PCM
without porous medium on both sides. The results also pointed that the performance of the TEG can be

improved 5.36% by reducing the porosity.
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Figure 2-2 schematic of the TEG system with PCM [52]
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To maintain electricity generation at night, Naderi, Ziapour [53] improved the photocell efficiency and
power generation by integrating it with TEG and PCM. Practically, the proposed method acts to convert
the heat energy into electricity energy using a thermoelectric generator, instead of dissipating it. The
performance of the proposed system was compared to a solo photovoltaic system in terms of solar cell
efficiency, temperature, and output power. The study findings demonstrated that, in the proposed system,
the temperature of the cell was reduced from 74.43 °C - 53.72 °C. Further, the electricity output and the
solar cell efficiency were increased by 100% and 1.38%, respectively. Though, during night, the system’s
output power is low. The study also considered the wind velocity, packing factor, and the number of
thermoelectric generators to optimize the system efficiency. The results showed that at packing factor
of fsc=0.4 and ps=0.93, the thermoelectric generator efficiency was 4.32% to 0.61% less, respectively.
and the efficiencies of solar cell were 15.88%, 16.2% and 16.42% at average wind velocities

of 1(m/s), 2(m/s) and 3(m/s), respectively.

Huang, Yan [54] integrated the PCM with TEG to improve the transient performance and total efficiency
in an automotive related application. This was done by reducing the exhaust gas temperature fluctuations,
and thereby improving the efficiency under various driving conditions. The Pentaerythritol (PE) PCM was

selected based on the thermal properties of the exhaust gases. It has low rate of volume change during the
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phase transition, and its phase transition is more compatible with the automotive exhaust temperature
range. The results revealed that the improvement of open circuit voltage and power output are 0.7% and

1.16%, respectively.

Wang, Peng [55] tried to improve the TTEG system performance by adopting the PCM and heat transfer
enhancement to establish improved thermal conditions. The study provided an experimental investigation
for the effects of the PCM and the heat transfer enhancement on the open-circuit voltage and the electrical
energy. Results indicated that the temperature, thickness and thermal conductivity of the PCM are of great
impact on the electrical energy generated. The results also indicate that suitable PCM and heat transfer

enhancement measures should be considered according to the TEG’s working conditions.
2.2.1.3 Modifying the TEG Configuration

Wang, Liu [56] designed a power generator (Figure 2-3) made of four TEGs arranged in a half-ring form.
The design utilized a polymer-based composite materials and used on hot water pipes to recover the waste
heat. The experimental work succeeded in producing a 3.4 mV output voltage and 126 nW output power
using a temperature difference of 10.5 K. Another study by Susanto, Salim [57] proposed parallel and
series connected TEG modules to exploit a rocket stove heat. The heat is collected by water flow in a
copper pipe wrapped around the stove, where water temperature reaches 90°C. A resistor of 1kQ - 10kQ
was used to test the power produced by the proposed TEG. Highest efficiency of 5.38% was obtained at
the 5kQ.

Cu electrode

Figure 2-3 (a) Schematic of TE-.Gina hot water pipe. (b) and (c) are the photographs of n and p-type
half rings synthesized by compression molding, respectively. (d) Photograph of the TEG on a stainless
steel pipe [56].
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Qasim, Velkin [41] developed and evaluated the performance of a new TEG panel for converting the solar
radiation into electricity. The TEG panel was made of many TEG modules, and was exposed to solar
radiation using a Fresnel lens. The other side of the TEG modules is cooled with water at ambient
temperature. To achieve an active cooling, the water passes through an aluminum heat exchanger. The
study reported maximum open-circuit output voltages of 9.35 V and 11.75 V for the TEG panel with and
without the Fresnel lens, respectively. These voltages where obtained in Iraq during July at 14:00 h local

time.

Hoang, Nguyen [58] investigated the generation characteristics including voltage and power output, and
conversion efficiency of a TEG with added fishbone-fins to enhance heat exchange. Also, the effect of
cooling water mass flow rate (MFR) on the power generation characteristics was analyzed for hot inlet air
temperatures between 200-500°C. The results showed that the fishbone-shaped fins improve the output
voltage and power by 31.37 V and 16.49 W, respectively. In the same way, the conversion efficiency was
increased 2.93% due to the use of the fishbone-shaped fins compared to conventional one. Moreover, the
cooling water outlet temperature was measured to evaluate the fishbone-shaped fins effect on the flux
transferred from hot side to cold side of the TEG.

Garmejani and Hossainpour [59] considered a TEG system equipped with hot and cold heat-exchangers
and optimized the performance using automobile exhaust. The study analyzed the system to calculate the
objective functions including power output, second law efficiency, investment and a compound function
which is a sum of power, second law efficiency and the investment. The heat exchangers’ hydraulic
diameter and the mass flow rate of the hot fluids are considered as input variables. A MATLAB code was
used to conduct a multi-objective optimization for co-flow and counter-flow system. The results revealed
that the efficiency of 6.56% with the power of 118.72 W can be achieved using the optimization method.
The study concluded that, by reducing the power output by 9.58% a 44.81% enhancement in the second
law efficiency, and a 37.31% reduction in the investment are achieved.

Karana and Sahoo [60] provided an attempt to design and develop a modified annular TEG (MATEG)
design which has a heat transfer along its longitudinal direction. This design has a good potential
application in fluid-carrying bend pipes. It is also applicable for round-shaped heat sinks and source,
where the performance suffers due to the mismatch of geometries. A steady-state theoretical approach was
developed to predict the proposed system performance using parallel flow and counterflow cooling
configurations. The study provided an investigation for a number of the effective parameters. This

includes the TEG geometric dimensions, number of the modules, length of the module, angle ratio, total
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angle, and of the height of junction. The study reported that the maximum power is obtained with five
numbers of the module. Further, by increasing the length of TEG module, the power density decreases

with slight fluctuation in the conversion efficiency.

Zarifi and Moghaddam [61] proposed a novel laboratory TEG design, shown in Figure 2-4, based on
combined heat and power (CHP) model to maximize the energy output level by a compensating method.
The study employed an economizer section where the temperature gradient for the TEGs can rise. By
introducing the economizer, the wasted heat from the TEGs can be significantly compensated in the
economizer part. To assess the functionality of the proposed design, the research group investigated the
performance of developed design in two different modes, with and without the economizer. The results
confirmed that the efficiency of the suggested TEG system was enhanced by up to 90% when the

economizer is used.

Figure 2-4 Finned tube economizer (A and B)-water cooling block (C) and hot sink (heat sink) comprised
of four TEGs (D) [61]

2.2.2 Hybrid TEG System Designs

One the most motivating study field in renewable energy is the progress in energy harvesting techniques
which are used to produce electricity from solar irradiance. One of these technologies is the PV-TEG
hybrid scheme which is gaining growing interest [62]. Since TEG generators electricity, it acts to raise the
electrical performance when integrated with PV in the hybrid PV-TEG system. This can result in
approximately 10% more produced energy than a single PV solar cell, however, this depends on TEG’s

material, geometry, and connections [63].
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Hybrid PV-TEG systems are designed by two methods, the first is called spectral splitting method where
energy below 2,500 nm cut-off wavelength is transmitted to the PV while the higher wavelength is
transmitted to the TEG. The second is known as direct method, where the TEG is directly connected to the
back of the PV. The TEG uses the extra heat produced by the PV to generate extra energy. To determine
the hybrid PV-TEG system optimum operating condition, several studies have considered the effects of
various operating parameters. The investigated parameters included the cooling system [64], system
structure [65], and the contact thermal resistance [66]. However, most of the researchers focused on the

solar irradiance effect on the PV-TEG system's performance.

Yin, Li [67] experimentally optimized the concentrating photovoltaic thermoelectric hybrid CPV-TE
system's (Figure 2-5) operating conditions taking into consideration the connection modes, system
structure, coupling characteristics of the devices, and total input energy. The study evaluated the hybrid
PV-TEG at different concentration ratios to determine the influence of the optical concentration ratio on
the efficiency of the system. Also, to evaluate the performance features and the output voltage effect of
the photovoltaic system, the TEG load resistance influence on the power output was examined. The
influences of structural design and thermal resistance on the PV-TEG system's efficiency were also
analyzed. The study also provided an investigation for the series and parallel connections of the TEG
modules. The results revealed a 28.9°C temperature difference through the TEG when the optical
concentration was changed from 74 W/m? to 217 W/m?, specifying a considerable improvement in the
TEG efficiency.
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Figure 2-5 Schematic diagrams of the CPV system and the CPV-TE hybrid system

Riahi, Ali [68] investigated a concentrated photovoltaic thermal (CPVT) and concentrated photovoltaic
thermal thermoelectric (CPVT-TE) hybrid solar systems. The results showed that the output electric
power of the CPVT-TE is greater than that of the CPVT. Also, an improvement in the electrical efficiency
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can be achieved through the integration of the thermoelectric generators. The study reported a 7.46%
improvement in the daily electrical efficiency of the CPVT-TE system, in a sunny day with 935 W/m?

radiation level and 33 °C ambient temperature, compared to the CPVT system.

Wu, Zhang [69] studied the load and the main geometric parameters of an alkali metal thermal electric
converter AMTEC/TEG hybrid system. The study provided an evaluation for the evaporation temperature
and condensation temperatures of the AMYEC and the operating temperature of the TEG. A considerably
effect for the electrode current density on the AMYEC and TEG systems was reported in the study. Also,
the results show that the AMTEC and AMTEC/TEG systems’ maximum conversion efficiency was
27.42% and 31.33%, respectively. Interestingly, the optimal thermoelectric module area to electrode area
was reported as 0.2 regardless the ratio of evaporator heat transfer area to electrode area. Additionally, the
study concluded that the thermoelectric arms’ length and the ratio of thermoelectric couple area to the
total area of the thermoelectric module should be < 11 mm and > 0.55, respectively, to obtain a compact

and low-cost system.

Wu, Zhang [70] incorporated a thermionic converter (TIC) and an AMTEC to the TEG to develop a novel
thermoelectric TIC/AMTEC/TEG hybrid system driven by a concentrated solar radiation (Figure 2-6).
The study considered the effect of a set of load and geometrical parameters on the conversion efficiency
of the developed hybrid system (yaLL). These parameters include the TIC output voltage (V1), the AMTEC
electrode current density (J2), the TEG dimensionless current (i), and dimensionless geometric parameters
(the ratio of total electrode area of AMTEC subsystem to emitter area of TIC subsystem (r), the ratio of
TEG subsystem area to total electrode area of AMTEC subsystem (c)). Furthermore, comparisons with
two-stage hybrid systems were presented to evaluate the contribution of the developed hybrid system. The
study highlighted that booth of Vi and i have a positive effect on #aLL. Also, the yaLL increases first and

then decreases under the influence of J2 and r, and low c can achieve better 7.
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Figure 2-6 The schematic diagram of the concentrated solar-driven TIC/AMTEC/TEG hybrid system [70]

Al-Widyan and Al-Oweiti [71] examined a hybrid TEG/thermal radiator unit to generate electricity while
heating a cold space. The TEGs were fitted on the two sides of the aluminum sheet of the radiator to
exploit the temperature difference between the hot water inside the radiator and the surrounding air. An
assessment for the system’s performance was performed, under free and forced convection conditions,
based on the TEG’s parameters, temperature, and velocity of the hot water and air. The results revealed
that the ambient air velocity is the most effective parameter on the generated power with an optimum
value of 0.5 m/s. Furthermore, the generated power decreases 15.39 % for 5 K increase in ambient
temperature. Though, it increases 24.6 % when the hot water temperature increases by 5 K.

2.3 Experimental Setup
2.3.1 Principle and Mechanism of the TEG Module

Typically, a thermoelectric power generation module contains up to 100 TEG elements. These TEGs
comprise p-type and n-type semiconductors [72]. They consist of components involve big concentrations
of positive and negative charges in p-type and n-type junctions respectively. A large amount of the
positive charges or holes are doped into the p-type material, which results in a positive Seebeck
coefficient [35]. The negative Seebeck coefficient, on the other hand, is achieved when an n-type material
is doped with a large concentration of negative charges or electrons. Figure 2-7 demonstrates a schematic
of a TEG module.


https://www.sciencedirect.com/topics/engineering/ambient-air-velocity
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Figure 2-7 Schematic depiction of a TEG module
Seebeck effect is the basic working principle of the thermoelectric generator module. When the TEG
module is exposed to heat, charge carriers off the semiconductor material. Normally, they are holes in p-
type and electrons in n-type semiconductors. They diffuse from high temperature area (Th) to a lower
temperature (Tc) area. Hence, it is essential to have a temperature gradient between the two sides of the
TEG module in order to get the electrical charge. When the diffusion process take place, an electrical
current is induced, this accordingly leads to voltage potential build up at the TEG module’s terminals.
Because of these characteristics, different TEG module applications and configurations are exist [73]. A
suitable AT enables heat transfer and subsequent electron flow from the n-type to the p-type

semiconductors and the generated voltage is as follows:

V. =axAT 21
AT =T, —T, 2.2
a=(a,—a) 2.3

here Voc represents the open circuit voltage, o denotes the coefficient of Seebeck effect (V/K), an and op

are the Seebeck coefficients of the n-type and the p-type TE legs, respectively.
a = Av/AT 2.4

where, Av , AT are the voltage and temperature change, respectively.
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The TEG electrical power across the externally connected load produced a current flow in the circuit,

which can be designed using the power balancing formulas given below [74].
W=0,-0Q,=V.I 2.5

here, Qn , Qc denote the absorbed and dissipated heat rate at the hot and cold junctions of a TEG module
respectively. they are determined by

I?R
2

Qn = (Kp — Kp) (T — Te) + (a, — an)IT, — 26

Qc = (Kp — Kn)(Th = T) + (@ — an)IT, + 25 2.7

where K, represents the thermal conductivity of the p-type, and ks is the thermal conductivity of the n-type
TEG legs. Also, Tr and T denote the temperatures of the hot and the cold junctions, while R and | are the

electrical resistance and current, respectively.

When Equations 2.6 and 2.7 are rearranged and simplified we get:
V=_(a,—an)(T,—T.)—IR 2.8
2.3.2 Solar TEG System Panel

To develop a solar operated TEG panel with a maximum output voltage, the study proposed a TEG
panel that collects the heat from the solar energy while the low temperature sink is cooled with a normal
tap water. Table 2-1 below lists the technical specifications of a used TEG module, and Figure 2-8 shows
it configuration. This module is manufactured specifically for power generation; it can also be used for
cooling and/or heating applications. However, it is far superior compared to the standard peltiers for
power generation applications.

Table 2-1 Technical properties of a single TEG module (SP1848-27145)

Properties Value
Material Ceramic/bismuth telluride
Model SP1848-27145
Temperature 150°C

Open-circuit voltage at temperature difference
20, 40, 60, and 80°C
Current at temperature difference
20, 40, 60, and 80°C

0.97,1.8,2.4,3.6,and 4.8 V

225, 368, 469, 558, and 669 MA
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Figure 2-8 The TEG mod

The panel consists of 150 TEG modules arranged in a

i

ule (SP1848-27145)

15 x 10 array; it has a group of 10-TEG modules

connected in series, and 15 lines connected in parallel, as shown in Figure 2-9.

(a)
Figure 2-9 TEG modules (a) the series and parallel co
into the system.

(b)
nnection (b) The integration of the TEG modules

The panel is positioned on a flat table; and a 4 mm thick glass sheet was placed at a distance of 5 mm

above the TEG hot surface. The glass cover helps

to upsurge the heat transfer on the hot surface
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particularly when it is exposed to the solar radiation. Also, to guarantee a uniform temperature distribution
among the TEG modules and to increase the solar radiation heat storage, a 16 mm thick black aluminum
plate was fitted to the hot side of the TEG panel. To ensure sufficient cooling for the other side of the TEG
modules 30 heat exchangers were fitted to the modules and were supplied with tap water at a flow velocity
of 0.8 m/s. The properties of the each heat exchanger were CI'YXGS Aluminum blocks, cooled with water,
and has dimensions of 40 x 240 x 10 mm [75]. Figure 2-10 shows the configuration, internal design, and

the connection ports of the used aluminum block.

PRODUCT INTERNAL FLOW DESCRIPTIOM

nal flow channel is extruded into an M-shaped flow channel to

maximize thy

it

40 x 240 x 10mm

Figure 2-10 The configuration, internal design, and the connections of the water cooled CIYXGS
aluminum block

Water cools each heat exchanger to guarantee an excellent temperature distribution on the TEG panel low
temperature side. Several temperature sensors were fitted on each sides of the TEG panel. Figure 2-11

shows a schematic cross-section of the designed TEG panel.

Aluminium Plate

TEG Module i

Water Pipe

Heat Exchanger
TL sensor
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Figure 2-11 A schematic shows the cross section of the TEG panel.

The coolant that was employed in this study retained its low temperature, and it did not leak from the
system. A thermal paste was used to do the installation to guarantee excellent contact between the cooling
block and the TEG modules. The thermal paste is a high thermal conductivity soft silica gel
200*400*0.3/1.2/1.5/2.5/5/6mm Gray and white heat sink 1.5w/m.k GPU CPU silicone pad. STARS-922
59 heat sink plaster strong viscous thermal silica gel. The application of sufficient thermal paste was very
important, and it must be used carefully to maximize the contact surface area between the ends of the
Peltiers on the back of the panel. Thermocouples (heat sensors) were fitted at different locations on the
panel to monitor the temperature distribution on the panel. Signals from these sensors were sent to a

custom designed Arduino Mega.

To achieve maximum voltage out of the TEG panel, two distinct methods were adopted. The first involves
using a Fresnel lens to focus the solar radiation on the TEG panel. In the second method, the solar
radiation is directly applied to the TEG modules with no lens. Similar conditions and at same solar
irradiance intensity were applied when operating the two TEG panels during the experiment. The
experiment was performed and a comparison was done between the proposed designs of a TEG panel
system. The first system was integrated with a Fresnel lens (L-TEG panel), while the second is without
Fresnel lens (NL-TEG panel).

In most previous studies, the researchers adopted a single TEG module or set of modules at various high
temperatures. In this current study, a TEG module at lower temperatures was used. The voltage and
current were both manually and automatically measured using instruments and a microcontroller,

respectively.
2.3.2.1 TEG Panel Subjected to Solar Radiation through a Fresnel Lens (L-TEG Panel)

In this system, the suggested approach is novel and simple. A Fresnel lens is used in the L-TEG panel
system, while in the NL-TEG no lens is employed. A major problem was to provide adequate heat transfer
by improving contact with heat and cold sources. This was done using thermal paste in the form of strips
placed on both ends of the Peltiers, which minimize the replacement and maintenance costs. Generally,
two types of Fresnel lenses are used in solar-related applications. First is a spot Fresnel lens, it focuses
light into a single point on a required area. The second is a linear lens, it focuses solar light into a line on a

particular plane [76, 77]. In this study the spot Fresnel lens was used as shown in Figure 2-12.
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Figure 2-12 A side view of the adopted arrangement of Fresnel lens and the TEG panel system

The TEG panel was placed beneath the lens at a distance equal to the focal length of the lens which is
protected by a metal frame. The lens has dimensions of 1100 x 1100 mm. During the experiment the lens
focused solar light into a single spot. The glass cover and the aluminum plate ensure an approximately
equal and uniform heat energy distribution on the TEG panel hot side. The entire system design and

arrangement during the experimental test is shown in Figure 2-13.

The Lens
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(b)
Figure 2-13 (a) the TEG system schematic diagram, (b) the exposure of the TEG panel to solar radiation
via Frensel lens

The focal length of the TEG panel-lens system was adjusted using a linear DC motor. An Arduino Mega
microcontroller was employed to control the system tilt angle via a driver circuit, as shown in Figure 2-14
below. The Arduino Mega data logger system collects the data from a set of thermocouples, logged
measurements were presented on a serial monitor, and they were saved in a text file. The controller, also,
collects data from a photo sensor fixed on the lens’s steel frame, and accordingly adjusts the focal length

of the lens and the tilt angle of the TEG panel.

Figure 2-14 A schematic diagram illustrate the temperature measuring system including the data logger
and Arduino Mega.
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2.3.2.2 TEG Panel Subjected to Direct Solar Radiation without Lens (NL-TEG Panel)

The NL-TEG Panel was direct exposed to solar radiation, as illustrated in Figure 2-15. Temperature
reading data was logged using temperature sensors connected to an Arduino Mega. The TEG panel was
oriented for collection of maximal solar radiation during the day. Its panel was aligned using a magnetic
compass, compensating for magnetic variation [78]. In the northern hemisphere at latitudes greater than
23.50, the solar collecting system should be oriented to face south. The current study was done at
approximately 33 north latitude. To gain maximum solar radiation, the no lens TEG panel must directed

toward the geographic South Pole [79].

(b)
Figure 2-15 (a) top view, and (b) side view of the no Fresnel lens TEG panel exposed to solar radiation

2.3.2.3 Analysis of Measurement Errors

In this part a brief discussion for the effects of measurement errors, during the experiments, is provided.
This comprises the measurement devices error rate in addition to the errors of the microcontroller
(Arduino) and sensors. A range of parameters were measured to determine the uncertainty related to the
used instruments in the experiments. Table 2-2 depicts the various used instruments accuracies, this
includes the ambient temperature measuring recorder, the digital clamp meter, the humidity meter, the
TES 132 solar power meter, the Handheld Pro HYAC CFM anemometer, and the NTC single-end glass
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seal thermistor temperature sensor. To evaluate the standard uncertainty (un), Equation 2.9 is used [80,

81].

U, = % 2.9

here the instrument accuracy, as given by the manufacturer, is indicated as an. Equation 2.10 is used to

determine the uncertainty of z, where z is a several inputs dependent [81].

u(z) = \/(;—;)2 u?(wy) + (;—;2)2 u(wy) + -+ (;TZH)Z uz(wy,) 2.10

where potential errors are given as Ay1, Ay2, . .. ... Ayn. The total uncertainty percentage of the TEG
system was 2.61%. This is satisfactory in systems similar to the one used in our study.

Table 2-2 Technical properties, uncertainties, and accuracies of the measuring instruments

Instrument Range Accuracy | Uncertainty, %

Digital Temperature Humidity —-20°C~70°C | £1.0°C% 0.58

Meter, °C, RH% 0 ~ 100%RH +3.0%RH 1.73

AC/DC Digital Clamp Meter, V —-20°C~70°C +0.01% 0.01

TES 132 Solar Power Meter, W/m2 | —0 ~ 2000 W/m2 +0.7% 0.40
Pro HVAC Anemometer Handheld 0

CFM Meter Wind Speed Meter, m/s 0.001 ~ 45 m/s +3% 173

NTC single-end glass seal thermistor 900 ~ 260 1% 0.58

temperature sensor

2.3.2.4 Maximum efficiency

The TEG module maximum efficiency is influenced by the temperatures of the TEG’s hot and cold sides,
in addition to the ambient temperature. This is due to the module’s voltage and current are considerably
affected by its temperature. The maximal TEG module efficiency is determined according to Equation
2.11 [82-84].

_ Tp—Tc V1+ZT-1
Mhnax Th 1+ZT+;—Z

2.11

where T = @ , Th and T¢ are source and sink temperatures, respectively. ZT is called a figure of merit,

the thermoelectric figure of merit Z, which is given by Equation 2.12 below, predicts the performance of

any thermoelectric generator [85]:
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A 2.12

where p represents the electrical resistance, and k denotes the thermal conductivity. If linked to the
thermoelectric module average temperature (T), this figure of merit becomes dimensionless value for the

n-type and p-type TE legs. It can be given by the following equations:

= a?T
ZTp’n = p_k 213
a’o
Zpn = 2.14

In the above equation @, o, and 1 are the Seebeck coefficient, electrical conductivity, and thermal
conductivity, respectively. All of these quantities are dependent on the TEG material, which is Bi>Tes in
this study. The (ZT) appears as constant; however, ZT is a temperature dependent through Equation 2.11.
For this reason and due to the dependence of ZT on the properties of the manufactured materials, we set
the value of ZT base on the temperature at which the experiment was performed where ZT has a range of
(0~1). The ZT value was taken (0.85) as specified by [86].

2.3.2.5 Results and Discussion

In both solar panels investigated in this chapter, the total time of the conducted experiments was 240 min.
The experiments started at 11:30 h., and it ended at 15.30 h. local time, lasting four hours. The weather,
effect of the Fresnel lens, power production, and maximum efficiencies of the two panels are presented

and discussed in this section.
2.3.2.5.1 Weather during the Experiments

The weather during the experiments was recorded (see Figure 2-16). The highest solar radiation, 950
W/m2, was recorded at 11:30 h Conversely, the lowest solar radiation, 200 W/m?, was observed at 17:00 h
although the data collection period ended at 15:30 h. Over the course of the day, the average solar
radiation was 694.59 W/m?. The highest ambient temperature, 46.8 °C, was recorded at 17:00 h. while the
lowest temperature was at around mid-day, 11:30 h., at the start of the experiments. The average

temperature during the experiments was 44.91 -C.
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Figure 2-16 Solar radiation and ambient temperature for the L-TEG and NL-TEG during the day of the
experiment

2.3.2.5.2 Effect of Fresnel lens at Different AT Values on the TEG System

This section discusses the impact of the Fresnel lens on the electrical performance of the two TEG
systems. The influence of the devices presented in this research on the thermoelectric system has been
investigated, as well as the extent to which they can be employed to save time and effort in the future. As
can be seen from Figure 2-17, the NL-TEG presented the highest AT across the TEG modules throughout
the experiments. The highest AT recorded between the cold and the hot side of NL-TEG panel was at
13:05 h. local time. The AT of the NL-TEG showed uniform changes and higher values compared to the
L-TEG. The reason for this is that a Fresnel lens focuses solar radiation on a single spot which yields an
irregular temperature distribution on the hot side that affects even the lower or the cold side temperature
of the TEG panel. In comparison, the NL-TEG panel showed its highest AT, 35.62 °C, against 29.18 °C
for the L-TEG panel during the same period. The system with no Fresnel lens worked very well, even at
quite high temperatures. The mean AT for an NL-TEG panel during the experiments was 31.69 °C and
25.80 °C for the L-TEG. This is a 5.89 °C reduction for the NL-TEG, as shown in Figure 2-18. In both
systems, there was an enhanced temperature difference, even though the systems operated under relatively
low temperatures. This was attributed to the use of M-shaped cooling blocks, so that the temperature rise
on the cold side was reduced compared to previous research [87].
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Figure 2-18 AT reduction for each of NL-TEG and L-TEG systems

2.3.2.5.3 Electrical Performance of the Module

The experimental electric voltages and currents are illustrated in Figure 2-19. The voltage dropped
considerably with decreasing AT. During the experiments, the average voltage for the NL-TEG system
was 10.33 V, while the L-TEG panel produced 8.74 V. This was a 1.59 V difference and a significant
reduction of the L-TEG panel in the voltage. The proposed NL-TEG mechanism showed its effectiveness
during the experiments. The voltage using no Fresnel lens was consistently higher than the L-TEG panel.
Similarly, the NL-TEG current was slightly higher than the L-TEG. This was expected since the AT value
was affected when there was no lens. The NL-TEG panel presented an average current of 1.68 A, while
the L-TEG panel produced only 1.36 A. The change was insignificant as both panels produced nearly the
same current until after mid-day when the ambient temperature increased sharply, affecting the system

temperature.
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Figure 2-19 (a) Voltage for L-TEG and NL-TEG systems, (b) Current for L-TEG and NL-TEG systems

The power output of both panels is shown in Figure 2-20. The NL-TEG panel had the highest output
power during the experiments. Both panels presented increased power with greater levels of solar
radiation, and hence had different temperatures during the experiments. The modules reached their highest
temperature differences (AT) at exactly 13:00 h However, output power subsequently began to decrease as
decreased due to reduced solar radiation. The NL-TEG presented an average power of 14.37 W versus
9.26 W for the L-TEG panel. Thus, there was a difference of 5.10 W between the panels. This means that
a 35.52% improvement in the output power was due to the different temperature profile of the NL-TEG

panel.
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Figure 2-20 Power for both L-TEG and NL-TEG systems at load of (5 /50 W)
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2.3.2.5.4 Maximum Electrical Efficiency for TEG Related to Thermoelectric Materials

The maximum conversion efficiency of a TEG module was dependent on the of the material used in the
fabrication, which was bismuth telluride BI2 TE3 here. The differences in the on the module surface were
due to variations in the tap water temperature and solar heat from the sun. The maximum efficiencies of
the NL-TEG and L-TEG modules were determined from Equation 2.11, and Figure 2-21presents the
results. The calculated average maximum efficiencies realized for the NL-TEG and L-TEG panels were
1.49% and 1.25%, respectively. This represents an improved efficiency of 16.09% in the TEG module, a
significant increase since the proposed mechanism does not depend on an active mechanism such as

forced convection cooling or heating from outside of the system.
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Figure 2-21 Efficiency for L-TEG and NL-TEG systems
2.3.2.5.5 Economic Analysis and Cost Estimation of System Implementation
This section presents a cost estimation of such a TEG panel. The estimation is based on the cost of system

components. Due to a low generated voltage, the Fresnel lens is excluded from the cost estimation. Table

2-3 represents the cost of the components of the TEG panel.

Table 2-3 Component costs of the TEG panel

Components CostUS $
TEG module 1.70
Aluminum alloy 6063 15.00
Water cooling Block 1.10
(Heat Exchanger) ’

Glass 2.00
Metal stand 10.00

Flexible plastic water pipes 5.00
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The total cost of the entire panel could be reduced if special modules were used to serve as a central heat
exchanger with larger TEGs. In comparison with PV cells, TEGs need less maintenance since the former

is affected by dust and high temperature, especially during the summer in hot areas like Irag.

Heat exchangers generally represent much of the thermoelectric generator system costs, which vary from
$1/(WIK) to $10/(W/K) and higher. Further considerations in economic analysis have been published [88,
89] for such systems. The cost of a heat exchanger is expressed in one US dollar per Watt and temperature
units ($/W/K). The lowest thermoelectric cost is found at the maximum power point, but not at the highest

power density of the thermoelectric module or the efficiency of the system.

According to the literature [87], the cost of a water-cooling block exchanger is approximately
$13.81/(W/K). Other heat exchangers, such as air-cooled exchangers, have costs of approximately
$15.12/(WI/K).

Due to its simplicity and its low initial investment, air-cooled exchangers are most commonly used to
improve the efficiency of the hot side of a thermoelectric module, although the actual thermoelectric gain
of income is rather modest [88]. Water cooled block exchangers are less costly, more efficient, and help to

optimize thermoelectric systems.
2.3.3 TEG System Panel with Two-Pass Flow

In this section, two TEG panels were designed and investigated using a multi-pass flow for the required
electrical power generation actions. First panel consists of 20-TEG modules arranged as a 2x10 array

while the second comprises 150-module arranged as 15x%10 array.
2.3.3.1 The Design of the 2x10 TEG Panel

Series and parallel connections of TEGs are used to fabricate a TEG panel. The aim of this research is to
convert waste heat from hot water pipelines that are fed from solar water heaters into electricity, as
depicted in Figure 2-22. The TEG panel will convert the AT on both sides of it into an electric voltage that
can charge a battery. The DC voltage of the battery can be converted into AC through an inverter to
supply loads such as LED lights. During the night, the TEG can supply electric current since the hot water
is fed in pipelines using an electric heater. Certainly, this will reduce electricity bills of homes.
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Figure 2-22 Role of TEG panel with solar water heater as renewable energy system

2.3.3.1.1 Proposed 2x10 TEG Panel

The series connections of 10 TEG modules are connected in parallel to form two lines of TEG modules, as

shown in Figure 2-23.
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Insulator Acrylic

\ Panel Cross Section With Insulator

(b)

Figure 2-23 (a) Schematic diagram of a 2x10 TEG panel, (b) TEG module connections of the panel used
in the current study.

The source of heat is hot water supplied from a solar water heater. The active cooling effect is from tap
water. Both hot and cold water are passed through pipes connected at the appropriate sides of the TEG
panel. The significant difference between this system and solar panels is that the former can be used
continuously during the day and night hours. This is unlike solar systems that operate during daylight
hours because they depend only on solar radiation. Thermal paste is used to allow for a uniform
temperature distribution at each side of the TEG panel. Additionally, thermal insulators are used at both
sides of the TEG panel to mitigate heat losses from the system. Acrylic glass covers both sides of the TEG
panel, as shown in Figure 2-24. A CIYXGS aluminum water-cooling block is used on the other side of the
TEG. The size this heat exchanger is (40 x 160 x 10) mm?® and it is constructed from an aluminum alloy
[41]. Water enters each heat exchanger in parallel flow to ensure good low temperature distribution on the
cool side of the TEG panel. On each side of the panel, multiple temperature sensors are used to measure

the temperature at various points. These readings are fed to an Arduino Mega microcontroller as shown in
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Figure 2-25. The role of the Arduino Mega board is to record temperature readings and save them to a text

file. So, it serves as a data logger.

(a) (b)

Figure 2-24 Implementation of the designed TEG panel experimentally, (a) side view showing the various
layers of the panel, (b) connection with an Arduino Mega microcontroller and measuring devices
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Figure 2-25 Temperature data logging via an Arduino Mega microcontroller
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2.3.3.1.2 Efficiency of the TEG System

The highest possible efficiency of any energy conversion is the Carnot efficiency. The Seebeck effect uses
a temperature differential to generate electricity in a thermoelectric device built from the junction of two
materials. Temperature differentials can be converted to other kinds of energy by several technologies [90,
91]. Thermoelectric and pyroelectric systems, for example, convert temperature differentials to electricity,
whereas Stirling engines and steam turbines transform them to mechanical work. Any device that
transforms a temperature differential into another source of energy has its Carnot efficiency as a
fundamental limit. The Carnot efficiency can be calculated using Equation 2.15 below [82, 92]. T» and T,
respectively, represent the hot and cold temperatures that comprise a temperature differential,

Tp-Tc
c Th

2.15

2.3.3.1.3 Results and Discussion

2.3.3.1.3.1 Effect of Active Cooling and Heating Methods on the Temperature Difference of a 2x10
TEG Panel

Cooling and heating of the appropriate sides of a thermoelectric material leads to increased efficiency.
These methods are either active or passive cooling methods [31]. Passive cooling appears to be the better
option at first glance because it requires no electrical inputs. However, the yield of a thermoelectric
material is sensitive to the magnitude of the temperature differential across it. Here, passive cooling has a
comparatively large thermal resistance that detrimentally impacts the power yield. The temperature
differential can be considerably increased using an active approach. However, a pressure differential must
be established for active cooling and in most situations, this requires electrical power, which might
negatively impact the net electrical output power. On further consideration, the net output power can be
increased because, in many circumstances, the temperature differential has a bigger positive impact on the
net output power than the active cooling's negative effect. The proposed TEG panel is tested
experimentally. The experimental work was started at 12:00 PM and lasted for two hours. The hot (Th)
and cold side temperatures (Tc) are depicted in Figure 2-26. In this figure, it can be seen that at the
beginning of the experimental work, (Tc) is low. Then, it increased since (Th) affects (T'c) over time until
a stable or equilibrium condition is reached. This effect decreases the AT between the hot and cold sides
of the 2 x 10 TEG panel. The TEG panel recorded a low temperature of 67.3 °C and a high temperature of

67.59 °C on the hot side. Nevertheless, its average temperature was 67.44 °C. The cold side saw a low
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temperature of 25.2 °Cand a maximum temperature of 33.12 °C, with an average temperature of 29.86 °C.
Thermocouples of the microcontroller recorded an average temperature difference of 37.58 °C on the
surface of the panel. The highest and lowest temperature differences were 42.38 °C and 34.19 °C,
respectively, over the same time period. These results were obtained using thermocouples that were in

direct contact with panel surfaces, providing more precise results.
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Figure 2-26 AT, Th and Tc of a 2x10 TEG panel

2.3.3.1.3.2 Performance in Terms of Electricity for the 2x10 TEG Panel

With a AT across the TEG module, an output voltage at the TEG terminals is generated, as shown in
Figure 2-27. In this figure, it can be seen that the output voltage is proportional to AT. At the beginning of

the experimental work, the open circuit voltage (Voc) is 15.05 V and then its value settled to 12.7 V.
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Figure 2-27 Open circuit voltage of the proposed 2x10 TEG panel

If a 5 Q resistance is connected at the TEG panel terminals, current will flow. Figure 2-28 represents the
output power versus AT. Since the initial generated voltage is higher than the steady state condition, the

output power behaves the same since it is proportional to the squared value of the voltage. The minimum
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and maximum power values are 3.04 W and 4.28 W, respectively, with an average of 3.55 W. However,
it is notable that good output power is obtained due to the use of active cooling and heating systems
compared to less efficient (passive) TEG systems [31]. The output voltage and power of the panel can be

increased if the AT is made greater or by increasing the number of TEG modules.

Carnot Efficiency of the Proposed System

The Carnot efficiency (nc) of a TEG depends on the temperatures of the hot and cold sides of the module.
The TEG showed Carnot efficiencies at various AT values determined using Equation (9) and the results
are presented in Figure 2-29. The calculated average efficiency of the module is 11.04%. Its maximum

and minimum efficiencies are 12.44% and 10.43%, respectively, which are acceptable in small systems
such as this.
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Figure 2-28 Load power of the proposed 2x10 TEG panel versus AT
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Figure 2-29 Carnot efficiency of a 2x10 TEG panel
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2.3.3.1.3.3 System Implementation Cost Estimation and Economic Analysis

Economic analysis and cost assessment for system installation are two important considerations of the
project [32]. This section estimates the cost of a 2 x 10 TEG panel from its key components, as shown in
Table 2-4.

Table 2-4 Component costs of the TEG panel

Components Cost US $
TEG module 0.95
Water cooling block 1.10
(Heat exchanger)
3.00

Flexible plastic water pipes

A thermoelectric system was improved using water cooling block heat exchangers, which are less
expensive, more efficient, and less energy intensive [88]. Other consideration for the system's economic
analysis has been presented [88, 89, 93]. In reality, the heat exchanger accounts for the majority of the
cost of a thermoelectric generator system, which can range from $1/(W/K) to $10/(W/K) and higher. The
heat exchanger costs are measured in dollars per the ratio of Watts and degrees of absolute temperature
$/(W/K). At maximum power, the lowest thermoelectric cost is determined, but not at the highest power
density, largest thermoelectric module, or system efficiency. The cost of a water-cooled block exchanger,
according to literature [94], is nearly $13.81/(W/K), which is reasonable when compared to other heat

exchangers.
2.3.3.2 Design of the 15x10 TEG Panel

The construction of this panel is similar to the 2x10 panel; the only difference between the two panels is
that the earlier is built from 20 TEG modules whereas the latter is built from 150 TEG modules. The
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required temperature difference across the two sides of the TEG panel to generate electric power is
achieved by using tap water. Two water passes were designed for this task. In the first, a normal tap water,
between 25 and 33°C, is used at a flow rate of 0.8-0.9 m/s to dissipate heat from the cold surface of the
TEG panel. The same water is then heated about 1-2 °C and directed back to the TEG panel, as a second
pass, to supply heat to the hot surface. Practically, this design is of great importance in domestic
application, particularly for houses fitted with hot water solar panels. In this application, fresh tap water
cools the cold surface, gets heat from the solar panel, heats the hot surface, and then the excess hot water

is used for domestic purposes, as illustrated in Figure 2-30.

Domestic Hot Solar Water

House Water Tank
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Figure 2-30 Domestic application of a TEG panel operated by two pass flow water system with a hot
water solar panel.

2.3.3.2.1 Experimental Setup of the 1510 TEG Panel
As illustrated in Figure 2-31, the series connections of 10 TEG modules are linked in parallel to produce

15 lines of TEG modules. Experimental work was done during a July day in Irag. The aim of the proposed

system is to generate and maximize output power from the thermoelectric modules (TEGS).
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Figure 2-31 (a) Single line of the TEG panel, (b) a schematic diagram of the 15x10 TEG panel.
The process system consists of three parts. The first part represents the hot surface of the system, where 30
pieces of an aluminum heating block are used. The dimensions of each piece are (40 x 240 x 10 mm), with
an identical cooling block on the opposite side of the panel. This was built as in the Figure 2-32. Then the
hot water coming from a solar water heater passes these pieces in parallel flow, with a constant velocity
(0.8 m/s), to ensure a constant flow rate of water evenly enters the heating block, as shown in Figure 2-33.
Then, this water goes into the house for domestic purposes after it heats the upper surface of the panel.
The second part represents the cold surface of the TEG panel, which is at the bottom of the panel. Here,
the technology is the same as for the upper surface, which is an aluminum water-cooling block. However,
here, normal tap water enters the cooling block, at temperature that ranges from 25 to 34°C. The flow of
this water will dissipate heat coming from the hot surface of the plate to outside of the system. Then, this
water is returned to the solar water heater. Here, an important new idea of this work emerges. This is to
heat the water in two stages. The first stage is when it passes through a (TEG panel). The second time is in

a solar water heater.
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Figure 2-32 (a) Schematic diagram of CLYXGS aluminum water block, and (b) individual pieces
comprising aluminum water block in the as-built system.

Figure 2-3 Hot and cold water pipe systems

The third part represents the many TEG modules, as shown in Figure 2-34. They are connected
electrically in series and parallel to obtain the required voltage. Thermal paste is used to improve thermal
contact between the module components and allow for a uniform temperature distribution at each side of
the TEG module, as shown in Figure 2-35. Also, insulators are here between the wires and the electrical
connections passing between the TEG pieces to ensure that no electrical short-circuit occurs. Then, acrylic
plates are installed on the two surfaces of the panel in a sandwich configuration so that all the connecting

parts are installed correctly and evenly.
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Figure 2-34 (a) Schematic diagram, and (b) image of single TEG module implementation

Figure 2-35 Thermal paste, arrays and insulators used in the panel

The significant difference between this system and solar panels is that the former can be used
continuously during the day and night hours. This is unlike solar systems that operate during daylight

hours because they depend only on solar radiation.
2.3.3.2.2 Electrical Connections and Data Measurements

In practice, many measuring devices were used during the experiment (digital clamp meter, a single-end
glass seal (NTC) thermistor temperature sensor, digital temperature humidity meter) integrated with a

microcontroller to obtain more accurate results. Heat sensors (thermocouples) are attached at various
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places on the panel to determine the temperature distribution on the test panel. All of the mentioned

sensors here are sending their measurements signals to an Arduino Mega which is shown in Figure 2-36.
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Figure 2-36 (a) Electrical connections of the TEG modules, and (b) Electrical connections of a
microcontroller (Mega)

The recorded data is shown by Arduino IDE serial monitor and saved into text file. To optimize the TEG
panel output voltage, two approaches are used in this study. A microcontroller (Mega) was used to
measure the current and voltage in real time in conjunction with some manual measurements.
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2.3.3.2.3 Results and Discussion

2.3.3.2.3.1 Effect Solar Water and Normal Tap Water on the Temperature Difference across a
15x10 TEG Panel

A TEG module relies on the temperature difference between its surfaces to generate electric power using
the Seebeck effect. In the proposed system, two methods are used to provide this temperature difference,
depending on the renewable energy source. The first method, directs the passage of normal tap water
through the TEG panel, as this water performs the task of dissipating heat on the surface of the cold panel.
This is usually at a temperature ranging from 25 to 34 °C. The other way is by flowing this same water
after it leaves the panel to the solar water heater, and then the water is used to heat the hot surface of the
TEG. After that, the water is used for domestic purposes. In this way, a temperature differential is formed,
and thus electrical energy can be generated by the panel. The proposed TEG panel was tested
experimentally on a July day in Irag. The hot (Th ) and cold side temperatures (Tc) are given in Figure
2-37.
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Figure 2-37 AT, Th, and Tc of a 15 x 10 TEG Panel

In this figure, it can be observed that (Tc) is low at the start of the experiment. Then, it increased because
(Th) has an effect on (Tc) over time until an equilibrium condition is established. The AT between both
the hot and cold sides of the 10x15 TEG Panel is reduced as a result of this impact. On the hot side, the
TEG panel measured low and high temperatures of 67.22 C and 67.88 °C, respectively. Despite this, the
temperature averaged 67.62 °C. Low and high temperatures of 25.40 °C and 33.28 °C were, respectively,
recorded on the cold side, with an average temperature of 29.95 °C. On the surface of the panel,
microcontroller thermocouples detected a temperature differential of 37.67 °C. During the same time

period, the largest and lowest temperature variations were 42.35 °C and 34.22 °C, respectively. These
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results were acquired employing thermocouples in direct contact with panel surfaces, which allowed for
more exact results.

2.3.3.2.3.2 Electrical Performance of the Proposed Panel

Figure 2-38 depicts the experimentally measured electric voltages. With a decrease in AT, the voltage fell
dramatically. The average voltage for the 15 x 10 TEG panel was 13.73 V, with the greatest and lowest
voltages of 15.3 VV and 12.51V, respectively.
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Figure 2-38 Voltage for 15x10 TEG panel systems

The illustration in Figure 2-39 shows that the power output of the 15x10 TEG panel ranged from 19.72 W
to 29.49 W during the experiments, with an average power output of 23.92 W where the resistance of the
used load is 5 Q. The panel experienced varying temperatures during the studies and as a result, it
demonstrated enhanced power with higher temperature differentials. The greatest temperature difference
(AT) across the panel was 42.35 °C. However, when AT decreased, the output power of the panel also

decreased.

Figure 2-39 Power for 15 x 10 TEG panel at load of (50W/5Q)
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2.3.3.2.3.3 TEG's Maximum Electrical Efficiency in Relation to Thermoelectric Materials

The value of the figure of merit (ZT) of the semiconductor behavior of a TEG module depends on the type
of materials used. Bismuth telluride BI2TE3 was used in the current study. Figure 2-40 depicts that the
average maximum efficiency achieved by the TEG panels was 1.77% . The lowest and highest values
obtained during the experiments were 1.601% and 2.1%, respectively. The increase in this proposed
mechanism is significant. This efficiency is considered important because the system operates under a low
temperature difference compared to other systems, such as car exhaust and chimneys, among others.

These conditions have twice the temperature difference used in the current work.

— ] T T T ! | I L T - L T L T H
®2059 i Maximum Eff (n%)] :
£2004 N A A L e e ]
31954 - T —_—_ |
c 1904 -
© 1907
%5 1.80
£ 1.75
21709 -
2 1654 ]
e e . — S S A M s T S . — P ]
1.55 — - T - T - T 1 1 - T~ T~ T T T -
33 34 3 36 37 38 39 40 41 42 43 44
AT (°C)

Figure 2-40 Efficiency of a 15 x 10 TEG panel system

In the Figure the relation between AT and nmax seems linear. The estimated regression equation for the
data of this figure is: nmax = —0.089 + 0.049 AT, where the value of the correlation between AT and nmax is

0.9998 i.e., positively high correlated.

A significant improvement in efficiency and output power is observed. This occurs since this proposed
system uses heat sources that depend on available water rather than relying on other variable and unstable
heat sources. As such, this system is independent, cost-effective, and does not use complex mechanisms.
Table 2-5 represents a comparison of the research discussed above in this paper as well as others with the
results of the current work. The results are either better than or competitive with systems presented in
earlier studies. Most often, the proposed system gives better results, especially if utilization time is
extended for many hours. The duration of each experimental run was only a few minutes, but if it lasted

for many hours then the energy production would have been 1.435 kWh.

Table 2-5 Comparative analysis with earlier research
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No. of Maximum Maximum | Maximum
References | TEG output . Source of Heat
of AT efficiency
modules power
[95] 1 103 W 38.6 °C 181 % Solar radiation focused
by a Fresnel lens
[96] 48 1033W | 39°C | 22189 | 'Vasteheatofabiomass
engine
[97] 18 56 W 110 °C Npt_ Hydrothermgl power
specified generation
[98] 4 0.03W 32 °C Not Walls of a building
specified
[99] 1 3.13W 133°C 1.2% Not specified
[100] 10 0.85W 58 °C 2% Hot water
[101] NOt | >117w | 40°c | 0.68% Heat Storage
specified
[102] Not 244W | 100°C | 087% | Humidified flue gas
specified
[103] 18 6.5W 61.5 °C 0.55% Hot water
Proposed 150 29.49 W 42.35 °C 2.1% Hot water pipelines

2.3.4 Conclusion for Chapter Two

With the aim of developing TEG systems with maximum output voltage, three TEG panel systems have
been developed in this chapter. In all systems the TEG modules were connected in series and parallel to
achieve the best output voltage. In the first system, the TEG panel collects heat from the solar energy
throughout the hot side of the TEG modules while a low temperature sink was used to dissipate the heat
from the cold side of the TEG modules. To ensure uniform temperature distribution and to increase the
energy storage, a 16 mm thick black aluminum plate was mounted directly on the hot side of the TEG
panel. On the other a 30 CIYXGS Aluminum blocks of 40x240x10 mm were used. These blocks are water
cooled, and they function as heat exchangers to dissipate the heat from the cold side of the panel. In this
system, two panel designs were proposed; the first comprises using a Frensel lens with adjustable focal
distance while the second is directly exposed to the solar rays. However, both designs involve a set of
embedded temperature sensors and a photo sensor to monitor the temperature across the panel and the
solar incident on the hot side of the panel. All sensors were linked to an Arduino Mega controller which
processes the received signals and, accordingly, activate electrical motors which adjust the tilt angle of the

panel and the focal distance of the Frencel lens.
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The second developed system consists of 20-moodules arranged in a panel of 2x10, and uses hot water as
a source of energy. Tap water at a flow rate of 0.8-0.9 m/s and temperature between 25 and 33°C was used
to cool the cold side of the panel before it get heated in a solar hot water system and then used again to
heat the hot side of the panel. The heating and cooling processes were done using CIYXGS aluminum
blocks attached to either sides of the panel. This novel design enables the storage of the solar energy as a
hot water in an insulated water tank which can be used later on to sustain the electricity generation even
after the sunset. This is unlike the solar operated system in which the power generation is limited to the
presence of the solar radiation during the day time. The water operated system has a great potential in
domestic applications, particularly for houses that already equipped with a hot water solar system.
Another advantage of this system is that the excess energy of the hot water after leaving the TEG panel

can be reused again in different house applications.

The third system is similar to the second one in terms of the principle of operation, however, the panel
configuration and the number of the modules in the panel is different. The panel consists of 150-modules
arranged in 15x10 array configuration. Both of the second and third systems were provided with a set of

temperature sensors and equipped with an Arduino Mega controller.

In each of the systems, the TEG panel converts the AT across its sides into a DC electric voltage that can
be used to charge a battery. The DC voltage is then converted into AC through an appropriate inverter to
supply the energy to loads, such as LED lights which certainly contributes to reducing the houses

electricity bills.

Different measuring devices, such as the digital clamp meter, single-end glass seal (NTC), thermistor
temperature sensor, and digital temperature humidity meter were used to measure the systems’ parts
operation parameters and the generated electricity. According to obtained data the performance and
efficiency of each system was determined, assessed, and evaluated.
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CHAPTER THREE: EXPERIMENTAL STUDY ON HYBRIDIZATION OF A PV-
TEG SYSTEM FOR OVERALL EFFICIENCY ENHANCEMENT USING HEAT
EXCHANGERS, ENERGY, EXERGY AND ECONOMIC LEVELIZED COST OF
ENERGY (LCOE) ANALYSIS

3.1 Introduction

The need for energy is growing. Since natural resources are becoming scarcer, it is crucial to provide
clean, reusable, and ecologically friendly energy. The largest source of renewable energy, which can be
directly transformed from light and heat to electricity, is solar energy [104-106]. When compared to a
stand-alone PV system, combined photovoltaic (PV) and thermoelectric generator (TEG) systems have
received considerable attention over the past ten years and have been shown to be an excellent way to
utilize waste solar heat [106-109]. Using a temperature differential between the back of the PV and the
TEG cold junction, the Seebeck effect allows TEG modules to directly convert waste thermal energy into
electricity. TEGs have several advantages since the heat supply is constant, they make no noise, are clean
and they are compatible with PV systems. Furthermore, they can function for many years [110, 111].
However, it is probable that the PV TEG efficiency is lower than PV systems alone [112]. Increased
temperature differences will raise TEG efficiency but reduce PV efficiency. Therefore, the connection
between the PV and TEG technology is complicated, which affects the performance of such systems
[113].

Zhang et al. increased the open-circuit voltage and doubled energy harvesting. They developed a
combination of polymer solar cells with TE modules [114]. Kil, Kim [115] concentrated on developing a
photovoltaic/thermoelectric hybrid generator with a single-junction. Their system employed a GaAs-based
solar cell and a conventional thermoelectric module. They found the conversion efficiency of this hybrid
system is 23.2 % compared with 22.5 % for a single PV. This improvement was about 3% at a solar
intensity of 50 suns [115].

Rajaee, Rad [116] conducted studies on a system that included photovoltaic cells, thermoelectric
generators, nanofluids, and phase-change materials. They found that the system's total electrical efficiency
can reach 15.8%. Moreover, they were able to increase the system's overall output by 42% [116]. Fini,

Gharapetian [117] conducted a 24 hour analysis that involved experimental build testing, mathematical
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modelling and finite element simulation of a hybrid PV/TEG system using water-cooled heat exchangers
that had been proposed to extract more power from the system. They found that the average maximum
photovoltaic panel temperature in both the experimental measurements and simulations of the hybrid
system was 44.2 °C at maximum irradiation, while it was 57.1 °C for a reference PV panel. Also, they

found the efficiency of a pure PV panel is 13.82% while its hybrid systems was 15.6% [117].

Mahmoudinezhad, Cotfas [118] tested the performance of PV, TEG, and PV-TEG hybrid systems using a
spectrum beam splitter (BS). According to the results of their analysis, the system using only TEGs
generated more power than the TEG in the hybrid system because it made better use of the whole
spectrum of energy available to it. While the efficiency of the TEG component did decrease, the total
efficiency of the hybrid system improved because of increased PV efficiency. More power was produced
by the hybrid system than by either the PV or TEG systems [118].

Lorenzi, Mariani [108] designed a BI2TE3 TEG device for hybridization with three distinct panels. These
were amorphous silicon (a-Si), gallium indium phosphide (GalnP) and perovskite photovoltaic panels. At
an intensity of 5 suns and a panel temperature of 340 K, the Perovskite panel had the greatest efficiency
improvement among three hybrid PV-TEG systems. Then, they experimentally constructed a Perovskite
PV-TEG model. Their tests revealed a change in efficiency, from 16.8% to 19.5%, a 16.07 %

improvement [108].

Babu and Ponnambalam [65] also used the MATLAB/Simulink environment to do a theoretical study of a
non-concentrated hybrid PV/TEG system. This hybrid system was 6% more efficient overall and could
produce 5% more energy [65]. Shatar et al. considered the load requirements of an indoor farm to design
an unconcentrated photovoltaic-thermoelectric generator (PV-TEG) hybrid system. The performance of
the hybrid system was evaluated during three months of testing in Malaysia. The planned system has
proven that it can accommodate an extra load while also supplying enough power to service its intended
load [119].

Direct coupling was done by Van Sark [120] to combine thermoelectric modules with solar cells to create
a hybrid PV/TEG system that achieved improved electrical performance [120]. This technology was
offered as an efficient thermal management strategy for photovoltaic cells. Two case studies were
provided from Utrecht, Netherlands, and Malaga, Spain. The outcomes also indicated that the energy of

Malaga and Utrecht might be increased by approximately 14.7% and 11%, respectively, using the annual
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irradiance and temperature profiles of these cities. Nevertheless, this study overlooked radiation losses and
the idealized model overstated the outcomes for real PV/TEG systems by roughly 10% [120].

Ko and Jeong [121] used MATLAB software to quantitatively examine the transient behavior of a
PVTEG system incorporated into a building in combination with phase change materials (PCMs). They
investigated the impact of PCM layer thickness and its melting point on PV TEG efficiency. According to
their findings, the hybrid system was 1.09% more efficient than a PV system alone, with 0.18% coming
from TEGs and 0.91% from the PV. Additionally, the proposed system produced 0.91% more energy in
spring, 1.32% more in summer, 2.25% more in autumn, and 3.16% more in winter. It was suggested that
the hybrid system might possibly produce 4.47% more power than a single PV when TEGs having a
higher figure of merit were employed [121].

Beeri, Rotem [122] presented experimental and theoretical data for a combined PV-TEG system to
convert concentrated sunlight, with a factor of X up to 300, into electricity. These results demonstrate that
when the X value and system temperature were increased, the efficiency of the PV cell decreased and that
of the TEG increased. As a result, the direct electrical contribution of the TEG began to predominate in
the overall system, reaching a 20% power contribution at an X value of 290. Efficiency changed from
28.95% to 30.53% with an improvement of 5.45% at a concentration factor of 205. By utilizing more
sophisticated PV cells and TE materials, it is demonstrated that the hybrid system may exceed 50%
overall efficiency [122].

Khan, Khan [123] demonstrated an experimental hybrid photovoltaic-thermoelectric generation (PV-TEG)
system. A 10 W polycrystalline silicon panel with ten bismuth-telluride TEG modules was mounted to the
panel back to recover and convert waste heat into usable electrical energy, while simultaneously cooling
the PV cells. The results showed that this hybrid system achieved increased output power and conversion
efficiency values for PV modules. In the hybrid system, the PV module operating temperature decreased
by 5.5%, from 55 °C to 52 °C. When compared to a straightforward PV system, the total output power of
the hybrid system increased from 8.78 to 10.84 W, a 19% increase. Additionally, the hybrid PVTEG

system efficiency rose from 11.6 to 14%, a total improvement of 17% [123].

Li, Zhou [124] showed inconsistency of thermoelectric load resistance for photovoltaic—thermoelectric
modules from a theoretical perspective. Two types of PV cells were employed to build and test a model
PV-TE. Under various working conditions for a TE module, a TE in the PV-TE, and a PV-TE, the

maximum load resistance of each TE was examined. The efficiency of crystalline silicon alone is 9.5%
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and increase to 11.07% in a hybrid system with a TE load resistance of 0.75 and a figure of merit of
0.0085/K. The efficiency of GaAs alone is 21.91% and increases to 22.94% in hybrid mode when the TE
load resistance is 1.60 and the figure of merit is 0.0022/K [124].

Zhang, Xuan [125] used three-dimensional numerical modeling to calculate the potential and
characteristics of an integrated system consisting of new perovskite solar cells and thermoelectric
modules. They found that the temperature coefficient of the perovskite solar cell is lower than 2%. Due to
such a reduced temperature coefficient, the efficiency of the perovskite solar cell-TEG hybrid system was
18.6%, whereas that of a pure perovskite solar cell is 17.8%, making it a good alternative in a PV-TEG
hybrid system. Concentration of heat can be changed, and thus the required bulk TEG material may be

decreased, leading to significant cost savings for a hybrid system [125].

Cui, Xuan [126] experimentally utilized a phase change material (PCM) to develop a unique PV-PCM-TE
hybrid system to maintain system function at an optimal temperature. The temperature, efficiency, and
output power of the hybrid system are compared with those of a stand-alone PV system under identical
conditions. The effects of the optical concentration ratio and cooling approach on the conversion
efficiency of the hybrid system are experimentally explored. According to the results, a hybrid PV-PCM-
TE system has an efficiency of 13.45%, compared to that of a stand-alone system, 13.43%. The study
indicates that such a hybrid system has good potential for full-spectrum conversion of solar energy [126].

Generally, previous studies do not consider some issues. Most PV-TEG systems link many thermoelectric
modules in a series and parallel array to achieve the necessary power level. The uniform temperature
distribution of thermoelectric modules, the influence of pressure distribution on the assembly, thermal
contact between the modules and the heat exchangers, and the thermal bridge between the heat exchangers
and PV panel were given little attention. Additionally, the issues of concentrated and non-concentrated
solar irradiation techniques were given little consideration in PV-TEG systems. For non-concentrated PV-
TEG systems, the electrical performance of PVs and gradient temperature for TEGs is low, and most of
the electricity is produced by the PVs. While for concentrated PV-TEG systems, the operating temperature
of the PV increases, sometimes to levels higher than 100 °C, significantly reducing its performance. This

led to high temperature gradients for TEGs and more electricity production.

Therefore, creation of a hybrid system that balances the performance of solar panels and TEGs, with
appropriate electrical connections and assembly of TEG modules to obtain the appropriate voltage is
extremely important, where the modules are attached to the back of generic PV panels. In this chapter, a
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TEG configuration test method was used to measure and analyze data obtained from TEGs, one of which
was highly efficient in the proposed system. Also, a hybrid PV-TEG system was fabricated using an
experimental design for the Irag climate using an energy, exergy, and analysis of economic levelized cost
of energy (LCOE) approach. The overall objective of the current chapter is to quantify the performance of
this system and its associated parameters with the goal of enhancing conversion efficiency and heat
recovery from a PV panel in a hybridized system (HPVTEG) for comparison with a standalone PV panel.
The experimental investigations are examined under actual weather conditions in on the roof of a building

in Baghdad, Irag.
3.2 Thermodynamic Calculations

As we know, energy, and exergy calculations evolved with the thermodynamics analysis. Therefore, in the

present, a detailed thermodynamic analysis was presented.
3.2.1 Computation of Energy
3.2.1.1 Solar Photovoltaic Subsystem

The reduction in operating temperature (caused by the thermoelectric device) is the prime source of the
performance improvement for solar cells integrated into a PV-TEG hybrid configuration. It is, therefore,
necessary to describe the performance parameters of the cell with respect to temperature to determine the
source of improvement [127]. Using Equation 3.1, it is possible to determine the PV cell efficiency #mpp
(G, Tpv) for an operating temperature, Tpy [128]. Also, Energy efficiency is also well known as the first law

of thermodynamics, and it is quantitative measurement.

Npp (G Tyw) = Nmpp (G2 Trer) - [1 = B(Tpw — Trer)] (3.1)

where, Trer represents the reference air temperature and G is the incident solar irradiance. The temperature
efficiency coefficient, often given by the cell manufacturer, is denoted by £, while #7mpp (G, Trer ) represents

the photovoltaic cell efficiency at STC (standard test conditions).

After defining the photovoltaic conversion efficiency nmpp (G, Tpv ), Equation 3.2 may be used to calculate

the PV cell power output at a previously determined temperature, Tov ~ [129].

Pyy = Ninpp(G, Tyy) - G - A (3.2)

where A is the PV cell's solar-facing frontal area.
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3.2.1.2 Thermoelectric Subsystem

Each TEG thermocouple has p- and n-junctions (legs). Thermal transmission losses, as well as the
electrical and thermal contact resistances are neglected. At steady state, the power absorbed at the hot side

of the TEG module and the power discharged at the cold junction are [130]:
P, =n [ITha — 2 I?R +K(T, — TC)] (3.3)
P=n [ITCa +2 I?R + K (T, — TC)] (3.4)

In Equations 3.3 and 3.4, the first terms on the left hand side indicate Peltier heat in power transmission,
whereas the second and third terms imply Joule and Fourier heat in power transmission. Internal resistance

(R) and thermal conductance (K) are expressed as [131]:

a = (a, — ay) (3.5)
_ PplreG; |, PnlrTEG;
R = Pt 4 B (3.6)
K =556 4 (4, + Ay) (3.7)
lrEG,

where a is the Seebeck coefficient, p,, p, are the density of legs, I, is the TEG leg length, and A,
A,, are the cross-sectional area of the TEG legs, which are equal.
Using the difference P, — P., the system's output power may alternatively be represented as current

and load resistance, RL.

P, —P. = I?R, (3.8)

Additionally, the current and Seebeck emf can be calculated as:

Voc = (ap - an) (Th —T0) (3.9)
VOC

W=1I= FRL (310)

Combining Equations (3.3), (3.4), (3.8) and (3.10), TEG module efficiency can be expressed as Equation
(3.11) [132] :

_ Pn—Pc _ B
= Py, Me 1+B)+(1+B)2 .(ZTR)1-1./2 (3.11)

2 —
where g = %L, Zpn = % and n, = T’lT—hTC The maximum efficiency occurs at § = % = (1+2ZT)%>

, Where T), and T, are averaged to yield T.
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_ Tp-Tc¢ (1+42Z7)%5-1
Thmacx Th (1+ZT)°-5+;:—;

(3.12)

3.2.1.3 HPVTEG system

A hybrid system was developed that combines PV and TEG modules with four wires in parallel for an
isolated load, where the energy harvesting process is separately executed. This system is illustrated in

Figure 3-1 as its electrical equivalent circuit.

Configuration-2-SP

)
| TEG_1 TEG_2 TEG_10 |
Wy L—<F D> W — — M_ |
l |
l |
l |
l |
: Bl Ri Ri |1
=< D> D — — <ED>W
>
(D v Sew z|egolgl LT T K
5|33 825
> x x| >

Figure 3-1 Circuit diagram for the HPVTEG system

Solar energy, Q, illuminates the PV cell, which produces electricity, pp. Heat is produced that is not
converted to electricity by the PV cell, which is then transferred to the hot side of the TEGS, transforming
it into extra electrical power preg, that is removed from the system at the cold side of the TEGs. Equations

3.13 and 3.14 provide the total system electrical power output ptt and efficiency 7ot [133] .

Ptot = va + Pteg (3.13)
Pro
Ntot = % (3.14)

Q is the incident solar irradiance input energy, which is equal to G - A, where G, A are sun intensity and

solar module area.

The improvement of efficiency of a hybrid system and stand-alone PV can be estimated by Eq.

Nimprovement = (M - 1) X 100% (3.15)

Nref PV
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3.2.1.4 Exergy Modeling

This section presents a thorough exergy analysis of the HPVTEG system under investigation. Exergy
analysis is a helpful technique for contrasting a system's actual and desired performance. By lowering the
exergy destruction parameters, device performance is enhanced. Calculating the exergy efficiency is as
follows [134]:

EX¢o
Nex,tot = —tot (316)

E'xm

where Ex,,, is the total quantity of exergy obtained, and Ex;,, is input exergy of the system, they can be
obtained as [134]:

: 4Tgmp . 1 (Tamp\*
Exin = G Apy (1 ~ Tar, L+ ;( I, b) ) (3.17)
Extot = Exth + ExpV + ExTEG (318)

where, G is solar radiation, Apy is panel aperture area, T, IS surrounding air temperature, and Ty is the
temperature of the energy source (sun). Exergy acquired from the water, PV, and TEGs is denoted as

Ex.p, Expy, ExTgg, and they can be obtained as [135]:

d . Tout,,
Exiyp = my, Cp, <Toutw - Tinw = TampIn (ﬁ >> (3.19)
Expv = Npv G Apv = Nret G Apv (1 - .Bref(Tpv - Tamb)) (3.20)
; Touty,
Exrec = Preg + Q¢ (1 - T_Ct) (3.21)

In these equations, m,, represents the mass flow rate of a coolant fluid, and cp, is its heat capacity. Ty,
and T;,,, are water inlet and outlet temperatures. The PV reference efficiency is denoted by n.r, while
the PV efficiency temperature coefficient is ., and the PV temperature is T,,. Prge and Q. represent

output power and power absorbed by TEGs, respectively. Q. can be obtained as [135] :

Qc = N (SmlreoTe = 2 Figg R+ K(Ty ~ 7)) (322
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where N is the number thermocouples of the TEG, S,,, is the Seebeck coefficient, I, R, and K are electric
current, electrical resistance and thermal conductivity of the TEGs, respectively. The PV panel and
thermoelectric generator parameters found in [66, 136-139] and those for the heat exchanger are given in
section 3.5.2.4.

3.3 Uncertainty Analysis

Measurement accuracy, test system design specifics, and human error all affect the accuracy of
experimental findings. Table 3-1, derived from measuring equipment, lists experimental errors that could

exist in the parameters utilized.

Table 3-1 Measurement uncertainties of various devices

Measurement Instrument Range Accuracy UnceO;Eamty
TES 132 Solar Power Meter 0 — 2000 W /m? L 5% 5 89
(Datalogging)
Pro HVAC Anemometer Handheld CFM
Meter Wind Speed Meter 0.001~45m/s £3% 1.73
AC/DC Dlgltgl Clamp Meter 1000A 0 — 1000V +0.01% 0.01
Professional Multimeter
4 Channel K Type Thermometer SD Card 200~1370°C 103 % 0.17
Data Logger Thermocouple
Digital and Temperature Humidity Meter, —20~70 °C +1.0°C 0.58
°C, RH% 0~ 100% RH +3.0% 1.73
NTC single-end glass seal thermistor 900 ~ 260 °C +1% 0.58
temperature sensor
Water Flow Meter 1~40 L/min 0.1 % 0.06

Using previously published error analysis methodology [41, 81, 140, 141], the total percentage of
uncertainty u(z) can be calculated using Equation (3.23).

1
z 2 z 2 V4 2 2
u(z) = [(:7) ww) + () ww) + . +(2) uZ(w,,)]2 (3.23)
where Z, Ay,,Ay,, .......Ay, are dependent variables of various inputs, in which potential errors may
exist. The total percent of uncertainty in the proposed system used in these experiments is 3.87 %, which

is considered allowable in the context of a study such as this.
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3.4 Economic Analysis

A levelized cost of energy (LCOE) strategy was employed to analyze energy production costs for the
proposed system. This strategy is often used to evaluate the economic feasibility of renewable energy
facilities. It indicates the costs in a way that compares various power producing methods on a normalized
basis [142, 143]. The levelized cost of energy is described as the lowest cost at which produced energy
must be sold to financially break-even over the life of the project [144, 145]. Also, it assesses the average
overall cost of building and running a power plant over the course of its lifespan divided by the total

amount of energy produced during that period. The mathematical formulation of the LCOE is [146] :

LCOE — I-'Cinv"']IE:-'CO&M"'chule (324)
annual

LCipy = CRF X Ciyy (3.25)

CRF = Jefr-(ttles)? (3.26)

((1+igrr)™-1

LCO&M = CO&M X CELF (327)
— 1-Kdem
CELF = (Kogm X 1—K0&M) CRF (3.28)
1+ry
Kogm = 7 +ireff (3.29)

where investing cost is Ciny, n is plant lifetime, CRF is the capital recovery factor, Cogm represents yearly
operation and maintenance expense, CELF is the constant escalation laterization factor, iefr represents the

effective discount rate and r, is the nominal escalation rate.
3.5 Materials and Methods
3.5.1 HPVTEG Hybrid System Description

A hybrid HPVTEG system paired with water-cooled heat exchangers was fabricated to study heat
recovery and cooling of a PV panel and capture of a greater portion of the solar spectrum. This is one
option to improve the efficiency of PV technologies [147-150]. Figure 3-2 depicts the configuration of the
hybrid system, which consists of two solar panels mounted on an iron structure that is tilted at a 33° angle

towards the south.
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Figure 3-2 The proposed system, (a) experimental setup system with measurement devices, (b) schematic
diagram of the experimental system

3.5.2 Main and Subsystem Components
3.5.2.1 PV panel

The PV plays a crucial part in determining the system's final output. Two of the polycrystalline PV panel,
manufactured by Fortuner, chosen for this experiment have a nominal maximum power of 50 W, a power
coefficient of 0.004/K and an efficiency of 14.51% under standard test conditions (STC:AM=1.5, 1000
W/m”2; cell temperature, 25°C). Table 3-2 highlights PV panel properties [150].
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Table 3-2 PV panel properties

Property Units Value

Model Area (4) m? 0.36297
Irradiance (Is4) mw/cm? 99.96

Maximum Power Voltage (V ;) 14 18.0352

Open-circuit Voltage (V) 14 22.4289
F.F - 77.2

Maximum Power Current (I ;) A 2.8831
Short-circuit Current (I4,.) A 3.003

Peak Power (P ) w 51.9975
Module eff. (Stc) % 14.51

3.5.2.2 Thermoelectric Generator (TEG Module)

A semiconductor-based device, known as a thermoelectric generator (TEG), serves as a tiny generator
using the Seebeck effect when a temperature differential is applied to its surfaces. TEG modules made
from bismuth-telluride (Bl_2 T_3) are employed to produce the require power. These modules were
created specifically for power generation. Table 3-3 lists the TEG module characteristics [110, 118] .

Table 3-3 Thermoelectric module properties

Property Units Value
Material - bismuth-telluride
Open-circuit VVoltage \ 4.8
Operating Temperature °C 0 to 150
Maximum Temperature °C 150

3.5.2.3 Poly-methyl methacrylate (PMMA)

Generally, either the heat exchangers or the thermoelectric modules themselves are taken into
consideration when optimizing thermoelectric generators [151] [152]. However, since a poor contact or a
thermal bridge can undermine the performance of a perfect generator, consideration of the entire assembly
of the thermoelectric generator is crucial. This is to control the pressure distribution's impact on the
assembly, as well as the thermal contact resistance between the modules, the heat exchangers and the
thermal bridge between the exchangers. Poly-methyl methacrylate (PMMA), an acrylic, was considered
with dimensions of 142.5 x 455 mm2. It has specific qualities that make it a good material for use under a
variety of applications. This thermoplastic is ideal for joining TEG pieces to aluminum sheets to sandwich
a PV module, due to its excellent thermal insulation properties and high resistance to temperature changes
[153].
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3.5.2.4 Heat exchanger cooling
An aluminum water block was utilized to dissipate heat from the cold side of the TEG and rear PV panel.
The dimensions of each piece are 40 x 240 x 10 mm?3. The heat exchanger parameters and some

characteristics of water are shown in Table 3-4, where these values were extracted using numerical

analysis in an ANSY'S program during our earlier work [154] .

Table 3-4 Heat exchanger parameters and water properties

Parameters Symbols Unit Value
Mass flow rate m,, kg/s 0.030726
Constant gravity acceleration g m/s? 9.81
Specific heat capacity of water Cp,, kj/ (kg.K) 4.187
Water-tube inner diameter Db m 7 x 1073
Channel height Acp m 10 x 10~
Channel width b.y m 9.6 x 1073
Channel length len m 0.24 x 1072
Number of channels for each heat exchanger Nep - 3
Thickness of each heat exchanger front surface Ops m 1 x 10™*
Cross-sectional area of each heat exchanger 4 2 96 x 10-3
front surface
Thermal conductivity of heat exchanger Kps W/ (mK) 200

3.5.2.5 Mathematical Modeling for Solar Cell

Due to the fall of solar radiation on the solar cell of a PV panel, electricity is created. Nevertheless, of the
energy produced by solar radiation, only 47% is converted into electricity, and the rest will be the heat
loss that negatively affects the solar PV panels, which decreases the lifetime of a plant. The VOC is the
open-circuit voltage when the current is zero, and Isc is the short circuit current when the voltage is zero,
which defines the maximum power theoretically [155]. The I-V equation of solar cell is expressed in the
Equation 3.30 [156].

Lotar = 1o (em - 1) -1 (3.30)

here, I; = qAG (L, + L, + W) represent the light generated current that shows that the carriers produced

inside the volume of cross-sectional area A as well as the length (L, + L, + W).

Parameters such as fill factor (FF), Vy¢, Is¢c and efficiency () are used to compare solar cells. The V.

depends on the PV panel’s temperature, this can be seen from Equation 3.31.
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E T 3kT T
Voc = Voc(Ty) = |22 = Voe(Ty)| |- = 1| = ZL in - (331)
When the temperature increases by 40 K and T, = 300 K, then T = 340 K becomes the PV panel’s
temperature. The Boltzmann constant is k, E,, is the band-gap energy. These can be ignored: TL =0.125

3kT
and —
o

. In= =10 mV. Vo Vvaries with temperature as presented in Equation 3.27. Where E,, = 1.21 eV
and T = 300 K and V,¢ = 0.55 V, which is a characteristic of a silicon solar cell, it reduces in V. with a

rise in T of <€ = -2.45 mVK™ at 25 °C [157] .

E
dVoc __ [%O_VOC(TO)] 3kT
T (3:32)

3.6 Materials and Methods

3.6.1 Experimental Setup

This section presents the techniques and materials required to fabricate the experimental setup and

techniques to record the experimental data.

3.6.1.1 Thermoelectric Module

It is necessary to take advantage of the heat produced during PV cell operation and ensure that the hybrid
system performance is better than that of the non-hybrid systems. Two electrical configurations were

considered for thermoelectric generators.

3.6.1.1.1 Experiment 1: Configuration-1-SP
Series and parallel array configurations (Configuration-1-SP) with twenty thermoelectric generators are
suggested. This configuration used two groups of ten TEG modules connected in series. Then, the two

groups were connected in parallel. Figure 3-3 shows an equivalent circuit for this configuration.
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Figure 3-3 Equivalent circuit of the Configuration-1-SP thermoelectric generator

3.6.1.1.2 Experiment 2: Configuration-2-SP

In Configuration-2-SP, groups with two TEG modules are connected in series. Then, ten groups were

connected in parallel. Figure 3-4 depicts the equivalent circuit of this configuration.
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Figure 3-4 Equivalent circuit of a Configuration-2-SP of thermoelectric generators

Then, Configuration-1-SP was considered in this work. This configuration is used to make the internal
resistance, R_in, approximately equal to the external load, to improve electrical performance, since the

maximum power can be achieved when (Rin is R Load).
3.6.1.2 Assembly of the HPVTEG System

As shown in Figure 3-1 above, assembly used TEG modules attached to a sheet of aluminum 6061,
affixed to the rear of the PV panel with thermal paste. Four heat exchangers are attached underneath each
group of five TEG modules. These heat sinks are attached to the TEG modules using thermal paste to
improve heat transfer. Finally, thermoplastic PMMA was used for joining the TEG to the PV module,
fixing it to the frame. Silicon water tubes were used to connect the heat sinks to a tap water source. Tap
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water was selected as a cooling fluid because it is readily available in homes and there is no need for a
circulation pump. It is quite suitable for heat transfer due to its low cost and high heat capacity. The water
was flowed with at an approximately constant flow rate (2.56 I/min) at about 23 °C throughout the

experiment. The water circulates through the heat exchanger and is returned to the homes.

The temperature of the PV cell and TEG hot side that provides the heat input was considered equal
through the experiment. The temperatures of the hot and cold sides of TEGs as well as the inlet and outlet
water temperatures of their corresponding heat sink were measured using K-type thermocouples. The
operating temperature of the solar panel was measured using a separate thermocouple attached to the rear
of the PV panel. Measured values from multiple thermocouples are transmitted directly to a

microcontroller and saved on an SD memory card.

The approach used in this study is unique and simple. In most studies, the TEGs are individually fixed of
the rear side of the panel. In the current study, we attached the TEGs as groups with an electrical

configuration appropriate for an individual panel.

The cooling mechanism employed in this study also allows the back of the PV panel to be cooled by the
TEG panels, i.e., the cooling block water, since the TEG panels do not cover the entire back surface of the

solar panel. The complete experimental setup is provided in Figure 3-5.
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Figure 3-5 Overview of the experimental setup of the HPVTEG system, (a) final experimental setup with
Configuration-1-SP, (b) schematic of the experimental setup

3.6.2 Experimental results and discussion

The experimental results of the TEG and hybrid HPVTEG systems are discussed in this section, as well as
the results of the hybrid system compared with a stand-alone PV panel operated under the same
conditions. The experiments were conducted in July, during the summer, at Baghdad, Irag. The
geographical coordinates were latitude 33.3130 N and longitude 44.3310 E. Testing was conducted from

9:00 h to 16:30 h. The measurements were done at approximately 15-minute intervals.
3.6.2.1 Environmental impact and analysis

The radiation profile, relative humidity, wind speed, and air temperature during the testing period are
shown in Figure 3-6 and Figure 3-7, drawn using Origin software [158] to develop curves for radiation
and temperature. The findings show that solar irradiance increases steadily over time. The average solar
irradiance 783.18 W/m?, peaked at noon with an instantaneous value of 963.07 W/m~2, and began to
decline thereafter. The outside temperature, relative humidity, and wind speed averages are 42.61 °C,

11.70% and 1.88 m/s, respectively. The wind velocity varied from approximately 1.0 to 2.2 m/s.
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Figure 3-6 Solar radiation and air temperature during the experimental runtime
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Figure 3-7 Relative humidity and wind speed during the experiments

3.6.2.2 Temperature effects
3.6.2.2.1 Analysis of thermoelectric generator temperatures profile

Since the air temperature peaks at 13:00 h, the hot and cold side temperatures, AT, similarly peak at this
time and then fall, as illustrated in Figure 3-8. The TEG hot side (Th) showed high and low temperatures
of 51.49°C and 35.08°C, respectively, with an average temperature of 44.97°C. When the experiment first
begins, (T¢) is low on the cold side. After noon, it gradually diminishes since heat has accumulated in the
water and has reached equilibrium. Low and high cold side temperatures were 24.88°C and 27.55°C,
respectively, with an average temperature of 26.71°C. The temperature difference (AT) between the hot
and cold sides of the ranged between 10.21°C and 24.06°C, respectively, with an average temperature
difference of 18.25 °C. These temperatures were measured using thermocouples and a microcontroller to

provide more precise results.
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Figure 3-8 TEGs hot side and cold side temperatures, with temperature differentials at various times

3.6.2.2.2 HPVTEG System Temperature Profiles

The PV panel temperature is a crucial component since it determines system performance. Figure 3-9
displays a temperature-time curve for HPVTEG and stand-alone systems. Each PV panel has five K-type

thermocouples installed in various places to provide measurements every 15 minutes.

According to Figure 3-9, the temperature of the HPVTEG system and stand-alone PV panel increased
throughout the day until it reached a maximum at 13:00 hours. The HPVTEG system's maximum,
minimum, and average temperatures during the testing were 51.49°C, 35.08°C, and 44.97°C and 67.76°C,
52.86°C, and 60.98°C for the stand-alone panel, respectively. This drop represents a 16.01°C cooler

operating temperature for the HPVTEG system compared to a stand-alone module.

This reduction is significant, especially considering that this process uses little circulation water to remove
heat from the cold side of the TEGs and no electricity is used to cool the PV module. As a result, this

system can be used in regions with readily accessible tap water or as geothermal technology in areas that

lack water.
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Figure 3-9 PV modified and stand-alone PV panel temperatures as a function of time
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3.6.2.2.3 Heat Exchangers

The input and output water temperature profiles of the four heat exchangers are shown in Figure 3-10.
Input water temperatures were approximately constant, about 23°C, during the experiment. The output
water temperature is greater than its input temperature, as shown in this figure, as a result of increased
TEG cold side temperatures, which averaged 25.92 °C with a maximum value of 26.79°C. The output
water temperature peaks at 13:15 h hours, the same time as the cold-side TEG temperature, but there was

a 15 minute lag in the PV panel's peak temperature since its cooling water was slower to lose heat.
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Figure 3-10 Input and output temperatures of a heat exchanger as a function of time

3.6.2.3 Electrical Energy Assessment
3.6.2.3.1 Thermoelectric Generator Configuration Analysis

Figure 3-11 shows the power and efficiency results from the two TEG electrical configurations. Since the
temperature was the same for each setup during the experiment, the power extracted and efficiency varied,
with Configuration-1-SP achieving the highest performance. This arose from the type of TEG electrical
connections. According to the findings, the average output power and efficiency of configuration-1-SP
were 1.24 W and 0.51%, while they were 0.20 W, 0.08% for Configuration-2-SP, respectively.
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Figure 3-11 Electrical configurations of TEGs, (a) output power vs. time, (b) efficiency
vs. time

3.6.2.3.2 HPVTEG System

Figure 3-12 and Figure 3-13 display the output power and efficiency values for the HPVTEG system and
stand-alone panel. The statistics show that at 12:00 h, the HPVTEG system maximum power output was
39.97 W, while the stand-alone panel peak power was 33.99 W. However, since the stand-alone panel
operates at a relatively high temperature, it suffers a power reduction. Throughout the testing, the
HPVTEG system and the standalone panel average power values were 32.76 W and 28.06 W,
respectively. The HPVTEG system shows an average improvement of 16.7%.

The efficiency of the systems under test are shown in Figure 3-13. As the day progresses, both the
HPVTEG system and the stand-alone panel overall efficiency values rise. Until midday, solar insulation
helps both panels' efficiency rise. However, they begin to decline after noon as a result of increased panel
temperatures and a decline in the intensity of solar radiation. The HPVTEG has an average efficiency of
13.86% compared to the PV stand-alone system, 11.90%. Electrical efficiency for the HPVTEG system
has been improved by roughly 16.4%.

Since the hybrid system used TEGs and heat exchangers, this efficiency improvement is very significant.
This resulted in a decreased panel operating temperature that enabled more power extraction from the
TEGs.
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3.6.2.4 Exergy Efficiency Assessment Analysis

Figure 3-14 displays the exergy efficiency results from the HPVTEG system and standalone PV panel.
The power output of a power plant has a negative impact on its energy efficiency. The profiles for the

energy efficiency for the two systems can thus be observed from the data since they are similar to those

for electrical efficiency.

Exergy efficiency decreased from the beginning of the experiment until about 13:00, when it began to rise
due to increased PV module temperatures. The HPVTEG system's exergy was consistently greater

throughout the testing indicating that the suggested hybrid system can be used to control PV module

temperature.

As a result, the average exergy efficiencies for a HPVTEG system and a stand-alone PV panel,
respectively, are 12.79% and 10.98%. It is clear from the data that the modified PV panel had higher

exergy efficiency.
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3.6.3 Examining the System in Relation to another Research

Table 3-5 compares our findings with the research discussed above and other studies. Generally, the

outcomes are superior or equivalent to systems described in prior investigations.

16:00

Table 3-5 Comparison of the current system to previous studies

. Piwt of PV-TEG, Ef fio: Of PV-
Ref Improve%erlt :\i/ltichanlsm, Study type Change, W, TEG, increase ,
ateria Improvement, % Improvement, %
Concentrating PV-TEG, Fron2132 55% 10
[115] (Single junction GaAs Experiment N/A 7
. . (Improvement,
Bismuth telluride) 3.11 %)
PV-TEG-Nanofluid- Phase
[116] Change Material, Experiment From 2.93W to 4.18W Improvement,
(Polycrystalline silicon, (Improvement 42%) 15.8%
Bi2Te3)
From 13.82 % to
PV-TEG-Water, . From 8.49W to 9.56W 15.6%
[117] (Polycrystalline silicon, Experiment 0
Bi2Te3) (Improvement 12.6%) (Improvement,
12.8 %)
PV-TEG-Beam Splitter From 0.6% to
system, (Amorphous . From 0.13W to 0.4W 1.65%
[118] silicon (a-Si) solar cells, Experiment (Improvement 2.07%) (Improvement,
Bi2Te3) 1.75 %)
From 16.8% to
Perovskite PV-TEG, . 19.5%
[108] (Perovskite Cell, Bi2Te3) Experiment N/A (Improvement,
16.07 %)
Non-concentrated flat plate
[65] | PV-TEG, (Multi crystalline | Simulation increased by 8.3% Increased by 6%
solar cell, Bi2Te3)
Unconcentrated Increase in
photovoltaic thermoelectric . o
[119] - Experiment N/A efficiency of
generator, (Mono silicon 0.06%
PV-Bi2Te3) R
PV-TE hybrid module, . . Increase by 14.7%
[120] (multi-crystalline silicon, Simulation N/A and 11%
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Bi2Te3)
Building-integrated
photovoltaic ( BIPV)-TEG- . . 0
[121] PCM system (N/A, Simulation From 80W to 87W Increase by 1.09%
Bi2Te3)
From 28.95 % to
Experiment 30.53% At
[122] Concentrated PV-TEG, pan d From 1.797 to 1.895 Concentration
(Multijunction, Bi2Te3) . . (Improvement 9.8 %) factor 205
simulation
(Improvement,
5.45 %)
PV-TEG system,
[123] (Polycrystalline silicon, Experiment Improvement 19% Increase by 17%
Bi2Te3)
From 9.5% to
11.07%
_PV-TE, (c-Si cell, N/A) (Improvement,
. . 16.5%)
[124] Simulation N/A From 21.91% to
-PV-TE, (GaAs cell, N/A) 99 94%
(Improvement,
4.7 %)
From 17.8% to
PV-TEG, (Perovskite cell . . 18.6%
[125] & BI2TE3) Simulation N/A (Improvement,
4.49 %)
From 13.43% to
PV-PCM-TE, (Single- . 13.45%
[126] junction GaAs, Bi2Te3) Experiment N/A (Improvement,
0.14 %)
From 11.9to
Curre | Unconcentrated HPVTEG- . From 28.06 to 32.76 13.86
Water, (Polycrystalline Experiment
nt o . Improvement,16.7 % (Improvement,
silicon , Bi2Te3) 16.4 %)

3.6.4 Cost Analysis

The main production expenditures in the proposed HPVTEG system are heat exchangers and
thermoelectric generators, requiring two sets of TEGs at a price of US $15.2, and four of heat exchangers

at a price of US $2, based on year 2022 data. Overall, the PV-TEG system and associated equipment costs

US $71.2 with a solar panel price of US $54.

This study considered two possibilities for the energy produced by the power plant.

l. The first case entails circumstances in which the power plant operates year-round with no bad

weather. Every day of the year is used to produce electricity in this case.
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Il. The second case also considers a situation with favorable weather for only a portion of the year,
such as that in Irag. This considers Irag's eight-month summer season, or 240 days, as productive in this

case.

Assumptions were made that the panel will be exposed to solar radiation for ten hours a day for 365 and
240 days, respectively. Energy output from the HPVTEG power plant and stand-alone panel in the first
and second cases was (120.09 kwh, 78.96 kwh), and (102.42 kWh and 67.34 kWh ) respectively. Then,

we used the information in Table 3-6 to determine the LCOE of both systems.

Table 3-6 Calculation of LCOE parameters

No. Parameter HPVTEG Stand-alone
1 Investment cost (Ci,y), $ 78.8 54
2 | Annual operation and maintenance cost (Cogm), $ 3.5 3.5
3 Effective discount rate (iq¢r), % 5 5
4 Lifetime of the plant (n), years 30 30
5 Nominal escalation rate (r,), % 1 1

Calculated parameters
6 Capital recover factor (CRF), % 6.5 6.5
7 Kogm 0.96 0.96
8 Levelized cost of fuel ( LCgyq ), $/kWh 0 0
9 Constant-escalation laterization factor 0&M, 11 11
(CELF) ' '

According to the calculations, the HPVTEG system LCOE in the first case, with 365 days of production,
was 0.06681 US $ /kWh as opposed to 0.06741 US $/kWh for the stand alone PV panel. Additionally, the
HPVTEG hybrid system showed an LCOE of 0.10160 US $/kWh for the second case with 240 days of
production, opposed to 0.10251 US $/kWh for the stand-alone PV panel.

These data clearly show that the HPVTEG hybrid system outperformed the stand-alone PV panel in terms
of cost under both scenarios, despite the additional costs associated with integrating TEG with PV panel.
This implies that adding the suggested TEG mechanism to a PV module will increase its cost-

effectiveness in addition to improving its electrical and exergy efficiency.
3.6.5 Conclusion for Chapter Three

TEGs and heat exchangers were used to improve the functionality and lower the operating temperature of
a PV panel while using the whole solar spectrum to in an HPVTEG system. The current research enables

the following conclusions to be drawn:
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Efficiency and output power are significantly improved using the HPVTEG system. This results
from the HPVTEG system's use of water as a cooling medium, rather than unstable and variable

cooling sources. This system is independent, economical, and has no complicated mechanisms.

The use of poly-methyl methacrylate (PMMA) board serves three functions, cohesion as well as

good pressure distribution and insulation. This led to improved power from the TEG modules.

There was an average temperature difference (AT) of 18.25 °C between the hot and cold sides of
the TEGs.

During experimentation, the average HPVTEG system temperature was 44.97 °C, compared to
60.98 °C for the standalone PV panel. Thus, using the TEG module with cooling resulted in an
average temperature that was 16.01 °C lower for the HPVTEG system.

During the experiments, the water average temperature at the exit of the heat exchanger was 25.92
°C.

Among the TEG configurations, the average power and efficiency for Configuration-1-SP were
1.24W W and 0.51% whereas those for Configuration-2-SP were 0.20 W and 0.08 %,

respectively.

The average power output for the HPVTEG system was 32.76 W, whereas that of the stand-alone
PV panel was 28.06 W. The increase in electricity generation is 4.7 W total, an average

improvement of 16.7%.

The average efficiency of the HPVTEG system was 13.86 %, while the efficiency for a stand-
alone PV panel was 11.90 %. The increase in electricity generation is 1.96% total, an

improvement of roughly 16.4 %.

There is a 1.81 % average difference in exergy efficiency between a standalone PV panel and
HPVTEG system.

Financially, in the first scenario (365 days of production), the HPVTEG system had an LCOE
equivalent to 0.06681 US $/kWh compared to 0.06741 US $/kWh for the stand-alone PV panel.
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Additionally, the HPVTEG system showed an LCOE of 0.10160 US $/kWh for the second case
(240 days of production) compared to 0.10251 US $/kWh for the standalone PV panel.

In practice, the HPVTEG mechanism has shown to be technologically and economically better. The
proposed hybrid mechanism shows the lowest LCOE due to its high efficiency, even if when its

modifications came at an additional cost.

According to the findings of this study, it is possible to use the suggested cooling mechanism and the TEG

module in hot climates, like that in Irag, to improve solar PV panel performance and produce more power.

More TEGs might be utilized to cover the back of the solar panel, but future research should also consider
the financial implications of this action. Future research may look towards using a nano-fluid rather than

water to dissipate more heat from the PV panel.
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CHAPTER FOUR: MODELING AND NUMERICAL ANALYSIS

4.1 Preface

The numerical simulation techniques have prevailed for their excellence in solving differential equations
and ease of use as long as the formulations for equation discretization and iteration methods are
determined. A variety of numerical models were presented in the literature to design, investigate, evaluate,
and enhance the TEG performance. These models were split into different categories, some are one
dimensional built to seek the characterized nonlinear TE material properties based on regression analysis
of TEMs [159]. The others are a three-dimensional models based on commercial software, such as the
ANSYS and COMSOL. They make a reliable calculation possible for its easy coupling of nearly all
related TEG effects and factors simultaneously. For instant, Wang, Huang [160] introduced a
sophisticated 3-D TEG model to assess two common assumptions of constant and variable TEG
properties. With these techniques, the TEG geometric optimization and performance improving become

an easy, practical, and more cost effective task.

This chapter employs a computational fluid dynamics (CFD) model is developed for a thermoelectric
generator consists of five TEG modules embedded between two aluminum blocks. The upper block
collects the solar energy and heats the hot side of the modules. The lower block has an internal M-shaped

water channel to cool the cold side of the module.
4.2 Numerical Approach

Numerical analysis provides an approximation for real life problems that is hard to solve mathematically.
It finds an increasing application in TEG system due to their reasonable approximation of engineering
problems that do not has analytical solution. It also provides significant reduction in the time and cost of

designing and investigating a real system.

Ruan, Xie [161] developed a fluid-thermal-electric multiphysics coupled model to investigate the
performance enhancements of the TEG system using nonfluid. The study simultaneously considered the
thermodynamic and thermoelectric performances in the developed model. The nanofluid effects on heat
transfer, TEG's electricity generation, and TEC's cooling capability were investigated for varying
Reynolds numbers (Re). The analysis demonstrated the validity of the performance improvements, also
showed that the enhancement effect increases with the nanoparticle concentration but reduces with Re.
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It has been proven that the use of variable area pins (VAPS), and nanomaterials, in place of traditional
bulk semiconductor materials, has improved the performance of TEGs. In this regard, Maduabuchi [162]
modeled a full nano-enhanced VAP TEG module with a 127 thermoelectric pairs in three-dimensions
using ANSYS 2020 R2. The shortcomings of the previous studies on VAP TEGs are also discussed and
addressed in this study. Results indicate that the power density and efficiency of the nano VAP TEG are
12x and 6x higher than that of the traditional bulk semiconductor VAP TEG, respectively.

Chen, Wang [42] provided a three-dimensional fully numerical simulation technique to investigate the
heat transfer and power generation of a thermoelectric module installed with fin to harvest vehicle exhaust
waste heat. The study considers a TEG in a hot channel without fins as well as with plate fins and square
pin fins, while a cold channel is used to cool the TEM. The results revealed that installing plate fins or
square pin fins can significantly increase the waste heat harvest. Moreover, the optimal number of the

square pin fins is 78 which increase the output power of the TEM by 24.14% compared to the plate fins.
4.2.1 Analysis Using Finite Elements Method

Finite Element Method (FEM) is a numerical technique, based on minimization of energy, developed to
solve complex engineering problems by converting the governing differential equations of the physical
phenomenon into algebraic equations that can be numerically solved [163]. To analyze the human wrist
heat harvesting using bismuth telluride-based TEG, [164] used the finite element method to investigate the
performance of the TEG. The actual heat harvesting environment from the human wrist was developed
during the simulation. Based on the analysis, an output voltage and power of 40.7 mV and 4.245 mW,
respectively, were obtained from the proposed TEG module at a temperature gradient of 12.5 K. Besides,
the generator was able to produce a maximum power efficiency factor of 0.66 pWmm K2, The output of

the developed wearable TEG could be improved by employing more thermocouples.

Selimefendigil, Oztop [165] used the finite element method to provide an assessment for the shape effects
of TEG performance characteristic during alumina-water nanofluid convection. Triangular,
rectangular, different configurations were modeled in the study where the interface temperatures of hot
and cold side are varied by changing the cavity shape, opening ratio (OR) and Reynolds number (Re). The
results showed that the highest hot side temperature is obtained with I-shaped cavity followed by U, T and
R-shaped cavities. Further, by using the T, L and U shaped cavities, the increase in the power are
determined as 38%, 78% and 76% at Re=1000 compared to the rectangular cavity.
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Potirniche and Barannyk [166] presented a coupled thermoelectricity nonlinear model model and
implemented it in the finite element method. The model considered the Seebeck, Peltier and Thomson
effects in thermoelectric materials within the framework of the coupled thermal and electrical behaviors
governed by the Fourier and Ohm’s laws. The model is verified by comparing its predictions with
analytical results obtained from the system of ordinary differential equations that represent the simplified
model for the one-dimensional case. Then, the finite element model is applied to estimate the energy
conversion performance of nanostructured thermoelectric materials compared with that of traditional bulk
materials. The study showed the excellent behavior of nanostructured materials in terms of their power
output and conversion efficiency. The analysis also demonstrated the advantages of developing

nanostructured thermoelectric materials for increased performance and miniaturization.
4.2.2 Analysis using Computational Fluid dynamics (CFD)

Eldesoukey and Hassan [167] developed a three-dimensional model of thermoelectric generators (TEGS)
by using CFD modeling. The solution of the model was performed using three-dimensional (3D)
numerical solution and User defined function (UDF) of the ANSY S-Fluent software. The model was used
to investigate the effect of the performance of the TEG mounted on a chimney wall, and the velocity of
the hot flow gasses and coolant air on the heat transfer and generated output power. The results showed
good agreement between the presented 3D model and the experimental results. Further, increasing the hot
gases inlet velocity without increasing cooling air velocity or vice versa did not affect the TEG output
power. Also, the heat transfer of the cold side of the TEG was found to be more effective on the TEG

output power compared to the hot side.

Chen, Lin [168] developed an advanced simulation method by integrating CFD and a thermoelectric
module (TEM) where the TEM is modeled as a heat sink to absorb waste heat from flue gases. The study
evaluated the influences of the convection heat transfer coefficient at the cold surface, Reynolds number,
dual TEM, gas inlet temperature, and channel geometry on the TEM system performance. The study
findings provided a measure in increasing the performance with rising the Reynolds number, flue gas inlet
temperature, and convection heat transfer coefficient at the cold surface. Moreover, the results showed
that the dual TEM can produce an additional 43% power when compared with the single TEM. Modifying
the channel geometry raises the flue gas velocity at Re = 1,000 can increase the output power and
efficiency by 53.5% and 25.2%, respectively.
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Shen, Gou [169] built a three-dimensional TEG dynamics solver (TEGFoam) based on the open-source
CFD software. The TEGFoam is able to define the complete process of flow, electricity conversion, and
heat transfer in detail. TEG solver and the proposed model were verified with experimental date. The
verification process results revealed that the numerical model can reproduce the TEG system
characteristics. Compared with the low-dimensional model, the 3D numerical simulation modeling using
the TEGFoam solver can obtain more accurate system characteristics, and can deliver useful basic data of
the TEG structure and its operation mode. Also, the TEGFoam is applicable for TEG structural designing,
and TEG optimization operation.

Qing, Chen [170] proposed a high- and medium-temperature coupled TEG system operated by a
combustion heat source. A novel burner with baffle is also proposed to augment the heat transfer between
the hot side of TEG and the fired gas. A 2D CFD model was used to optimize the geometrical dimensions
of the new burner. The model comprises the flow, combustion reactions, and heat transfer in simplified
TEGs. The results showed 73K increase in the inner-wall temperature of the high-temperature TEG
module. Further, an improvement of 42.48% and 3.38% were reported for the TEG system’s power
generation and conversion efficiency, respectively. The 2D model was further developed, during the
study, using an equivalent thermoelectric effects model of segmented high-temperature TEG for further
improvement for the high temperature TEG performance.

Montserrat, Cézar [171] studied the influences of design parameters of finned heat sinks on the TEG net
output power. The design comprises a cooling fan; therefore the net output power is equal to the power
generated by the TEG minus the power absorbed by the fan that supplies air into the forced convection
system. The study was conducted using the CFD simulations in the multi-physics commercial software
ANSYS. An experimental data was used to validate the model prediction; the results showed that, for a

constant heat sink exchange area, a better performance is achieved with fin thicknesses greater than 1 mm.

Qasim, Velkin [154] developed a CFD model for a TEG system consists of five TEG modules embedded
between two aluminum blocks. The upper block collects solar energy and heats the hot side of the
modules, while the lower block has an internal M-shaped water channel to cool the cold side of the
modules. The model was validated by comparing it outcome with previously published experimental data.
The model was then used to investigate the effects of various solar collector block thicknesses and
different water flow velocities on the TEG-generated voltage and efficiency. The study concluded an
inverse relationship between the thickness of the solar-collecting mass, the efficiency of the system, and

the heat flux. However, the relationship was proportional to the velocity of water flow.
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4.3 CFD Modeling of the TEG for Power Generation

4.3.1 Model Design and Theoretical Background

Thermoelectrics are solid-state devices that perform energy conversion using the Seebeck effect.
According to Zhao, Wang [102], the temperature difference between the hot and cold junctions is the
driving force of the Seebeck effect to produce a potential difference across the load. Figure 4-1a illustrates
use of a TEG module, and Figure 4-1b demonstrates its fundamental design, where heat flux, alTh, is
collected by the hot junction, and a/T: is ejected at the cold junction. The TEG process is also associated
with the Joule effect, heat leakage, and Thomson effect. The latter exhibits the lowest impact on the TEG
output compared to the others. Therefore, it is usually neglected in modeling. Table 4-1 provides the basic

specifications of the considered TEG module.

e —— T P
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Figure 4-1 (a) Geometry of the module, (b) the basic structure of a TEG
Table 4-1 Specifications of the TEG SP1848-27145 module as given by [41, 172]

Specification Value
Material Ceramic/Bismuth Telluride
Color White
Temperature (°C) 150
Open-circuit voltage (V) 4.8

Short-circuit current (mA)

20/0.97/225; 40/1.8/368; 60/2.4/469;
80/3.6/559; 100/4.8/669

Module size (L x W x H)

40 x 40 x 4 mm?

Weight

25 gm
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4.3.2 Model Design

To generate power, the hot surface of a TEG must absorb enough heat while the cold surface remains at a
lower temperature. A temperature difference triggers the Seebeck effect to convert heat into electricity.
The Workbench ANSY'S program was used in this study to build a TEG model. It consists of a solar-heat-
collecting plate, 5-TEG modules, and a water-cooled aluminum block heat sink (Figure 4-2). The upper
part of the device is a block made of aluminum alloy 6063 with dimensions of 240 mm x 40 mm x 16 mm
(L, W, H), and it acts as a solar collector. The middle part contains the TEG modules, evenly distributed
with 5 mm spacing between the modules. The lower part is a cuboid block made of an aluminum alloy
with dimensions of 240 mm x 40 mm x 10 mm (L, W, H). It has an internal M-shaped water flow channel

to maximize the heat exchange area for a better cooling effect.

Figure 4-2 The geometry of proposed design

The physical properties of the aluminum alloy used in the design are given in Table 4-2, and the

configuration of the cooling block is illustrated in Figure 4-3.

Table 4-2 Physical properties of the aluminum alloy 6063

Property Value
Density 2.70 kg/m?®
Thermal expansion 23.5 x 10°°/K
Thermal conductivity 200 W/m-K
Electrical resistivity 0.035 x 106 Q- m
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INTERNAL CURVE DIAGRAM

Water intake Outlet

Figure 4-3 The practical configuration of the lower aluminum block with an M-shaped water channel

A 1 mm-thick thermal paste layer was used between both hot and cold surfaces of the TEG module. It
provides improved surface contact to ensure good heat transfer from the hot plate to the module, and from
the module to the heat sink block.

4.4 Governing Equations

Steady-state flow is assumed in the M-shaped channel with a laminar and incompressible characteristic
assumed for the flow field. The governing equations are solved simultaneously. They include the
continuity, momentum, and energy equations, as follows [168].

Continuity equation:
V.(pV) =0 4.11

Momentum equation:

_

V.V = —VP +V [u(V7) + (V7) | 412
Energy equation:

pCpVVT = V. (kVT) 413
4.5 Boundary Conditions

The simulation adopted the same boundary conditions employed earlier by Qasim, Velkin [41]. Various

inlet fluid flow velocities (0.2, 0.4, 0.6, and 0.8 m/s) were used for the cooling block. The temperature was
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set to (300 K) with the default viscosity ratio and turbulence intensity. Radiation was the heat transfer
process at the solar collection plate surface. Mass and energy conservation were adopted at the outlet. A

fixed 1 atm pressure was set at the outlet with a no-slip condition at the channel walls.
4.6 Numerical Approach and Validation

A finite volume method was used to solve the governing Equations 4.12 — 4.14 to calculate the water flow
velocity. Thermo-flow numerical analysis was conducted using ANSYS FLUENT CFD code. The energy
and momentum equations were solved using a second-order upwind scheme to eliminate potential
numerical errors. The momentum and continuity equations were solved first, before flow determination.
Then, the energy equation was solved to determine the thermal field in the domain. The procedure
continued until the sum of the residuals of the continuity and energy equations reached the converging

criteria.
4.6.1 Mesh Study

The analyzed model was entirely discretized with the hexahedral mesh shown in Figure 4-4. This includes

the upper solar-collecting plate, the TEG modules, and the lower heat sink block (flow domain).

(b)

Figure 4-4 (a) Top and (b) side views of structural hexahedral mesh of the CFD model used in this study.

A mesh independence study was performed to determine that the predicted results were independent of
mesh size. There was no significant change in the temperature obtained when solving the energy equation.
So, pressure and velocity results were chosen instead. Two points were chosen before the outlet to obtain

independent mesh values for the velocity and pressure. Figure 4-5 shows the effect of the cell size on
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pressure and velocity. Independent pressure and velocity values were obtained for all cell sizes. Here,
mesh cell sizes of 1 and 2 mm both reached steady state. However, the solution used a cell size of 1 mm

because it reached steady state earlier than the 2 mm cells, as shown in Figure 4-5.
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Figure 4-5 The mesh convergence study results

The number of cells corresponding to each examined mesh size is given in Table 4-3 below.

Table 4-3 Number of cells for each cell size

Cell Size | Total number of cells
4.00 4861
3.00 6759
2.00 19,551
1.00 128,474
0.50 964,572

4.6.2 Model Validation

Once the optimum cell size and mesh density were determined, verification processes were performed to
confirm the accuracy and reliability of the model. Validation processes were carried out using previously
published experimental results [41]. A many-TEG modules, arranged in 30 sections, was investigated in
the experimental system. However, using symmetry considerations to simplify the model, only one section
was considered in this study. Figure 4-6 shows the experimental model that was validated. The current
simulation used the same design and process parameters considered in the experiment. Therefore, this

work can be considered valid and has achieved its aim.
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Figure 4-6 A schematic view of one row of the TEG board consisting of two sections, each with 5
modules.

A weighted average area method was used to obtain the temperature values at the TEG hot and cold

surfaces. Table 4-4 provides a comparison of the current model predictions and the corresponding
experimental data obtained at different times of the day.

Table 4-4 Experimental data and model predictions obtained at different times of the day

Qasim, Velkin [41] Predicted
Time Th(°C) | Tc(°C) | VT (°C) | Ta(°C) | Tc(°C) | VT (°C) | Diff. (%)
11:30 a.m. 51 27 24 51 29 22 8.3
12:30 p.m. 62 32 30 62 31 31 3.3
1:30 p.m. 72 37 35 72 35 37 5.7
3:30 p.m. 63 32 31 63 31 32 3.2

4.7 Results and Discussion

The effects of the solar plate thickness and the flow velocity on the temperature difference, AT, between
the hot and cold surfaces of the TEG module are presented in this section.

4.7.1 Solar Plate Thickness

Figure 4-7 depicts the effects of four different solar plate thicknesses on the TEG module surface

temperatures. No significant variation in Th or T¢ due to changes in plate thickness was seen.
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Figure 4-7 The effects of the solar plate thickness on the temperature of the module’s hot and cold
surfaces

Figure 4-8 demonstrates a significant effect of the plate thickness on the heat flux difference across the
module’s hot and cold surfaces. Greater plate thickness resulted in higher heat flux. This is attributed to

the increased heat capacity of the thicker solar plate compared to the cold plate.
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Figure 4-8 The relation between the solar plate thickness and the heat flux between the module’s hot and
cold surfaces

Figure 4-9 demonstrates the effect of the solar plate thickness on the efficiency, 1, of the TEG. Equation
3.12 was used for calculation of this efficiency. The results indicate significant effects of plate thickness
on TEG efficiency. Increasing the plate thickness had a slight adverse effect on efficiency. This is due to

the dependence of efficiency upon the temperatures of the two sides of the TEG module according to
Equation 3.12.
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Figure 4-9 The relation between solar plate thickness and TEG efficiency

4.7.2 Flow Velocity

The effect of the cooling water flow velocity on the temperature of the module surfaces is shown in Figure
4-10. The results show a more prominent effect of the flow velocity on the cold surface than the hot one.
Accordingly, larger temperature differences were achieved for higher flow velocities, as is illustrated in

Figure 4-11.
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Figure 4-10 The relation between the flow velocity and the module’s hot and cold surface temperatures
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Figure 4-11 The effect of flow velocity on the temperature difference between the TEG module’s hot and
cold surfaces

The effect of the flow velocity on the output voltage and efficiency of the TEG is presented in Figure 4-12
and Figure 4-13, respectively. The results indicate a positive effect of the flow velocity on the output
voltage and efficiency. Comparing these results to earlier research [87, 173], it was found that using
stripe-shaped surfaces on the cooling cold side of a TEG module is better than plate-shaped or diamond-
shaped surfaces. In these earlier studies, temperature increases in the cooling fluid from the inlet-to-outlet
conditions were 8.5, 6.2, and 10.5 °C, respectively, for stripe-, plate-, and diamond-shaped surfaces. In the
current study, the cooling system employed an M-shaped channel through a block of an aluminum alloy,
and the inlet-to-outlet temperature rise was about 2 °C with a flow rate of 0.8 m/s, as shown in Figure
4-14d. These results demonstrate better efficiency using an M-shaped channel rather than other shapes. It
allows for maintenance of a higher temperature differential for heat transfer and therefore a higher output
voltage [87, 173, 174].
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Figure 4-12 The relation between the flow velocity and output voltage
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Figure 4-13 The relation between flow velocity and TEG efficiency
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Figure 4-14 Temperature distribution contours at a plane just below the cold surface of the TEG for flow
velocity: (a) 0.2 m/s, (b) 0.4 m/s, (c) 0.6 m/s, and (d) 0.8 m/s.

In Figure 4-14, contour plots of the temperature distribution at a plane just below the cold surface of the
TEG, for different inlet flow velocities, are presented. (The results indicate a reduction in the temperature
near the fluid channel that was proportional to the inlet flow velocity. The reason for this is to reduce the
heat gain time between the entry and exit of aluminum block, and this leads to a high cooling rate. Hence,
a larger AT for two surfaces of (TEG) is anticipated when the inlet flow velocity is increased). Figure
4-14shows the flow velocity contours at the same plane as the temperature contours. Velocity contours are
presented in Figure 4-15. The highest flow velocity was at the inlet. However, due to turns in the channel,

high-pressure regions were generated, which resulted in a velocity reduction at the channel outlet.
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4.8 Conclusion for Chapter Four

A successful, new CFD model was developed in this study to analyze the performance of a solar power—
thermoelectric power generation system. The system comprises five TEG modules embedded between two
aluminum blocks. A single block functions as a solar power collector to heat one side of the modules,
while the other side has an internal M-shaped channel cooled with ordinary tap water. The model was first
validated with experimental data available in the literature. Then, it was employed to conduct a parametric
study to investigate the effect of different solar block thicknesses and water flow velocities on power
generation and efficiency. The results show that the optimum cell size for the best results is 1 mm.
Additionally, the model output showed excellent agreement with the experimental data, which makes it a
powerful tool for TEG system design. Cooling water flow velocity had a positive effect on the temperature
difference between the TEG module surfaces, which consequently produced higher voltage and efficiency.
Moreover, the proposed M-shaped water flow provided even heat distribution along the cold side of the
TEG system, which is essential for constant voltage generation. Additionally, greater plate thickness
resulted in higher heat flux between the hot and cold sides of the TEGs. For further investigations and
improvement, nanofluids can be investigated as alternatives to cooling water. It is anticipated that they can

enhance heat dissipation from the cold surface and consequently increase power output.
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CHAPTTER FIVE: MODELING, ANALYSIS, AND SIMULATION OF HYBRID
PV-TEG SYSTEM

5.1 Preface

The numerical simulation techniques have prevailed for their excellence in solving differential equations
and ease of use as long as the formulations for equation discretization and iteration methods are
determined. SIMULINK is a multi-domain simulation and Model-Based Design block diagram
environment. It enables embedded systems, system-level design, simulation, automatic code generation,
and continuous testing and verification. It includes a graphical editor, block libraries that can be
customized, and solvers for modeling and simulating dynamic systems. It is also integrated with
MATLAB software, so users can incorporate MATLAB algorithms into models and export simulation
results to MATLAB for further analysis [174].

It is well known that renewable energy systems such as photovoltaic (PV), thermoelectric generators
(TEG) have recently become in high demand for cleaner energy production. Due to the fact that during the
normal operation of PV panels, it dissipate high amount of heat. On the other hand, TEG modules could
be attached to hot areas that dissipate heat to generate electricity. Since PV panels dissipate high amount
of heat during their normal operation, it is possible to attach them to the hot side of PV panels, to generate
an electric current [175]. In this chapter, a single PV panel is connected in series with a thermoelectric
generator (TEG) panel as a hybrid PV-TEG system.

In recent years, many researchers developed several technologies to enhance the hybrid TEG and PV
system. They investigated conversion of the wasted heat from the PV panels into useful electricity
utilizing various Maximum Power Point Tracking (MPPT) methods. Kwan and Wu [176] used a Lock-On
Mechanism (LOM) as an MPPT method. Their proposed MPPT provided the required pulses for a twin
SEPIC DC/DC converter. Here, each input source is independent. The PV panel and TEG feed electrical
voltage from each side of the converter. A LOM is used to reduce oscillations under steady state operation
with improved MPPT. Tawil and Zainal [107] used a selector switch to choose the power source, either a
PV or TEG system. Each source is joined to a separate DC/DC step-up converter to increase voltage levels
for the loads. Their design is made to operate small power applications such as a cooling fan. Shatar,
Rahman [177] developed a hybrid PV-TEG device for a precision agriculture system. A PV is used to
supply loads and charge a battery bank with an appropriate MPPT. The TEG is only used for charging
batteries. Belkaid, Colak [178] developed a combination PV TEG system. Electricity is supplied via solar
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radiation and the waste heat is recovered to attain optimal performance. For each source, a boost converter
is used to perform an MPPT and each converter is connected to a load. The MPPT is based on an
algorithm called a ‘sliding mode’. The aim of their design is to achieve smart grid requirements. Ibrahim,
Rezk [179] fabricated a hybrid PV-TEG device for pumping applications. One synchronous reluctance
motor (SRM) is used as a load. The entire system is controlled in two ways. The first way is operation at
the maximum torque per Ampere, while the second is running the system so that that it produces the
maximum power under specified environmental conditions. To accomplish this strategy, a three-leg
inverter is used instead of a DC/DC converter. Mirza, Mansoor [180] developed an Arithmetic
Optimization Algorithm (AOA), which is an MPPT algorithm, to control this hybrid PV-TEG system.
They used a single DC/DC boost converter driven by an AOA to reach a Maximum Power Point (MPP)
with high stability. A similar hybrid PV-TEG was made by Kanagaraj [181]. For the MPPT, a Fractional
Order Fuzzy Logic Controller (FOFLC) was used. Performance of his proposed system was examined
under various electrical and thermal operating conditions in a MATLAB Simulink environment. Ejaz
[182] examined a hybrid PV-TEG device under Generalized Particle Swarm Optimization (GEPSO), an
MPPT method. He compared it with the performance of Perturb and Observe (P&O), Cuckoo Search
(CS), Incremental Conductance (INC), and normal PSO techniques for cases requiring tracking speed and

accuracy.

Generally, previous studies neglected some issues. Choosing the appropriate electrical connections and
assembly of TEG modules to obtain the appropriate voltage such issues. Where most PV-TEG systems
link many thermoelectric modules in a series and parallel array to achieve the necessary power level. Also,
most of the studies was about generating electricity for applications with low amount of power
consumption. Expansion of the hybrid system to obtain more power or its exposure to unstable conditions
is not considered. Therefore, creation of a hybrid system that addresses these issues is extremely

important.

In this chapter, the numerical approach is about seeks to develop a hybrid PV-TEG device. The dissipated
heat from a PV panel during its normal operation is converted into electricity, enhancing power generation
as well as overall system effectiveness. For this purpose, a TEG panel is used that is made from several
TEG modules that are connected both in series and parallel. These TEGs are subsequently attached to a
PV panel. Then, they are connected electrically in series. The hybrid PV-TEG panel is modeled, analyzed,
& simulated by MATLAB SIMULINK environment. Practically, it is possible that the upper side of the
TEG panel receives the heat from the rear side of the PV panel and the cold side of the TEG is cooled by a
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water heat exchanger (aluminum blocks), where the normal tap water flows through it. Furthermore, four
MPPT algorithms were tested to examine the system. The most effective one was chosen to achieve
optimal system performance under stable and unstable conditions. Also, the expansion study of the

proposed system to increase power and capacity was addressed.
5.2 Hybrid PV-TEG System

The proposed hybrid system is comprised of a single PV panel and TEG panel which are electrically
connected in series. The TEG panel has two surfaces. The first is a high-temperature side while the other
Is at a lower temperature. Its hot side is mounted on the back of a PV panel. The cooled side maintains its
temperature using tap water flowing through aluminum radiator elements [110]. The details of each panel

are discussed below:
5.2.1 The PV Panel

Normally, a photovoltaic (PV) panel is modeled as a PN diode with parallel and series resistances and a
source of current, as depicted in Figure 5-1. The PV panel generates an electrical current (Ipv) when light
strikes the PN junction where electron-hole pairs are formed [183-185]. IPV can be calculated using

Equations 5.1 and 5.2 can be used to mathematically represent an ideal PV cell model ,
Ipy = Ipp — Is — Irs (5.1)
Ipy = Ipp — I (5.2)

where I, I, are diode saturation current and resistance current, respectively, and Ip, is current from

incoming photons, denoted as [123],
Ipn = Use + KT =T, () (53)

I , K; , T , G are short-circuit current, current conductivity, module temperature, solar irradiance,
respectively. T, and G, are the ambient temperature and solar intensity under standard test conditions

(STC), respectively. Resistance current can be expressed as [123]:

L = I [exp (AZ—Z‘IT) - 1] (5.4)
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I denotes short circuit current, V,. is open circuit voltage, g represents the electron charge, N denotes
cells number of PV model, k is the Boltzmann constant (1.38 x 10723 ), and A is the diode ideality
factor. The diode current can be determined by [123]

7\3 Eg (1 1
L=l () e 52 (5 7)) (5:5)
E, denotes bandgap energy. Then Equation 5.2 is rewritten as [123, 185],

q Vyp+IpyRs Vypv+Ipy Rg
Iy = Nyl — Nyl [exp (ﬁ) -1]- et (5.6)

where R, denotes series resistance, Ry, is parallel resistance, and N,, represents the number of PV cells

connected in parallel. It is possible to show the input power caused by solar irradiance as [186]
Pin= G Apv (5-7)

where, A,,, is the area of the photovoltaic module, PV panel efficiency expressed as [158]

Imp Vin
Npy = #pp (5.8)

where I, Vi, are the maximum current and voltage of the photovoltaic module.
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Figure 5-1 Equivalent circuit of PV cell
5.2.2 The TEG Panel
A thermoelectric generator (TEG) transforms heat directly into electrical energy [187]. It has two

surfaces; one is a hot surface while the other is cold. From the Seebeck phenomenon, a difference in

temperature (AT) is established across these two surfaces. This difference results in an energy flow from a
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higher to lower level that finally produces a voltage across the TEG module. In most cases, these modules
are manufactured from ceramic/bismuth telluride materials [188]. A TEG is simulated as single voltage
source that is connected in series. This arrangement has an internal resistance, depicted in Figure 5-2
[189].

Heat that is absorbed @, and dissipated Q. by a TEG, where the sides are at different temperatures, are
determined as [74]:

I?R
2

Qn = (K, + k) (AT) + (ap, — ay)ITy — (5.9)

Qc = (Kp + k) (AT) + (ap — a)IT. + =5 (5.10)

where K,, and k,, are the thermal conductivity values of the p-type and n-type TEG materials, a,, and a,,

values are the Seebeck coefficients for p-type and n-type TEG materials, respectively. I represents the
current and R is the resistance at the terminals of a TEG module. This is shown in Figure 5-3 AT =
(T, —T.), where T,, and T, are the hot and cold temperatures on opposite sides of a TEG, respectively.

From the input-output power balance equation then [74]:

W=0,—0.=V.I (5.11)
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Figure 5-2 Equivalent circuit of a TEG module
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Rearranging of Equations 5.9 and 5.10, the terminal voltage is expressed by:
V=_(a,—ay)(T,—T.)—IR (5.12)
Substituting @ = (a, — a;) and AT = (T,, — T.), Equation 5.12 becomes
V=axAT —IR (5.13)
The open circuit voltage (V) is determined by

Voc = a x AT (5.14)
Maximal efficiency of a TEG is represented as [92]

Tph— Tc V1+ZT-1
Th \/1+Z7‘"+7T,—2

TEG Ny = (5.15)

where ZT is the ‘figure of merit’ [131]. Voltage of a TEG can be increased by employing a greater
number of TEG modules used.

When heat from radiation is transferred to the hot side of TEGs, it is transformed into additional electrical

power, even though it is not converted to electricity by the PV panel. Finally, the system overall electrical
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efficiency can be representing as follows in Equation 5.16, were the P, is load output power of the system
[90, 91, 133, 190]

P
Noverall = GTLpV (5-16)

The proposed hybrid PV-TEG device is illustrated in Figure 5-3. Heat generated from the PV panel during
its normal operation is absorbed at the TEG hot side, mounted adjacent to the opposite surface of the PV
panel. This generated thermal energy can be converted into electrical energy by the TEG panel. Since the
panels are connected in series, generated voltages at the terminals of TEG panels are summed to yield the

system voltage. Using more TEG modules will increase the overall system voltage and power.
5.2.3 DC/DC Boost Converter

DC/DC converter functions to regulate the DC link voltage at the desired level and to track the MPP from
the renewable energy generating system. The most common DC/DC converter circuit used for this
purpose is the DC/DC boost converter. A DC/DC boost converter was used with an output voltage (Vo)
that is higher than its input voltage (Vi). It consists of an inductor, a switch that is nominally an IGBT or
MOSFET, a diode, and a capacitor at its output terminals. When the switch is ON, the inductor works as
an energy saving element to store electrical energy. When the switch is OFF, the inductor releases this
energy as a current flowing to the load. Thus, at this state, the output voltage equals the sum of inductor
and the input side voltages. The diode maintains forward feed to the load. The role of the capacitor is as a
filter of the output DC voltage. For a loss-less system, the output voltage is determined using Equation
5.17 [191, 192]:

Vo =15Vi (5.17)

where D represents the duty cycle. The duty cycle is defined as the ratio between the period when the
switch is at ON state (Ton) to the overall switching period (Ton +Torr) as shown in Figure 5-4. An MPPT
technique is used to modify the D value to control the power and voltage that is supplied to the load or DC

bus.
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Figure 5-4 DC/DC boost converter: (a) Main circuit, (b) Sis ON, and (C) S is OFF

5.3 Maximum Power Point Tracking (MPPT) Methods

The PV solar and TEG characteristics should be known first to understand the need for applying MPPT
techniques. In a PV solar system, the MPP comes from its I-V curve, where (1) represents the output
current of the panel and (V) represents its output voltage. An I-V curve can be drawn at various levels of
solar irradiation, change in ambient temperature of PV panel, and the amount of change in temperature of
both sides of the TEG panel (AT). This curve can be plotted at any particular radiation, such as 1000
W/m?2. At no load, the panel has the greatest voltage, while with a short circuit, it has the greatest current.
Additionally, at a no load or short circuit, the power of the PV panel is zero. Each intermediate power
point appears in the P-V curve. At each level of solar irradiation, or TEG panel AT, there is a particular P-
V curve with a maximum point representing the MPP of the hybrid PV-TEG panel. At this point, the

panel can generate the greatest voltage during normal operation. A P-V curve is shown in Figure 5-5.
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Figure 5-5 PV curves for the TEG panel, PV panel, and hybrid PV-TEG system

In this figure, it can be noted that the MPP of TEG panel is 7.2 W when AT = 30 °C. Also, the MPP of
the PV panel is 30 W when the solar irradiance is 1000 W/m? at 25 °C. Thus, due to the series connection
of PV and TEG panels, the total power at the MPP is increased to 35.5 W for each the PV and TEG panel

under the same operating conditions.
5.3.1 Purtrb & Observe (P & O) Algorithm

The P & O algorithm operates iteratively to either increase or decrease the voltage at the output terminals
of a PV panel. It also takes the power of the current cycle and compares it with its corresponding value in
a former cycle. When the voltage changes and power value is increasing, the controller moves the current
operating point to a forward orientation. Otherwise, it is moved to a backward orientation. At an instant
when the movement of current direction is known, then the current (1) changes by a fixed amount. This
will lead to an increase of the speed of parameters that need to be controlled to balance this faster response
with less variation in stability. A flow chart for this algorithm is shown in Figure 5-6. If the steps, which
depend on the maximum power point distance, are changed, then a modified version will be determined to
improve efficiency. A common problem of the P & O method is that even if the controller reaches the
MPPT, the PV pannel output voltage will fluctuate over each MPPT cycle. This may lead to energy losses
[129, 193, 194]. Problems arise with the conventional perturb and observe algorithm. It cannot be

performed when solar irradiance and temperature suddenly change.
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Figure 5-6 Flowchart of the perturb and observe (P&QO) algorithm

5.3.2 Incremental Conductance (IC) Algorithm

The term conductance refers to a ratio between current and voltage (I/V). The incremental conductance
(IC) algorithm shows that the slope, AP/AV, for a PV panel is zero at the MPP. It also has positive values
to the left of this point and negative values to the right, as can be seen in Figure 5.7. In this way, the MPP
can be determined by examining incremental conductance. Mathematically, Equation 5.18 is used to find
the conditions necessary for the IC algorithm, which are presented by Equations (19a, b and c) [193, 195-
197].

dp_dvi) _,  di _

—=0
dv. dv dv (5.18)
AT
Av v (5.19a)
Ai [
—_— > [
Av. v (5.19b)
Al i
_ < [

Av. v (5.19¢)
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Here, Equation 5.19a is the status at the MPP, Equation 5.19b is the status to the left of the MPP, and
Equation 5.19c is the status at the right of the MPP. A flow chart of this algorithm is given in Figure 5.7.

This algorithm seeks the MPP in a similar manner as the P&O algorithm.

5.3.3 Fuzzy Logic Controller (FLC)

The term fuzzy refers to something that is ambiguous or does not have a clear interpretation. Fuzzy logic
employs sets of logical values that range between 0 and 1. This logic deals with situations that involve
incomplete truth. The true value may lie anywhere ranging from fully true to fully false [198]. Fuzzy logic
control is done by fuzzification, use of an inference engine, and defuzzification. A block diagram
depicting this is given in Figure 5-9. Fuzzification is an operation that identifies linguistic variables, E and

CE in Figure 5-8

| Read WV(t), 1(t) |

!

AV =V(t) - V(t-At)
A T=I(t) - I(t-At)

!

No T AV=0
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e

|
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7

OCW:ISD V_ I'O

|

|

Vt)=V(t-4At1)
1{t)= It-At)

l

Return

Figure 5-7 Flow chart of the incremental conductance (IC) algorithm
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The inference engine takes the linguistic variables and applies rules based on knowledge of the systems.
Finally, the defuzzification process take places, converting the linguistic variables into numerical form.
The range of input for each of the linguistic variables is called the universe of discourse. In this universe,
the membership functions of all the linguistic variables are formed so that the values of each membership

function range between 0 and 1 [199].

Knowledge Base

Y

Defuzzification —) To Process

Figure 5-8 Block diagram of a fuzzy logic controller

In FLC, there are two inputs based on membership functions (MFs) which are “change in current “and
“change in power”. The output represents the “duty cycle”. Figure 5-9 represents the two input of the
proposed FLC as MPPT method.

1] NS E P8 PB
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05 1
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Figure 5-9 FLC MFs of inputs: (a) change in current, (b) change in power

The x-axis is called univese of discorse where its range from —1 to +1 for change of currentand —2 to +2
for change of power. There are five MFs for each input named as (Negative Big (NB), Negative
Small(NS), Zero (ZE), Positive small (PS) and Positive Big (PB). The height of each MFs is from 0 to 1.
For this purpose, there are 25 rules as listed in Table 5-1.

Table 5-1 Rules of FLC

Change (P)

Change (1) NB NS ZE PS PB
NB PB PM NM NM NB
NS PB PS NS NS NB
ZE NB NS ZE PS PB
PS NB NS PS PS PB
PB NB NM PM PM PB

The defuzzification is based on Mamdani type. The output is made of from 5 MFs as shown in Figure
5-10.

.01 0.008 -0.000 -0.004 £0.002 0 0.002 0.004 0.008 0.008 on

Figure 5-10 FLC MFs of output

5.3.4 Interval Type 2 Fuzzy Logic Controller (IT2FLC)

A new method is applied as MPPT for hybrid PV-TEG system. The IT2FLC can work as an MPPT
technique based on (P&O) algorithm. Each MF is split into two parameters upper and lower. For MPPT
purposes, there are two inputs and one output. The two inputs are the change in power and the change in
current. The output represents the duty cycle (D). The MFs of the inputs are shown in Figure 5-11 (a) and
(b) respectively. The number of MFs for each input has similar structure of the MFs of the proposed FLC
as MPPT method.
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FIS Variables

NBU

NBL

Change in Current

(@
FIS Variables

'Change in Power .

(b)
Figure 5-11 MFs of IT2FLC inputs (a) Change in Current, (b) Change in Power

For each input, the MFs have upper parameters represented by (U) and lower parameters represented by
(L). For (U), the maximum degree of membership is 1. For (L) the maximum degree of membership is
0.8. There are 5 MFs for the input (Change in Power), and their names are NB (Negative BIG), NS
(Negative Small), ZE (Zero), PS (Positive Small), and PB (Positive Big). All the MFs are in the range
between -2 to +2. Also, there are 5 MFs for the input (Change in Current) which their names are NB, NS,
ZE, PS, and PB and have been put in a range between -1 to +1. The Fuzzy interference system of IT2FLC
is based on the Sugeno type. So, the output MFs are identified in linear vector as listed in the Table 5-2.

Table 5-2 Output FIS variables

FIS Variable Values (Linear)
NB [0 0-0.0075]
NS [00-0.001667]
ZE [00-2.385e-19]
PS [000.001667]
PB [000.0075]

Due to that fact that there are 5 MFs for the input (Change in Power) and 5 MFs for the input (Change in
Current) then there are 25 rules that should be defined. Those rules are given in the Table 5-1. The
defuzzification is based on Karnik-Mendel algorithm (KM) [200]. All the MFs and rules are implemented
in MATLAB through an open source Interval Type 2 Fuzzy Logic system [201]. The output of the MPPT
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method is used to modulate a high frequency carrier to achieve the required pulse duty cycle for a DC/DC
converter, such as a boost converter [202-206]. Figure 5-12 represents the surface of the relationship

between each input of an FLC and IT2FLC as well as their corresponding outputs, which is the duty cycle.

 Duty Cycdcle
V] z z l

45 s 0

i A Lo
Changein Power . % et

(@ (0

Figure 5-12 Surface of inputs and outputs of (a) FLC as MPPT and (B) IT2FLC as MPPT

5.4 Results and Discussion

The proposed system consists of a 30 W PV panel connected in series with a TEG panel. The TEG panel
has been built from a 32 TEG module connected. Each four TEG modules are connected in series
representing a TEG line. There are eight TEG lines are connected in parallel to form a 4x8 TEG panel.
Both panels are modelled and connected in series as shown in Figure 5-13. There is a bypass diode
connected between both panels for protection in case of defect or malfunctioning of the TEG panel. The
specifications of the system are listed in Table 5-3. The simulation is made for P & O algorithm, IC
algorithm, FLC, and IT2FLC MPPT methods.
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Figure 5-13 Simulink model of the proposed PV-TEG system

The PV panel is made based on 30W “AMERESCO SOLAR” PV module with code “30J” [207, 208]. It

is made of 36 crystalline silicon cut cells in series.

Table 5-3 Specifications of the proposed hybrid PV-TEG system

System Portion Component Specifications

Maximum Power 30 W

Open Circuit Voltage 22.1V

PV Panel Voltage at MPP 179V
Short Circuit Current 1.7A

Rated solar irradiation and 1000 W/m? at 25 °C
temperature

S IGBT
C.B. DC/DC L 1mH

converter C, 4000 uF

C, 2000 pF

32 (4 TEGs in series x 8
TEG panel No. of TEG modules parallel )
Materials Ceramic/Bismuth Telluride
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5.4.1 System Startup

During system startup, it is assumed that the amount of solar irradiance is 1000 W/m2 and AT is 30 0C.
The reason behind selecting such value of AT and solar irradiance since the normal value of Th is (60 ~
65) 0C and T¢ is (25 ~ 30) OC based on other experimental measurements for solar irradiance at mid-day
and the temperature value of PV panel and normal tap water respectively. Figure 5-14 shows the response
of system startup for each MPPT method. It can be noted that the fastest response for the system is when
the IT2FLC MPPT method is followed by FLC, P & O algorithm, and finally IC algorithm. Also, at a
steady state, the smooth response of input power (Pi) for the whole system is the best for the IT2FLC
MPPT method followed by FLC, IC algorithm, and finally P & O algorithm. For each method, the
selected load value is 30 Q. The total MPP is 35.45 W which is higher by 18.16 % than the MPP of the
used PV panel.

Figure 5-15 shows the simulation results of the output voltage of the boost converter. In this figure, it can
be seen that the best stability in the output voltage value is made during the operation of for IT2FLC
MPPT method followed by FLC, IC algorithm, and finally P & O algorithm. At the same load, it can be
noted that the value of the output voltage in the proposed hybrid system is 32 V which is higher by 9.21%
that in the case when only PV panel is used. If only PV panel is used then the output voltage will be 29.3
V. Table 5-4 lists a comparison between the change in input power (AP;), change in output voltage (AV,)
and input power (P;) and output power (P, ) with the value of efficiency percentage of the converted
DC/DC powver.

Input Power (W)
N
o
T
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0 u 1 1 1 L I
0 0.1 0.2 0.3 0.4 0.5 0.6

Time (s)

Figure 5-14 Input Power of hybrid PV-TEG system at different MPPT Methods
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Figure 5-15 Output voltage of hybrid PV-TEG system at different MPPT Methods

Table 5-4 Performance comparison of different MPPT methods at a load of 30 Q

MPPT Methods AP; (W) | AV, (V) | P; (W) | P, (W) | Efficiency (%)
P&O 3.5 2.8 33.65 31.32 93.1
IC 1.7 2.74 34.55 32.89 95.2
FLC 0.3 1.43 35.19 33.78 96
IT2FLC 0.07 0.66 35.4 34.12 96.4

5.4.2 Effect of Change in solar irradiance and AT

In Figure 5-16 when the simulation time is 0.4 s, the solar irradiance is changed from 1000 W/m2 to 700
W/m2. Even if the value of input power is decreased to 25.4 W, the power is still higher than in the case if
only PV panel is used where the power will be 20.9 W. In comparison with the steady state case in Figure
5-16 and Figure 5-17 the MPPT by IT2FLC method is still superior to the other MPPT methods. Figure
5-17represents the change in output voltage during the change in the solar irradiance. In this figure, due to
the decrease in the amount of falling irradiance then the output voltage is decreased from 32 V to 27.1 V.
In both Figure 5-16 and Figure 5-17, it is assumed that the system is working at 30 OC of AT.

In Figure 5-18, the value of solar irradiance is kept at 1000 W/m?, the value of AT is changed
from zero to 40 °C.As made experimentally in [11], it can be seen that there is a linear relationship
between the increase of AT to the value of input power. In this figure, when AT is 40 °C then the input
power is 38.1 W which is higher by 27% than the case in only PV panel is used. The estimated linear
equation of between the input power and AT can be gotten by making regression analysis. The estimated

mathematical expression for the data of Figure 5-18 is:

Input power = 27.44+0.26 AT (5.18)
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This equation means that if AT is zero then the input power is 27.44 W whereas it should be 30 W. This
decrease from 30 W to 27.44 W is due to the existence of the TEG inner resistance since when AT is zero
then the voltage of TEG panel is zero V as well which

40
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Figure 5-16 Input Power of hybrid PVV-TEG system at sudden change in solar irradiance from (1000 to
700) W/m?
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Figure 5-17 Output Voltage of hybrid PV-TEG system at sudden change in solar irradiance from (1000 to
700) W/m?

means that the TEG is working as short circuit. If there is cut in the + branch of the TEG panel, due to the
existence of the bypass diode then the input power will become 29.1 W instead of 30 W due to losses in
the bypass diode itself. The state of this diode is shifted from OFF state to ON state only when the +

branch of the TEG panel is disconnected.
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Figure 5-18 Input Power of hybrid PV-TEG system different AT values (0 to 40) 0C

At the same operating conditions of section 5.4.1 and applying Equation 5.15, the TEG 4 1S 1.42 %
where ZT is taken from [110]. Also, photovoltaic panel efficiency 7,y can be determined using Equation
5.8. At 1000 W/m? and (0.358 x 0.796) m? of A, npy is 10.53%. Using Equation 5.16, the overall
efficiency for the proposed hybrid PV-TEG is 12.44 %. This indicates an increased efficiency of

18.167 %. At various operating conditions, both np,, and TEG 1,,,4, Will have different values, so the total
efficiency will be different as well.

5.4.3 Effect of System Expansion

At the same operating condition of section 5.4.1, let’s suppose that there are many items of the proposed
hybrid PV-TEG systems that are made as one unit. Each unit is connected in parallel and there is only one
central DC/DC boost converter for MPPT purposes. The aim is to make system expansion to increase the
input power. It is required now to check the benefit and gain from the hybrid system over connecting PV
panels in parallel individually i.e. not as a hybrid system. Figure 5-19 reveals the effect of the increase in
the total input power of the hybrid system rather than connecting PV panels only. In this figure, it can be
seen that at each number of PV panels there is an 18.16 % of power increase for the PV-TEG than using

PV panels. Also, as the number of hybrid units increases, the input power is increasing widely.
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Figure 5-19 The difference between the input power at many PV panels weather they are alone or
connected with TEG panels

5.5 Conclusion for Chapter Five

The current work presents a hybrid renewable PV-TEG system. A 30 W PV panel is connected in series
with a (4x8) TEG panel. The system is simulated under various changes in solar irradiance and AT values

with different MPPT methods. It can be concluded:

1. The efficiency of the proposed system is 18.16 % greater than for only a PV panel alone when the solar
irradiance and AT are 1000 W/m”2 and 30 °C , respectively. Also, the proposed hybrid system showed a

9.215 % increased voltage over a PV panel alone.

2. With sudden change in solar irradiance from 1000 to 700 W/m”2 after 0.4 seconds of operation, the
efficiency of PV-TEG system is 12.73 %. This is still higher than in the case where only a PV panel is
used, with a resulting efficiency of 10.48 % and this mean improvement in efficiency of 21.53 % in
comparison with PV panel alone. Also, the hybrid system showed a 4.5 W increased in power over a PV

panel alone.

3. With changes in deferent temperatures from 0 to 40 °C, and solar irradiance held to 1000 W/m”2. The
power of PV-TEG system and PV panel alone are 38.1 W, 30 W respectively, at AT 40 °C. This means
increase of 8.1 W. Also, the PV-TEG system records an improvement in efficiency of 27 %. Here, the

positive effect of improving the system appears when the different temperatures are increased.

4. Additionally, the expansion of the hybrid system to 20 PV-TEG hybrid panels has positive effects. The

outcomes support the suggested hybrid system's superior robustness to a PV panel alone.

5. Furthermore, four MPPT methods are examined. IT2FLC has superior performance to other examine
algorithms for transient behavior as well as in steady-state operation. The IT2FLC MPPT method can be
practically applied, but it requires a high-performance microprocessor to function properly. Otherwise, the

system response will suffer in reaching the correct MPP with changing operational conditions.
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General Conclusion:

In conclusion, the main results of the work are presented .

In this study, TEGs were used for power generation based on solar energy combined with solar cells as a
hybrid system to improve overall efficiency. Calculations and demonstration tests show that:

1. In the L-TEG system, the change in AT is uneven, since the Fresnel lens concentrates solar radiation in
a small area. This creates an uneven temperature distribution on the hot side of the panel. Thus, the output
power of NL-TEG is 35.52% higher than that of L-TEG.

2. The efficiency of the system without the use of Fresnel lenses (NL-TEG) is 16.09% higher than the

systems using Fresnel lenses (L-TEG). Efficiency can be increased by more efficient cooling.

3. In the panels (2x10 TEG and 15x10 TEG), an active cooling method using a two-way water flow is
used, which has led to an increase in TEG efficiency up to 2.1% and is promising due to the use of simple

tap water and solar energy.

4. The use of TEG with active cooling of the heat exchanger to reduce the temperature of the solar cell
made it possible to lower the temperature of the panel by 16 °C, which led to an increase in the efficiency

of the solar cell by 16.4% and is promising due to the low cost of the system.

5. The use of a hybrid HPVTEG system (TEG combination on the back surface of a solar cell) was more
cost effective (LCOE) compared to a stand-alone solar cell, where the cost of kWh was 0.06681 US
$/kWh, and for a stand-alone solar cell - 0.06741 US $/ kWh, based on 365 days of electricity production.

6. The results of the CFD code demonstrate that the flow rate of the cooling water heat exchanger (M-
shaped) had a positive effect on the temperature difference between the surfaces of the TEG module,
which led to an increase in voltage and efficiency by 0.4 - 0.6%

7. Increasing the plate thickness by more than 12 mm resulted in a higher heat flux between the hot and
cold sides of the TEG.

8. As a result of applying the MPPT algorithm in the MATLAB SIMULINK program for the PV-TEG
hybrid system, the following were registered: power 35.5 W and efficiency 12.44%. Thus, the efficiency

of the PV-TEG system increased by 18.13% in comparison with the autonomous PV system.
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Recommendations for the use of Research Materials:

The following is recommended to reduce the gap between supply and demand of energy in Irag and
increase the use of renewable energy sources by more than 2%:

1- Generating electricity from the hybrid system PV-TEG. The proposed designs are suitable for the
climatic conditions of Iragq and countries with hot climates. The research materials enable investors and
the Government to assess the potential development opportunities of various sectors of renewable energy

in Iraq.

2- Creating a favorable investment environment to facilitate the transition of the private sector to the
production and use of renewable energy sources. It is also necessary to provide various investment
incentives, competitive preferential tariffs, and tax incentives for the purchase of equipment for the

development of renewable energy sources.

3- In the conditions of an operating photovoltaic power plant in the Republic of Iraq, it is necessary to
carry out a study that can be used to reduce the cost of electricity and increase electricity generation by 8-
10 MW, as well as to reduce the cost of electricity production, carbon dioxide emissions, and the use of

fossil fuels.

4- The research materials can be used to illuminate streets, roads, and bridges where connections to the
power grid are impossible. The Department of Roads and Bridges of Diyala Province in lIraq has
authorized the materials for use in a real-case scenario in accordance with the Law on Renewable Energy
Sources (Electricity Law No. 53 of 2017), adopted by the Ministry of Energy of Iraq. The law is aimed at
the active use of renewable energy sources, environmental protection, and mitigation of the effects of

climate change. Appendix A
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NOMENCLATURE:
Symbols Description Symbols Description
E Electric field [V /m] u(z) Function number of different inputs
I Electric current [A] %4 Voltage [V]
Ji Current density [A m~2] Voc Open circuit voltage [V]
: . Figure of merit of p-type and n-type
k Thermal conductivity [W/m K ] Zpn junctions [1/K]
K n-type Thermal conductivity [ 77 Figure of merit, Dimensionless [unit
n W m K™ 1] Less]
p-type Thermal conductivity [ - 1
K, W m-1K~1] a Seebeck coefficient [V K™7]
. Seebeck coefficient of n-type
Q. Dissipated heat of TEG [W] an, thermoelements [V K~1]
Seebeck coefficient of p-type
Qp, Absorbed heat of TEG [ W] ap thermoelements [V K~1]
R Electrical resistance [Q] AT Temperature difference[K]
T Mean temperature AV voltage difference [V]
T, Cold side temperature [K] A Thermal conductivity [W/m K ]
TEG Thermoelectric generator o Electrical conductivity [ Q" m™1]
Ty Hot side temperature [K] Nmax Maximum efficiency [%]
U, Standard uncertainty v1, Ay, Potential errors
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Appendices: Appendix A

The possibility of applying the results of the research in Diyala Governorate in Iraq Using the study
materials in practice according to the Renewable Energy Sources Law (Electricity Law No. 53 of 2017)
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Figure A-1: An Arabic version of an official letter received from the Diyala governorate / Republic of Iraq

indicating their desire to install the thermoelectric power generation and photovoltaic panel systems for

roads lightening in rural areas
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ITepeso, 6cKoro/ . o
PEBOA ¢ apaSekoro/anraniickoro A3LIKOB HA PYCCKHMIT A3bIK.

Pecnybauxa Hpax Bo wa Ariaxq

, Murocmusozo u Hoxep: 2892
Hposwnijua Jlusiia Muzoceponoso! Jama: 05.06.2022 2.
Vnpasaenue 0opoe u Mocmos Tepé nposunm Jusaa/ 14432, no X.

posunyus Husaa

Kowmy: Vpansckuit enepanbipiii Yhusepeuter (YpdV), r. Exatepunbypr, Poccus

Tema: TMoarsepsknene.

Ha ocnosanuu 3anpoca, NPHKpenentoro nike, oT acnupanta r-na Myxamwveaa Abaynxanuka Kacuma /
JlenaprameHT aTOMHLIX dneKTpocTanumii 1 BO30GHOB/SEMBIX MCTOYHHKOB SHEPIHH B YNpaBieHHH AOPOT M
MOCTOB MpOBHHLUMK J{Hsina, u nocne M3YHEHNA NpeACTaBAeHHbIX MM MAeH HCMOb30BaHHA 31EKTPHYECKON

CHCTEMLI Ha OCHOBE COJIHEUHON SHeprum, aetanu KOTOpOif yKa3zaHbl HH)Ke, M KOTOpas OCHOBbLIBaeTCA Ha
HCTIONIL30BAHUHN (POTOMIEKTPUUCCKIX naneeii ZUIA NPON3BOACTBA TEPMODIIEKTPHUECKOH IHEprHu,

MbI HE BO3parkaem HPOTHB HCNOABL30BANNS Bbllueyl'lO.\lﬂll}TOi'I CHUCTEMbI HCKITIOYHTEJIbHO U1 OCBELUEHHS
yJauu, aopor obutero [OJIL30BAHHA U MOCTOB B OTAQJICHHDBIX ])i\i‘lOllﬂx. A 3aTpyAHEH NOCTYI K JIEKTPOOHEPIrHH,
B HaCTHOCTH, T1oche YBEIHUYECHHA ee nornowaloLei CﬂOCOGIlOCTM, MOCKOJIBKY 3TO HE€ 3aBUCHT OT
BO300HOBIISEMBIX HCTOYHHKOB JHEPruH U coJinevynas SHEpPrus AoCTynHa GecniaTHO B TeyeHHe BCEro roza. B
COOTBETCTBHH C OKCMEPTHLIM MHEHHEM HalIero HIZKCHEPHOro nepcoHasa, AaHHas uaes BIOJHE MOXKET ObITh
peanunsoBana. Ora cucrema TaKKe O()QCIIC‘IHBIICT 3HAYHUTESIbHOE CHHKEHHE ﬂOTpe6HCllHﬂ JJIEKTPOOHEPIrHH H
pazpaGO'mua MO TPHHUHKITY HCMOAL30BAHHS Gecrathoii DHEPruu B OT/IHYHE OT HP)THX' JHEPreTHYECKHX

HCTOYHHUKOB, KOTOPbIC 3aBUCAT OT HCIOJIb30BAHNS HCKOMAaeMOro TornJjinea.

C rnyGoknM yBaskeHHeM.

Jleranu npoekra:

- DKCnepuMeHTaIbHOE  MCCleloBalne  HOBO# KOHCTPYKUMH — NaHeiqu  I1d  MpOM3BOACTBA
TEPMOOJIEKTPHUECKOH HEPruM AN MAKCHMM3AUMHM BLIXOAHON MOLUHOCTH C HCTIOAB3OBAHHEM COTHEUHOTO
H3JTyHeHHUS.

- HoBas KoHCTpyKUMS nameau 11 NPOM3BOACTBA TEPMOIIEKTPHHECKOT OHEPIHH, HHTErpupoBaHHas ¢
(doTodsiekTpHUecKOii natenbio.

Ipunoskenns:
- 3anpoc

Hnzkenep /noonuce/
Xanu I'aszu damwkpu

Havanpuuk Ynpasienus 10por u MOCTOB nposuuumu Jlusna
2022

IMeuars: [posuHuus usana // Ynpasnenue 1opor U MOCToB

Konus:
- JNIEKTPOHHbIH apXHB
- crieuManbHoe 1eo

Hactoawwmii nepeson ¢ apaGekoro/aHrMICKOro S3bIKOB HAa PYCCKMI S3bIK BBINONHEH MHOIi, NepeBOAYHKOM
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indicating their desire to install the thermoelectric power generation and photovoltaic panel systems for

roads lightening in rural areas
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